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SYSTEMS AND METHODS OF GLASS CUTTING BY INDUCING PULSED LASER
PERFORATIONS INTO GLASS ARTICLES

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application relates to and claims priority from US Provisional Application Serial No.
62/023450 filed on July 11, 2014 the contents of each being incorporated herein by reference in
its entirety and US Provisional Application Serial No. 62/159573 filed on May 11, 2015, the

contents of each being incorporated herein by reference in its entirety.

TECHNICAL FIELD

[0002] The disclosure generally relates to glass cutting, and specifically relates to glass cutting

using pulsed lasers with a wavelength to which the glass is substantially transparent.
BACKGROUND

[0003] Historically, glass has been used as the preferred material for a wide variety of purposes,
including packaging for foods, drinks, and pharmaceuticals because of its hermeticity, optical
clarity, and excellent chemical durability relative to other materials. However, fast production of
glass articles, such as glass containers, has been limited due to contamination of materials housed

within glass articles by glass breakage involved in processing the glass articles.

[0004] Each glass article has its own specific technical specifications. For example, glass tubes
require accurate dimensional tolerances, a low count of particulate, and a proper end profile to
enable proper handling downstream and prevent breakage during transport. Residual particles
from the tube making process are a critical sensitivity, specifically for pharmaceutical glass tube

manufacturers.

[0005] Because cach glass article generally has its unique specifications, different process steps
are generally required to make and cut different glass articles, such as ampoules, vials, cartridges,
syringes, etc. Consequently, glass article manufacturers have specific devices optimized and

tailored to each specific glass article.
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[0006] Accordingly, a need exists for alternative methods for forming glass articles and
associated apparatus to fabricate glass articles, specifically, glass cutting devices and methods

which are suitable across a gamut of glass article components and shapes.
SUMMARY

[0007] Embodiments of the present disclosure are directed to systems and methods of precisely
cutting a variety of glass articles regardless of shape and dimension using a pulsed laser

assembly.

[0008] According to one embodiment of the disclosure, a method of laser cutting a glass article

is provided. The method comprises feeding at least one glass article to a pulsed laser assembly
having at least one pulsed laser, wherein the pulsed laser defines a laser beam focal line with a
length of 0.1-100 mm, the glass article, which is transparent to the pulsed laser, being comprised
of two end sections, and at least one lateral surface disposed lengthwise between the end sections.
The method further comprises laser cutting at least one perforation line in the glass article by
focusing the pulsed laser along the laser beam focal line at an angle of incidence onto the lateral
surface of the glass article while there is relative motion between the glass article and the pulsed
laser. The method additionally comprises separating the glass article along the at least one

perforation line to yield a laser cut glass article.

[0009] According to another embodiment, a system for laser cutting glass articles is provided.
The system comprises a glass synthesis station operable to form a glass article comprised of two
end sections, and at least one lateral surface disposed lengthwise between the end sections. The
system also comprises a glass cutting station comprising a pulsed laser assembly operable to
laser cut at least one perforation line in glass articles received from the glass synthesis station,
and a glass support assembly configured to support the laser transparent glass article during laser
cutting within the pulsed laser assembly, wherein the pulsed laser assembly and glass support
assembly are moveable relative to one another. The pulsed laser assembly comprises a pulsed
laser, and an optical assembly positioned in the beam path of the pulsed laser to transform the
pulsed laser into a laser beam focal line, the laser beam focal line having a length in a range of
between 0.1 mm and 100 mm. The pulsed laser is oriented to induce the perforation line in the

glass article along the laser beam focal line onto the lateral surface of the glass article while the
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glass article and the pulsed laser assembly move relative to each other, and a glass separation
station downstream of the glass cutting station and configured to remove a portion of the glass

article about the perforation line to produce a laser cut glass article.

[0010] Additional features and advantages will be set forth in the detailed description which
follows, and in part will be readily apparent to those skilled in the art from the description or
recognized by practicing the embodiments as described in the written description and claims

hereof, as well as the appended drawings.
BRIEF SUMMARY OF THE DRAWINGS

[0011] FIG. 1A is a cross-sectional schematic view depicting the cutting of laser perforations
into a cylindrical tube which is rotated relative to the pulsed laser assembly, according to one or

more embodiments shown and described herein.

[0012] FIG. 1B is a top schematic view depicting the cutting of laser perforations into the

cylindrical tube of FIG. 1A, according to one or more embodiments shown and described herein.

[0013] FIG. 2A is a cross-sectional schematic view depicting the cutting of laser perforations
into a cylindrical tube wherein the pulsed laser assembly rotates around the cylindrical tube,

according to one or more embodiments shown and described herein.

[0014] FIG. 2B is a top schematic view depicting the cutting of laser perforations into the

cylindrical tube of FIG. 2A, according to one or more embodiments shown and described herein.

[0015] FIG. 3A schematically depicts the positioning of a laser beam focal line onto a glass

article, according to one or more embodiments shown and described herein.

[0016] FIG. 3B schematically depicts a perforation induced in a glass article along the laser

beam focal line of FIG. 3A, according to one or more embodiments shown and described herein.

[0017] FIG. 4 schematically depicts a conventional glass cutting procedure having a rough cut

procedure and downstream thermal shock and fire polishing stations.
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[0018] FIG. 5 schematically depicts a pulsed laser assembly utilized downstream of a rough

cutting station, according to one or more embodiments shown and described herein.

