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LASER-ASSISTED ADDITIVE MANUFACTURE OF OPTICS USING THERMALLY CURABLE

MATERIALS

CROSS-REFERENCE TO RELATED APPLICATION
[0001] The present application relates and claims priority to U.S. Provisional
Application No. 62/459,738 filed February 16, 2017, the entirety of which is hereby

incorporated by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention
[0002] Additive manufacture of optics, in particular, laser-assisted additive manufacture

of optics made of thermally curable optical materials.

2. Description of Related Art

[0003] Additive manufacturing (AM), also known as three-dimensional (3D) printing,
refers to processes used to create 3D objects by the successive layering of material under
computer control. AM technologies are widely used in the automotive, aerospace, military,
dental, and medical industries. While there have been tremendous developments in AM, the
3D printing of optics is lagging due to its unique requirements. Although a number of
commercially sold 3D printers can print transparent components, post processing that is
typically needed to create smooth surfaces cannot control the surface shape and surface
roughness to a sufficient degree. None of these commercially sold 3D printers can truly print
optical elements with good surface quality for imaging applications.

[0004] Freeform optics is a recent, emerging field being developed to meet the
increasing demands created by the high performance and ultra-compact optical imaging
systems critical to consumer and medical applications, such as mobile phones, head mounted
displays, and ultrathin endoscopes. When compared to traditional optics, freeform optics
offer a number of advantages; however, a precision freeform optical element is much more
complicated to fabricate and test than a traditional optical element. Ultra-precision single
point diamond turning is capable of producing high quality surface finishes on the order of
nanometers, while meeting tight form tolerances on the order of micrometers. However, it is
a very time-consuming process and the prototyping cost is high. Fabrication is one of the
major issues preventing freeform optics from realizing rapid commercial adoption, with
current options incapable of complex freeform optics or prohibitively expensive and time-

consuming.
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[0005] Prior art systems for 3D printing of transparent material include the “printoptical”
technology by Luxexcel Group B.V., stereolithography (SLA), multi-jet modeling (MIM),
and polyjet printing. Recently Nanoscribe GmbH has developed a new technique for printing
micro-optical elements using a two-photon technique.

[0006] SLA uses a photopolymer resin cured by an ultraviolet (UV) light. The
photopolymer is solidified layer-by-layer to create a product. Due to the curing process used,
visible layers remain in the product. MJM uses a jetting technology and a wax support
material, with a product printed layer-by-layer and the support material is then melted away.
Polyjet 3D printing can work with a wide range of materials: layers of liquid photopolymer
are layered and cured using UV light, with the capability to form complex geometries. All
three techniques and the commercial systems, however, were developed to print non-
transparent components. Although post-processing like sanding and grit blastering can
increase transparency, the surface roughness exceeds the demands of optical applications and,
most importantly, the surface shape after post-processing cannot be controlled.

[0007] Nanoscribe’s Photonic Professional GT uses multiphoton polymerization with
direct laser writing, and was developed to produce complex photonics structure—rather than
optical imaging. Its major problem for printing optical components is the small field of view
of the scanning microscope objective, which means only very small optics can be realized.
For optics larger than a few hundred microns, the gaps between the field of view may be
obvious and unsuitable for imaging applications.

[0008] Luxexcel’s proprietary “printoptical” technology can 3D print transparent
products without visible layering using a UV-curable acrylic. Droplets are jetted and merged
before being cured. This is the only printing technique that can manufacture regular-size
optical elements. Due to the relatively large surface shape error and low surface quality,
however, the printed optical elements are not suitable for imaging applications and are mostly
used for illumination.

[0009] All of the above commercial systems use UV curing, either through a standard
UV polymerization process or two-photon polymerization process. One limitation of the
current UV curing systems is the resultant lens material appears yellowish.