[0019] FIG. 6 schematically depicts a pulsed laser assembly disposed upstream of a glass
separation station (e.g., a thermal shock device), according to one or more embodiments shown

and described herein.

[0020] FIG. 7A schematically depicts a side view of a ribbon glass manufacturing apparatus
including a pulsed laser assembly, according to one or more embodiments shown and described

herein;

[0021] FIG. 7B schematically depicts a side view of a pulsed laser assembly and subsequent
separation station included in the ribbon glass manufacturing apparatus of FIG. 7A, according to

one or more embodiments shown and described herein;

[0022] FIG. 8A is a schematic side view depicting the rotating pulsed laser assembly during

perforation cutting of a tube, according to one or more embodiments shown and described herein;

[0023] FIG. 8B is a schematic side view depicting the rotating pulsed laser assembly after

cutting, according to one or more embodiments shown and described herein;

[0024] FIG. 9 is a schematic front view depicting the rotating pulsed laser assembly wherein the
laser is rotatably mounted on the rotating pulsed laser assembly, according to one or more

embodiments shown and described herein; and

[0025] FIG. 10 is a schematic front view depicting the rotating pulsed laser assembly wherein
the laser is separate from and not rotatably mounted onto the rotating pulsed laser assembly,

according to one or more embodiments shown and described herein.
DETAILED DESCRIPTION

[0026] Reference will now be made in detail to embodiments of apparatuses and methods for
fabricating glass articles utilizing pulsed laser processing, examples of which are illustrated in

the accompanying drawings.
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[0027] As shown in the embodiments of FIGS. 1A-2B, the method of laser cutting perforations
includes feeding at least one glass article 10 to a pulsed laser assembly 210 having at least one
pulsed laser. As used herein, the glass article may include various components, for example and
not by way of limitation, tubes, glass sheets, cartridges, vials, syringes, syringe barrels,
vacutainers, ampoules, bottles, flasks, phials, beakers, bulbs, bowls, canisters, capsules, jars,
tanks, or the like. While any of these glass article types may be cut using the pulsed laser
perforation methodology described herein, many of the embodiments described below will focus
on pulsed laser perforations included in pharmaceutical grade glass, specifically pharmaceutical

tubes.

[0028] As described below, the pulsed laser has a laser beam focal line 220 with a length of 0.1-
100 mm. Referring to FIG. 1B, the glass article 10 is comprised of end sections 12 and 14, and at
least one lateral surface 16 disposed lengthwise between the end sections 12 and 14. As used
herein, “end section” may refer to a base in a cylindrical tube, whereas the lateral surface would
constitute the height of the cylindrical tube; however, “end section” is not limited in all
embodiments to just the base or a surface adjacent the lateral surface. As shown, the lateral
surface for the cylindrical tube of FIG. 1A is continuous; however, the lateral surface 16 for a

glass sheet has sides disposed between the end sections 12 and 14.

[0029] Referring again to FIG. 1A, the pulsed laser beam focal line 220 induces at least one
perforation line 20 in the glass article 10 at an angle of incidence onto the lateral surface 16 of
the glass article 10. As shown, the perforation line 20 includes a plurality of spaced perforations
22, which are glass defects, recesses, indents, or holes carved into the glass by the pulsed laser.
The perforation line 20 is a plurality of precise narrow holes, which make subsequent separation
about the perforation line much easier. These narrow hole dimensions may be dictated by the
spot diameter of the laser beam focal line. In exemplary embodiments, the laser beam focal line

may have an average spot diameter of between 0.5-5 um, or 1-2 pm.

[0030] The perforations 22, which are depicted for illustration in FIGS. 1A-2B and thereby not
drawn to scale, typically are spaced evenly apart; however, it is contemplated that the spacing
could be random and uneven. In one embodiment, the perforation line 20 may be a plurality of

holes having a size between 200-800 nm, or 300-500 nm. Alternatively, the perforation line may
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include a spacing therebetween of 1-30 um, or 1-5 um, or 1-3 um. The perforation spacing 24
may be precisely induced by controlling the relative motion of the pulsed laser assembly 210 and
the glass article 10. In one embodiment, in a single pass, a laser can be used to create highly
controlled full line perforation. An induced absorption may be produced such that the crack
formation takes place in the microstructure of the glass article 10 without ablation and without
melting of material of the glass article 10. This is in contrast to the typical use of spot-focused
laser to ablate material, where multiple passes are often necessary to completely perforate the
glass thickness. In further contrast, the ablation process generates large amounts of debris, more
extensive sub-surface damage (more than about 100 um) and edge chipping, whereas the present

pulsed laser assembly 210 substantially reduces or eliminates these detrimental side effects.

[0031] As shown in FIGS. 1A-2B, while the perforation line 20 is oriented widthwise across the
lateral surface 16 and parallel to the end sections 12 and 14, other arrangements for the
perforation line 20 are possible, for example, diagonal along the lateral surface 16. While not
depicted, it is contemplated that the perforation line 20 could also be applied lengthwise across

the lateral surface 16 of the glass article 10.

[0032] As shown in FIG. 1A, there must be some relative motion between the glass article 10
and the pulsed laser, specifically the laser beam focal line 220, in order to deliver the plurality of
perforations 22 into the glass article 10. For example as shown in FIG. 1A, the glass article 10
may be supported on a spindle 230 which is rotated by a chuck 240 member. The glass article 10
rotates with the rotating spindle 230, and thereby moves relative to the pulsed laser assembly 210.
This relative motion produces the perforation line 20 widthwise across the lateral surface 16 of
the glass article 10. Alternatively, as shown in FIG. 2A, it is contemplated that the pulsed laser
assembly 210 may rotate about the glass article 10 to achieve the relative motion that facilitates
the formation of the perforation line 20. Various components are considered suitable for rotating
the pulsed laser assembly 210. For example, the pulsed laser assembly 210 could be mounted on
a rotating tri-pod or attached to a rotational arm. While the relative motion in FIGS. 1A-2B is
rotational motion, translation or other modes of relative motion are also considered suitable.
Additionally, the movement of the laser beam focal line, as described below, may be controlled

by a mirror galvanometer.
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[0033] Furthermore, while FIGS. 1A-2B depict the motion of either the glass article 10 relative
to the pulsed laser assembly 210 or conversely the motion of the pulsed laser assembly 210
relative to the glass article 10, both components may be moving at the same time. Specifically as
shown in FIG. 6, it is contemplated that the glass article 10 may be moved translationally, for
example, by a conveyor 120 as the pulsed laser assembly 210 rotates about glass article 10.
Consequently, the pulsed laser assembly 210 may not always rotate in a circular path as depicted
in FIG. 2A, because the pulsed laser assembly 210 must account for the simultaneous motion of
the glass article 10. As a result, the pulsed laser assembly 210 may rotate in a non-circular path,
for example, a helical path. Without being bound by theory, in glass manufacturing where parts
are produced and cut in rapid succession, embodiments wherein the glass article 10 and pulsed
laser assembly 210 are simultaneously in motion may increase glass production speed and

efficiency.

[0034] As stated above and as depicted in FIGS. 8A and 8B, the pulsed laser assembly 210 may
comprises a rotational arm 205 configured to rotate the laser beam focal line 220 about the glass
article 10. As shown, the pulsed laser assembly 210 comprises one or more mirrors 215A-C
coupled to and rotatable with the rotational arm 205. While three mirrors 215A-C are depicted, it
is contemplated that more or less mirrors may be utilized to adjust the direction of the laser beam
focal line 220. For example, it is contemplated that laser beam device 218, which delivers the
pulsed laser, may be disposed in closer proximity to the optical assembly 211 to thereby reduce
the number of mirrors used; however, the weight of the laser beam device 218 may be such that
its position on the rotational arm 205 depicted in FIG. 8A is more suitable. Referring again to
FIG. 8A, when the rotational arm 205 rotates, the laser beam device 218, the mirrors 215A-C,
and the optical assembly 211, which are all coupled to the rotational arm 205, all rotate therewith.
After the perforation line 20 is induced as shown in FIG. 8A, the laser beam focal line 220 may
be temporarily halted while the cut off tube 11 separates from the parent tube (i.c., the glass
article 10) as depicted in FIG. 8B. Additional cuts of the cut parent tube 10 may be performed

by re-feeding the parent tube to the pulsed laser assembly 210 of FIG. 8 A. For further illustration,
FIG. 9 depicts a front view of the rotating pulsed laser assembly 210, which is depicted in side
view in FIG. 8A.
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[0035] In an alternative embodiment shown in FIG 10, it is contemplated that the laser beam
device 218 is stationary as well as separate from the rotational arm 205 of the pulsed laser
assembly 210, while the optical assembly 211 and the mirrors 215A are still in rotation with the
rotational arm 205. Although the laser beam device 218 is stationary, the laser beam focal line
220 is still directed to the moving mirrors 215A and optical assembly 211, which thereby enables

the pulsed laser beam focal line 220 to travel rotationally about the glass article 10 regardless.

[0036] Other loading and support assemblies for the glass article 10 will be described below.
Upon development of the perforation line 20 within the glass article 10, glass article 10 may be

separated along that perforation line to yield a cut glass article 10 as described below.

[0037] Perforations 22 can be accomplished with a pulse of high energy short duration pulses
spaced close together in time. For example, a laser beam pulse duration may be between about 1
picosecond and about 100 picoseconds, or less than 10 picoseconds, or between about 5
picoseconds and about 20 picoseconds. These pulses may be repeated at high repetition rates (e.g.
kHz or MHz). For example, the pulse repetition frequency can be in a range of between 10 kHz

and 1000 kHz, or between 10 kHz and 100 kHz, or less than 10 kHz.

[0038] The wavelength of the laser beam is selected so that the glass article 10 to be laser
processed is transparent to the wavelength of the laser. For example, the wavelength may be less
than about 1.8 um, or between about 900 to about 1200 nm. In exemplary embodiments the pulse
laser beam has wavelengths such as 1064 nm, 532 nm, 355 nm, or 266 nm. Suitable examples
are Nd:YAG lasers with a wavelength of 1064 nm, a Y:YAG laser with a wavelength of 1030
nm. Borosilicate or soda-lime glasses without other colorations (in particular with a low iron

content) are optically transparent from about 350 nm to about 2.5 pm.

[0039] As shown in FIG. 1A, the laser beam focal line 220 may be delivered to the lateral
surface at an angle of incidence, which may vary depending on various factors such as the
desired perforation dimensions. For example, the angle of incidence may perpendicular to the

lateral surface, or less than or equal to about 45 degrees to the surface of the material.