[0010] Optical silicone is one material which is typically used in LED lighting and other
applications. Compared to UV curable materials, it has a number of advantages: strong UV
stability, non-yellowing, and high transmission. Optical silicone is particularly suitable for
optical imaging applications. A number of methods have been reported to fabricate optics

using optical silicones, including lithographic methods, surface tension driven methods,
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embossing methods, hanging methods, and confined sessile drop technique. However those
methods have some common issues: (1) they are limited to simple, small scale optics; (2)
they are relatively slow; and (3) they cannot control the freeform shape to meet the
specifications. A moving needle method was developed to partially change the lens shape,
but it cannot control the lens shape accurately. Printing using a passive droplet dispenser has
been investigated to fabricate lenses from optical silicone as well, but the reported method
cannot control the lens shape adequately.

[0011] The major limitation of the reported methods in fabricating optics from optical
silicone is that there is no effective method to control the lens shape. The lens shape relies on
the formation of liquid droplets, which is the interplay of viscous drag, surface tension,
capillary forces and gravitational forces. Another limitation is that as the entire optics is
heated to solidify the component after the shape is formed, it is a time consuming process
which may also introduce errors when the optics is large.

[0012] Therefore, there is a need for improved techniques for additive manufacturing of
optics, including techniques of additive freeform optics manufacturing (AFOM), which can

fabricate freeform optics rapidly, accurately, and efficiently.

SUMMARY OF THE INVENTION

[0013] Aspects of the present invention are directed to apparatus and methods for
precision additive optics manufacturing, including additive freeform optics manufacturing
(AFOM) using optical silicones, optical adhesives, and other thermal curable materials (such
as sol-gel, silicone hydrogel), these aspects including ultrafast infrared (IR) lasers and/or
pulse'IR radiation. The inventors have determined that getting heat into the optical material
quickly is critical to solidifying the material quickly and reducing cycle times. Instead of
curing the entire optical element using oven or other heating methods, an ultrafast IR laser is
used to locally solidify the optical materials to control the lens shape accurately. Ultrafast
laser radiation can offer advantages in processing the material, due to the high peak intensity
achieved in the focal region which allows for curing of optical material and the brief duration
of the laser-material interaction can potentially offer a negligible heat-affected zone. Aspects
of the present invention are capable of forming freeform optics and other complex optics that
are inaccessible with conventional processes.

[0014] It is to be appreciated that, depending on the material chemistry, curing using IR
radiation may increase temperature resistance, chemical resistance and improve material

strength.
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[0015] According to some aspects of the invention, apparatus and methods for producing
optics comprise an ultrafast IR laser or ultrafast laser radiation in combination with in situ
metrology. '

[0016] According to some aspects of the invention, metrology may be used to measure a
printed surface in real time and provide feedback to a print system to fine tune the printing
process.

[0017] In one embodiment, the invention is an additive manufacture printer for printing a
transparent object. The additive manufacture printer includes a stage on which the object is
to be produced and a dispenser coupled to a source of thermally-curable optical material
positioned to deposit the thermally-curable optical material at a position on the stage. The
printer also includes an ultrafast laser configured to direct radiation having a wavelength in
the range 800 nm — 2000 nm to the position, and at least one mechanism to cause relative
movement between the stage and the dispenser, and relative movement between the stage and
the laser.

[0018] In another embodiment, the additive manufacture printer includes a stage on
which the object is to be produced, a dispenser coupled to a source of thermally-curable
silicone positioned to deposit the thermally-curable optical material at a position on the stage,
and an ultrafast laser configured to direct radiation having a wavelength in the range 800 nm
— 2000 nm to the position. The printer also includes at least one processor coupled to at least
one of the stage, the dispenser, and the laser. The processor is programmed to control at least
one of a position on the stage at which the thermally-curable optical material is to be
deposited, an amount of thermally-curable optical material to be dcposited, a position to
which the IR-radiation is to be directed, a beam steering apparatus, and a parameter of the
laser radiation. The printer additionally includes a metrology apparatus configured to
measure a parameter of the object and provide the measured parameter to the processor The
at least one processor has a modeling and control software module to compare the measured
paramcter to a design target and modify at least one of the position on the stage on which the
thermally-curable optical material is to be deposited, the amount. of thermally-curable optical
material to be deposited, the position to which the IR-radiation is to he directed, the beam
steering apparatus, and the parametcr of the laser radiation.