[0040] The intensity of the laser beam may be chosen on the basis of the pulse duration, the

pulse energy and the focal line diameter such that there is preferably no significant ablation or
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significant melting, but preferably only crack formation in the microstructure of the glass. The
pulse energy of the laser is preferably chosen such that the intensity in the laser beam focal line
produces an induced absorption, which leads to local heating of the material along the focal line
220, which in turn leads to crack formation along the focal line as a result of the thermal stress
introduced into the material. In one or more embodiments, the laser beam can have an average
laser energy measured at the material less than 700 wJ, or less than about 500 uJ, or less than

about 250 uJ.

[0041] Various compositions are considered suitable for the glass articles of the present
disclosure. For example, the glass may be aluminosilicate glass, such as alkali aluminosilicate or
alkaline earth aluminosilicate glass. Alternatively, the glass may comprise borosilicate or soda-
lime glass. In one embodiment, the glass may be ion-exchangeable, such that the glass
composition can undergo ion-exchange for mechanical strengthening following formation of the
glass article 10. The glass composition may be ‘Type 1a’ and "Type 1b' glass compositions as
defined by the ASTM standard E438.92. In some embodiments, Type 1a and Type 1b glasses
have suitable chemical durability for purposes such as pharmaceutical applications. The glass
composition may include greater than about 1.0 mol. % boron and/or compounds containing
boron, including, without limitation, B,Os. In another embodiment, the glass compositions from
which the glass articles are formed includes less than or equal to about 1.0 mol.% of oxides of
boron and/or compounds containing boron. In some of these embodiments, the concentration of
oxides of boron and/or compounds containing boron in the glass composition may be less than or
equal to about 0.5 mol.%, less than or equal to about 0.4 mol.%, or even less than or equal to
about 0.3 mol.%. In some of these embodiments, the concentration of oxides of boron and/or
compounds containing boron in the glass composition may be less than or equal to about 0.2
mol.%, or even less than or equal to about 0.1 mol.%. In some other embodiments, the glass
composition is substantially free from boron and compounds containing boron. Moreover, the
glass article may comprise other components which are transparent to the wavelength of the laser,
for example, crystals such as sapphire or zinc selenide. The present disclosure is primarily
centered on glass compositions; however, it is contemplated that other structures such as

sapphire and zinc tubing may also be cut using the present methodology.
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[0042] Various thickness, diameters, and lengths are contemplated for the glass articles are
considered suitable for the embodiments of the present disclosure. For example, the
embodiments will be effective for tube diameters from below 8 mm to over 40 mm, and tube
wall thicknesses of about 0.3 to about 2.2 mm, or about 0.5 mm to about 1.1 mm. The length of
the tube may also vary. In one embodiment, the tube may be pre-cut to delivery to the pulsed
laser assembly, thus the pre-cut tube may have a finite length which may vary based on the
demands of the manufacturer. Alternatively, the tube may be delivered uncut to the pulsed laser
assembly, and thus essentially has a continuous length prior to being cut by the pulsed laser

assembly.

[0043] Referring to FIG. 5, a system for laser cutting glass articles 10 is shown. Specifically, the
system comprises a glass synthesis station 110 disposed upstream of a glass cutting station 200,
which includes the pulsed laser assembly 210. As used herein, the glass synthesis station 110
may include forming devices used in forming glass articles from molten glass, glass melting
devices, glass drawing devices, glass shaping devices, or equipment used in re-shaping glass.
The glass synthesis station 110 may utilize a continuous or batch process. In one embodiment,
the glass synthesis station 110 comprises a Vello downdraw apparatus used in glass forming, a
Danner glass forming apparatus, as well as other conventional or future developed drawing or
forming processes. Alternatively as described below and depicted in FIGS. 7A and 7B, the glass

synthesis station 110 may comprise a ribbon glass blowing apparatus.

[0044] Moreover, the glass synthesis station 110 may also include devices which perform initial
cutting in addition to drawing. For example, the tubes may first be drawn and initially cut in a
puller cutter machine. Moreover, the glass synthesis station 110 may comprise a tube redrawing
device, for example, a sleeve redrawing apparatus which reforms circular tubing into circular and

oval shapes.

[0045] Referring again to FIG. 5, the glass cutting station 200 may also comprise a glass
support assembly 120 in addition to the pulsed laser assembly 210 which laser cuts the
perforation line in glass articles 10 received from the glass synthesis station 110. While the glass
cutting station 200 herein depicts only one pulsed laser assembly 210, it is contemplated that the

glass cutting station 200 may comprises additional pulsed lasers or additional glass cutting
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devices (not shown). The glass support assembly may include all components which support the
glass article 10 during laser cutting by the pulsed laser assembly 210. In one embodiment, the
glass support assembly comprises a conveyor 120 disposed between the glass cutting station 200
and the glass synthesis station 110. Additionally, the system 500 may further comprise a

conveyor 120 disposed between the glass cutting station 200 and glass separation station 140.

[0046] The glass support assembly may include components which hold the glass article 10 in
place as the pulsed laser assembly rotates or moves relative to the glass article 10 as depicted in
FIG. 2A. Additionally, the glass article 10 may include equipment for rotating or moving the
glass article 10 relative to the pulsed laser assembly 210. Referring to the embodiment of FIG.
1A, the glass support assembly is a rotatable spindle 230 rotated by a coaxial chuck 240. While
conventional cutting methods are operated at high temperatures and therefore require heat
withstanding compositions such as steel, the pulsed laser assembly described herein generates
very little heat, and that which is generated is microscopically local heat. As a result, in some
embodiments, the glass support assembly 120, for example, the spindle 230, may desirably
include compliant gripping material, e.g., polymeric gripping material in contact with the glass
article 10. The polymeric gripping material may comprise elastomeric material, for example,
rubber. Alternatively, the polymeric gripping material may also comprise polytetrafluoroethylene.
In an additional embodiment, the glass support assembly, for example, the spindle 230 may

comprise a non-contact support. For example, the non-contact support is a horizontal air bearing.

[0047] Referring to FIGS. 3A and 3B, the pulsed laser assembly 210 of the glass cutting station
200 may comprise an optical assembly 211 positioned in the beam path of the pulsed laser to
transform the pulsed laser into a laser beam focal line. In one embodiment, the optical assembly
211 comprises a focusing optical element 216 with spherical aberration configured to generate
the laser beam focal line 220. The optical assembly 211 can include an annular aperture 213
positioned in the beam path of the laser 220 before the focusing optical element 216, the annular
aperture 213 being configured to block out one or more rays in the center of the laser beam. The
focusing optical element 216 can be a spherically cut convex lens, such as a conical prism having
a non-spherical free surface, such as an axicon. Optionally, the optical assembly 211 can further

include additional components, for example, additional optical elements 219; however, for an
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axicon focusing optical element, lenses could be eliminated or multiple additional lenses could

be incorporated.

[0048] Referring to FIGS. 3A and 3B, with suitable laser intensity along the laser beam focal
line 220b of focus length 1, the extended laser beam focal line 220b produces perforations 22 in
the glass article 10 in the region of coincidence of the laser beam focal line 220b. This
perforation 22 of FIG. 5B correlates to laser beam focal line portion 220¢ of length L. The
average spot diameter of the laser beam focal line 220b is denoted here by the reference sign D.
As shown in FIG. 1A and 2A, the perforations 22 extend through the entire thickness of the glass
article 10. In an alternative embodiment depicted in FIG. 3B, the perforation 22 may not extend
the entire layer thickness d of the glass article; however, this type of perforation line may not
sufficiently weaken the glass as well as a perforation line wherein the perforations extend
through the entire thickness, thereby potentially requiring more subsequent treatment and

processing steps to separate the glass about the perforation line 20.

[0049] Additional details regarding optical assemblies and the pulsed laser, which can be applied
to generate the focal line 220, as well as a representative optical setup, in which these optical
assemblies can be applied, are described in detail in Corning U.S. Patent Application SP13-
383PZ/4936.1003-001 Titled “Stacked Transparent Material Cutting With Ultrafast Laser Beam
Optics, Disruptive Layers And Other Layers” and the aforementioned European Application No.
EP 13 151 296, the teachings of which are incorporated herein by reference in their entirety.

[0050] Without being bound by theory, systems using the pulsed laser assembly 210 offer a
significant improvement over conventional systems, for example, the conventional system of
FIG. 4 used primarily in pharmaceutical tube manufacturing. Referring to the system 400 of FIG.
4, the glass article 10 produced in the glass synthesis station 110 is exposed to a rough cut station
130, typically a mechanical cracking bar configured to propagate a breakage 25 (or breakage line)
in the glass article 10. Unlike the precision cutting provided by the pulsed laser assembly 210,
the rough cut station 130 is more likely to produce undesirable chips and particles in the glass
article 10, which is highly undesirable for pharmaceutical grade glass. While FIGS. 4-6 depicts

that the glass article 10 exiting the glass synthesis station 110 is pre-cut prior, this is done
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primarily for depiction purposes only. It is fully contemplated that the glass article 10 could exit

the glass synthesis station 210 having a continuous drawn length.

[0051] Referring again to conventional FIG. 4, downstream of the rough cut station 130, the
glass article 10 may be fed to a glass separation station 140. The glass separation station 140 may
include a CO; laser used to cleave the glass. Alternatively, the glass separation station 140 may
include a mechanical stressing component used to separate the glass. Further as shown in FIG. 4,
the glass separation station 140 may also include a thermal shock device 142, 144 used to
separate the glass along the breakage line 25. Even after separation, there may be unwanted
particles and rough edges in the cut glass article 10. Thus, the system may require an air blower
150 to remove unwanted particles, and a firepolishing station 160 to properly treat the ends of
the glass article 10. Moreover, the glass article 10 would also need to go undergo additional

processing steps 170, such as washing to ensure that particles were not still present in the glass.

[0052] In contrast, referring to the present embodiment of FIG. 5, the system 500 may include a
cutting station 130 upstream of the glass cutting station 200 comprising the pulsed laser

assembly 210. The upstream cutting station 130 may comprise a mechanical cracking bar about
the perforation line 20, a CO; laser, or another suitable means for propagating a breakage 25 in
the glass article. Without being bound by theory, the breakage 25 produced by the rough cut
station 130 may be smoothed by the perforation line 20 induced by the pulsed laser assembly 210.
By applying a rough cut followed laser induced perforation, the glass separation 140 may be
made easier and the yielded glass articles 10 have better end profiles, which limits or eliminates
further processing downstream of the glass separation station 140. Without being bound by
theory, the precision of the pulsed laser perforations greatly limit chipping and particle formation

after separation. Thus, further processing steps after glass separation are minimized or eliminated.