[0019] In another embodiment, the invention is a method for printing a transparent
object. The method includes the steps of: (i) providing an additive manufacture
printer having a stage on which the object is to be produced, a dispenser coupled to a source

of thermally-curable optical material positioned to deposit the thermally-curable optical

4



WO 2018/151850 PCT/US2018/000066

material at a substrate on the stage, an ultrafast laser, and at least one mechanism to cause
relative movement between the stage and the dispenser, and relative movement between the
stage and the laser; (ii) dispensing, via the dispenser, thermally-curable optical material on a
substrate on the stage; (iii) distributing the thermally-curable optical material substantially
uniformly over the substrate; (iv) directing, via the ultrafast laser, radiation having a
wavelength in the range 800 nm — 2000 nm to the substrate; (v) solidifying at least a first

portion of the thermally-curable optical material to generate a cured layer.

[0020] The term ‘“‘ultrafast” is defined herein to mean nanosecond, picosecond, and
femtosecond.
[0021] The term “transparent” is defined herein to mean capable to transmitting at least a

portion of radiation incident thereon, the radiation being in the spectrum up to and including
infrared wavelengths and ultraviolet wavelengths, including the visible band and all other
bands in the said spectrum. In some instances, the transmission of the radiation is at least
50% transmission of at least some wavelengths in the spectrum, and in some instances the
transmission of the radiation is at least 80% of at least some wavelengths in the spectrum.

[0022] The term “degree of cure” is defined herein to refer to a location on a continuum
between the liquid phase and the solid phase of a thermally-curable material which is

dependent on, for example, time and heat applied to the thermally-curable material.

BRIEF DESCRIPTION OF THE DRAWINGS
10023] The present invention will be more fully understood and appreciated by reading
the following Detailed Description in conjunction with the accompanying drawings, in
which:
[0024] FIG. 1 is a schematic diagram of a process for AM in accordance with an
embodiment;
[0025] FIG. 2 is a block diagram showing the elements of an printing system according
to an embodiment;
[0026] FIG. 3 depicts an exemplary process for fabricating a lens from thermally curable
optical material in accordance with an embodiment;
[0027] FIG. 4 depicts lenses printed with a system using Dow Corning Sylgard 184
Silicone Elastomer in accordance with an embodiment;
[0028] FIG. 5 is a graph showing the absorption properties of selected optical silicones

in accordance with an embodiment;
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[0029] FIG. 6 is a schematic diagram of a print head with an IR focusing lens and
chromatic confocal objective in accordance with an embodiment;

[0030] FIG. 7 is a schematic diagram of a lens analysis for planning the printing process
in accordance with an embodiment;

[0031] FIG. 8 is a schematic diagram of a print head with an IR focusing lens and
dispenser for drop-on-demand printing in accordance with an embodiment;

[0032] FIG. 9 is a schematic diagram of an exemplary process for fabricating a lens from
thermal curable material using projection method;

[0033] FIG. 10 is a schematic diagram of an exemplary process for fabricating a lens
using a lithographic printing process;

[0034] FIG. 11 is a schematic diagram of an exemplary process for printing a bi-curved
lens; and

[0035] FIG. 12 is a schematic diagram of an exemplary process for printing lens with

pre-formed substrate.

DETAILED DESCRIPTION OF THE INVENTION

[0036] Aspects of the present invention and certain features, advantages, and details
thereof, are explained more fully below with reference to the non-limiting examples
illustrated in the accompanying drawings. Descriptions of well-known structures are omitted
so as not to unnecessarily obscure the invention in detail. It should be understood, however,
that the detailed description and the specific example, while indicating aspects of the
invention, are given by way of illustration only, and are not by way of limitation. Various
substitutions, modifications, additions, and/or arrangements, within the spirit and/or scope of
the underlying inventive concepts will be apparent to those skilled in the art from this
disclosure.