[0053] Further as shown in FIG. 5, the glass separation station 140 may in some embodiments
include an additional thermal treatment or additional laser treatment; however, it is contemplated
that the glass article 10 may undergo separation spontaneously about the perforation line 20.
Without being bound by theory, a possible advantage to laser cutting the glass article
immediately after the rough cutting station 130 is to take advantage of the elevated temperature

of the glass article 10 after draw from the glass synthesis station 110. This allows for separation



WO 2016/007843 PCT/US2015/039919
14

as the glass article 10 cools to room temperature. Alternatively as shown in FIG. 5, the glass
separation station 140 may include a thermal shock device 142, 144. Specifically, the thermal
shock device 142, 144 may comprise a heating element 142 such as a hydrogen/oxygen burner,
or a CO; laser. Further, the thermal shock device 140 may comprise a cooling element 144

downstream of the heating element 142.

[0054] Further as shown in FIG. 5, the pulsed laser assembly 210 eliminates the need for
firepolishing 160 as depicted in FIG. 4 or greatly minimizes the firepolishing time, because the
pulsed laser assembly 210 produces such precise narrow perforation lines and allows for such a
square clean break. Without being bound by theory, firepolishing 160 is conducted to heal the
edges of glass articles; however firepolishing can create secondary issues, like the deposition of
glass volatiles in the case of borosilicate tubing, which is a source of undesired hydrolytic
surface contamination issues in pharmaceutical products. Thus, it is beneficial that the pulsed
laser assembly 210 reduces or eliminates this firepolishing process in order to limit glass

volatiles.

[0055] Moreover, the system 500 may optionally include an air blower 150 to remove particles,
or additional processing 170 steps such as washing to remove loose particles. To reiterate, in the

arca of pharmaceutical glass, particle removal is of significant importance.

[0056] Referring to the system 600 of FIG. 6, the pulsed laser assembly 210 may receive glass
articles directly from the glass synthesis station 110, and thereby eliminate the rough cutting 130
of glass articles 10 shown in FIG. 5. While not limited to these embodiments, the pulsed laser
assembly 210 may be the embodiments depicted in FIGS. 9 and 10. Furthermore, continuous
tubes exiting the glass synthesis station 110 may be delivered directly to the pulsed laser
assembly for laser perforation. In this system 600, the glass separation station 140 may utilize
thermal shock; however, it is also contemplated that the glass article may spontancously separate
about the perforation line 20 as the glass article 10 cools to room temperature from the glass
synthesis station 110. Thus, this system 600 may only utilize the pulsed laser assembly in the
cutting of glass articles 10. System 600 depicts the optional steps of air blowing 150,
firepolishing 160, as well as additional processing; however, one or all of these steps are not

required.
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[0057] The systems 500 and 600 depicted in FIGS. 5 and 6 replace various devices such as a
Trim and Glaze Machine (TGM) used for tube cutting. The TGM can be visualized as a large
oven with a wide conveyor running through the center of it. The TGM takes the oversized glass
tubes, heats up an end, and then impacts the desired point with a cold blunt metal object. This
causes the glass to break. The process is repeated for the other end, with the conveyor holding
the glass so that the cut will be in the correct location. The quality of the ends after the trim step
still exhibit chips and are not square to the axis of the tube. As such, once the correct length but
with rough edges, the glass tube is flameworked on both ends simultaneously to reduce turnout
and strengthen the ends for shipment. The present embodiments generate a small amount of sub-
micron particulate - no edge “chipping”, whereas the TGM generates large sized particulates
(with hot glass). Moreover, the present embodiments have precise dimensional tolerances and
therefore high material utilization, whereas the TGM device wastes 5% of the glass in the trim
process. The geometric quality of the end produced by the pulsed laser is superior to the

flameworked end.

[0058] In addition, the present pulsed laser assembly 210 greatly improves the performance of
the glass ribbon machines used in producing vials. Referring to FIGS. 7A and 7B, a glass ribbon
machine 300 is depicted. Generally, a glass ribbon 310 is formed by rollers 314 and is
transported on a conveyor 316 in a process direction 318 (left to right in FIG. 7A). Glass 312 is
melted by a heating source prior to contacting the rollers 314 which reshape the glass 312 into a
glass ribbon 310. The glass ribbon 310 generally has a length in the process direction 318 and a
thickness (as determined by the area between the rollers 314) which is much less than the length.
The thickness is defined as the distance between the topside 311 and the underside 313 of the
glass ribbon 310. The topside 311 and the underside 313 of the glass ribbon 310 are substantially
planar. As the glass ribbon 310 moves in the processing direction, more hot glass 312 is molded
to form the glass ribbon 310 such that the glass ribbon 310 is continuously created as existing
sections of the glass ribbon 310 are moved along the process direction 318. The glass ribbon 310
may rest on the conveyor 316 while the conveyor 316 may move in the process direction 318 and

carry along the glass ribbon 310.

[0059] The glass ribbon 310 is carried in the process direction 318 and parison 342 is formed by
the blowhead 340. The blowhead 340 may travel at approximately the same speed as the glass
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ribbon 310 in the process direction 318 and make contact with the topside 311 of the glass ribbon
310. The blowhead 340 blows gas into the glass ribbon 310 and forms a parison 342 which
moves along with the glass ribbon 310 in the process direction 318. As used herein, a “parison”
refers to the underhanging glass which is formed from a portion of the glass ribbon 310 by a
mechanical force, such as, without limitation, gas blown by an blowhead 340 positioned above
the glass ribbon 310. The parison 342 hangs from the glass ribbon 310 and is elongated at least
in part by the gas blown from the blowhead 340. The parison 342 may be hollow and may be
joined at the glass ribbon 310 at an aperture in the glass ribbon 310 formed by the blowhead 340.

[0060] The parison 342 is then shaped into the glass article 10. In one embodiment, the parison
342 is encapsulated by a paste mold 360 which is moved into alignment with the parison 342.
The paste mold 360 may have two sides which come together to completely enclose the parison
342. The paste mold 360 may move in the process direction 318 at the same speed as the
conveyor 316 moving the glass ribbon 310, and may be generally aligned with the blowheads
340 which have formed the parisons 342. The paste mold 360 has an inner shape which
corresponds with the outer shape of the glass article 10 to be formed. The blowhead 340
continues to blow gas into the parison 342 and the parison 342 expands so that it fills the inner

shape of the paste mold 360, thus forming the desired shape of the glass article 10.

[0061] As shown in FIG. 7A, a plurality of blowheads 340 and paste molds 360 may be
continuously cycled into contact with a continuously generated glass ribbon 310. As such, the
blowheads 340, paste molds 360, and conveyor 316 moving the glass ribbon 310 all move at

about the same speed.

[0062] The paste mold 360 then opens and is withdrawn from the formed glass article 10
which hangs from the glass ribbon 310. Once the paste mold 360 is removed, the shape and size
of the glass article 10 are that of the final glass article 10 which will be separated from the glass
ribbon 310. The blowhead 340 is then withdrawn from the glass ribbon 310, leaving only the
glass ribbon 310 and attached glass article 10. The glass ribbon 310 and glass article 10
continues to be moved by the conveyor 316 in the process direction 318. The glass article 10
cools to a hard, solid state. The cooling can be gradual by exposure to ambient conditions or may

be a forced cooling process.
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[0063] Conventional glass ribbon machines may separate glass articles 10 from their attached
glass ribbons 310 by a mechanical process. Such a process may create glass chips of greater than
about 200 micron. However, the laser processing methods and apparatus described herein may
separate the glass articles 10 from the glass ribbon 310 and not form glass chips or other debris
of greater than 200 micron. For example, in various embodiments, the debris from laser
processing may be small is size, such as less than about 200 microns, less than about 100 micron,

less than about 50 micron, less than about 25 micron, or even less than about 10 micron.

[0064] Referring to FIG. 7B, the pulsed laser assembly 210 may be oriented adjacent the
conveyor 316 at a position wherein the laser beam focal line can apply perforations to the neck
of the vial. In this embodiment, the pulsed laser assembly 210 may rotate around the glass article
10, or the conveyor 316 may rotate the glass article 10 as the pulsed laser beam focal line is
incident on the neck of the glass article 10. After the perforation 20 is induced, the glass article
10 is fed to a glass separation station, for example, a thermal shock device which separates the

glass article about the perforation 20.

[0065] In conventional high temperature forming methods, specifically ribbon methods, glass
articles such as vials are formed by a process involving exposing a glass tube to high
temperatures by direct exposure to flames while rolling the glass of the tube to form the closed
bottom of the container. As used herein, processes utilizing a ribbon machine are not “high-
temperature.” Instead, in the ribbon machine the glass is molded by the paste molds at relatively
low forming temperatures. In contrast, the ribbon machine process described herein does not use
high temperatures for glass forming, and therefore boron is not substantially volatilized.
Therefore, delamination in glass articles formed by the ribbon process is greatly diminished as

compared with conventional high-temperature formed glass articles.

It will be apparent to those skilled in the art that various modifications and variations can be
made without departing from the spirit or scope of the disclosure. Since modifications
combinations, sub-combinations and variations of the disclosed embodiments incorporating the
spirit and substance of the invention may occur to persons skilled in the art, the invention should

be construed to include everything within the scope of the appended claims and their equivalents.
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CLAIMS
1. A method of laser cutting a glass article comprising:

feeding at least one glass article to a pulsed laser assembly having at least one pulsed
laser, wherein the pulsed laser defines a laser beam focal line with a length of 0.1-100 mm, the
glass article being comprised of two end sections, and at least one lateral surface disposed

lengthwise between the two end sections;

laser cutting at least one perforation line in the glass article by focusing the pulsed laser
along the laser beam focal line at an angle of incidence onto the lateral surface of the glass article
while there is relative motion between the glass article and the pulsed laser, wherein the glass

article is transparent to a wavelength of the pulsed laser; and

separating the glass article along at least one perforation line to yield a laser cut glass

article.

2. The method of claim 1 wherein the wavelength of the pulsed laser is less than about 1.8
um.

3. The method of claim 1 or 2, wherein the glass article is a tube.

4, The method of claim 3, wherein the tube, which is fed to the pulsed laser assembly, is a

continuous tube delivered from a glass synthesis station.

5. The method of claim 3, wherein the tube, which is fed to the pulsed laser assembly, is a

pre-cut tube.

6. The method of claim 1, or 2, or 3, wherein the glass article is selected from the group

consisting of cartridges, vials, and syringes.

7. The method of claim 1-6, wherein each perforation extends a thickness of the glass
article.
8. The method of claim 1, or 2, or 3, or 5 further comprising cutting the glass article prior to

cutting with the pulsed laser.
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9. The method of claim 1 wherein the prior cutting is achieved via mechanical cracking, or

laser cutting.

10. The method of claim 1 wherein separation of the glass article occurs by thermal shock, by

mechanical stressing about the perforation line, or combinations thereof.

11.  The method according to any of the preceding claims, wherein the glass article comprises

borosilicate glass, soda-lime glass, or aluminosilicate glass.

12. The method according to any of the preceding claims wherein the perforation line is a

plurality of holes having a size between 300-500 nm and a spacing therebetween of 1-30 um.

13. The method according to any of the preceding claims wherein the relative motion
between the glass article and the pulsed laser is defined by movement of the pulsed laser across

the lateral surface of the glass article.

14. The method of claim 1 wherein the relative motion between the glass article and the

pulsed laser is defined by movement of the glass article relative to the pulsed laser.

15.  The method according to any of the preceding claims wherein the relative motion
between the glass article and the pulsed laser is defined by translational movement of the glass

article and rotational movement of the pulsed laser.

16. The method according to any of the preceding claims further comprising firepolishing

the laser cut glass article to smooth edges along perforation line.
17.  Asystem for laser cutting at least one glass article comprising:

a glass synthesis station operable to form at least one glass article comprised of two end

sections, and at least one lateral surface disposed lengthwise between the two end sections;

a glass cutting station comprising a pulsed laser assembly operable to laser cut at least
one perforation line in the glass article received from the glass synthesis station, and a glass

support assembly configured to support the glass article during laser cutting within the pulsed
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laser assembly, wherein the pulsed laser assembly and the glass support assembly are moveable

relative to one another, and wherein the pulsed laser assembly comprises
a pulsed laser, and

an optical assembly positioned in a beam path of the pulsed laser to transform the
pulsed laser into a laser beam focal line, the laser beam focal line having a length

in a range of between 0.1 mm and 100,

wherein the pulsed laser is oriented to induce the at least one perforation line in
the glass article along the laser beam focal line onto the lateral surface of the glass
article while the glass article and the pulsed laser assembly move relative to
cachother, wherein the glass article is transparent to a wavelength of the pulsed

laser; and

a glass separation station downstream of the glass cutting station and configured to

remove a portion of the glass article about the perforation line to produce a laser cut glass article.
18.  The system of claim 17, wherein the glass article is a tube.

19.  The system of claim 18, wherein the tube is a continuous tube produced in the glass

synthesis station.

20.  The system of claim 18, wherein the tube is a pre-cut tube prior to delivery to the glass

cutting station.

21.  The system of claim 17, wherein the glass article is selected from the group consisting of

cartridges, vials, and syringes.

22. The system of claim 17 wherein the optical assembly comprises a focusing optical

element configured to generate the laser beam focal line.

23.  The system of claim 17 or 22, wherein the glass support assembly comprises a conveyor

disposed between the glass cutting station and the glass synthesis station.
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24. The system of claim 17, 22 or 23, and further comprising a cutting station upstream of

the pulsed laser assembly.

25. The system of claim 17 wherein the glass separation station includes a thermal shock

device, a mechanical stressing component, or combinations thereof.

26.  The system of claim 25 wherein the thermal shock device includes a heating element
selected from the group consisting of a hydrogen/oxygen burner, a CO; laser, and combinations

thereof.

27. The system of claim 26 wherein the thermal shock device comprises a cooling element

downstream of the heating element.

28. The system of claim 17 wherein the glass support assembly comprises polymeric

gripping material in contact with the glass article.
29.  The system of claim 28 wherein the polymeric gripping material is rubber.

30.  The system of claim 17 wherein the glass support assembly comprises a non-contact

support.
31. The system of claim 30 wherein the non-contact support is a horizontal air bearing.
32. The system of claim 17 wherein the glass support assembly comprises a rotatable spindle

chuck assembly configured to rotate the glass article.

33.  The system of claim 17 wherein the pulsed laser assembly comprises a rotational arm

configured to rotate about the glass article.

34.  The system of claim 33 wherein the pulsed laser assembly comprises one or more mirrors

coupled to and rotatable with the rotational arm.

35.  The system of claim 33 wherein the pulsed laser and the optical assembly are coupled to

and rotatable with the rotational arm.



WO 2016/007843 PCT/US2015/039919
22

36.  The system of claim 33 wherein the optical assembly is coupled to and rotatable with the
rotational arm, while the pulsed laser is stationary but in communication with the optical

assembly.

37.  The system of claim 33 wherein the glass support assembly comprises a conveyor

operable to move the glass article as the rotational arm rotates about the glass article.

38.  The system of claim 17-37, wherein the glass synthesis station comprises a Vello

downdraw apparatus, a Danner glass forming apparatus, or a ribbon glass blowing apparatus.

39. The method of claim 1-16 or the system of claim 17-37, wherein the pulsed laser has an

average laser energy of less than about 500 pJ.

40. The method of claim 1-16 or the system of claim 17-39, wherein the pulsed laser has a

pulse duration of between about 10 picoseconds and about 100 picoseconds.

41. The method of claim 1-16 or the system of claim 17-39, wherein the pulsed laser has a

pulse duration less than 10 picoseconds.

42.  The method of claim 1-16 or the system of claim 17-41, wherein the pulsed laser has a
pulse repetition frequency of between 10 kHz and 1000 kHz.
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