[0037] Referring first to FIG. 1, there is shown a schematic diagram of the proposed AM
process. After a lens is designed, it is imported to the modeling software from the optical
design software. The modeling software will analyze the design and the specifications, and
then layout the printing process to achieve a lens of a defined final shape and defined
intermediate shapes. The printing process will instruct the dispenser to distribute an
appropriate amount of materials to a substrate located on a stage. The focused IR laser beam
is used to heat and solidify the material locally to the defined shape. Deposition location and

cure location may be facilitated by moving the print head relative to the stage.
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[0038] In some embodiments, in situ metrology will measure a cured surface in real time
and provide feedback to the printing process. If there is deviation from a defined
intermediate shape, the printing process will be fine-tuned to compensate for the deviation.
This is a recurrent process until the lens meets the specifications. If the final measurement
result (e.g., lens shape or surface roughness) still does not meet the specifications, an ultrafast
IR laser may be applied to locally modify the surface shape and roughness.

[0039] Key advantages of the proposed techniques include: (1) accurate fabrication of
complex freeform optics with high surface quality; (2) ability to print in three printing modes
(layer-by-layer, drop-on-demand, and lithographic modes); and (3) lenses are typically strong
UV stabile, non-yellowing, and high transmission.

[0040] Turning now to FIG. 2, there is shown a block diagram showing the elements of
an example of an embodiment of a printing system 100 according to aspects of the present
invention. The system 100 comprises a material dispenser 102 to deposit material (i.e.,
thermal curable material) constituting the optic to be produced, an IR laser 104 to cure the
material, and a stage 110 or other means to produce relative movement between the dispenser
102 and/or the laser 104, and the lens to be produced. For example, a stage 110 may be
configured to move the product while it is being produced to control the location at which the
material is dispensed and the locations at which the material is cured. Optionally, a
metrology apparatus 106 to measure the product while it is being produced and/or after it is
produced may be included.

[0041] A processor 108 is coupled to the dispenser 102, the laser 104 and the stage 110
to receive information therefrom and to provide control signals thereto. The processor 108
also controls deposition and curing of the material. The processor 108 may be additionally
coupled to the metrology apparatus 106 to measure a product during manufacture.
Optionally, as described in greater detail below, a system 100 may comprise a modeling and
control software module to compare the measured results to the design target, and modify the
deposition (e.g., amount and location of material) and/or curing process (e.g., the laser
parameters) to achieve the design target.

[0042] Referring to FIG. 3, there is shown an example of a process for fahricating a lens
from thermally curable optical material according to aspects of the present invention in which
material is deposited to form a layer which is cured by radiation from an ultrafast IR laser.
At the first step, shown in image (a) of FIG. 3, the material is dropped on the substrate. The
amount or volume of the material deposited on the substrate depends on the desired thickness

of the layer and lens size. After the material flows uniformly over the substrate or on the
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solidified lens surface to form a layer of cured material as shown in image (a) or image (c) of
FIG. 3, the focused, ultrafast laser beam will solidify the material in high speed to form the
shape of each layer (shown in image (b) and image (c) of FIG. 3). By repeating the steps
shown in image (a) and image (b) of FIG. 3, it is possible to form the lens shape as shown in
image (d) of FIG. 3. The unsolidified material is spun off or cleaned using another approach.
[0043] Due to the layer-by-layer curing process, steps between each layer may be formed
(as shown in image (d) of FIG. 3). To smooth the lens surface, a relatively large amount of
material may be applied to the lens surface to fill the steps between each layer (as shown in
image (e) of FIG. 3). The amount or volume of material applied to the lens surface is large
relative to the quantity of material deposited on the substrate to form the lens layers. The
applied material is then cured, for example, with pulsed or continuous wave IR laser (shown
in image (f) of FIG. 3). One example of a material to be used is thermal curable silicone
(e.g., MS-1002 available from Dow Corning). Another option for smoothing between the
layers is applying a quantity of material over the entirety or a portion of the outer surface of
layered lens and heating the quantity of material to cure it. Depending on factors such as the
material and the thickness of the layer, the quantity of material can be cured by heat of
temperatures within the range of 150°C-500°C. The heat can be applied by heat from
surrounding air or by placing the lens in a bath of suitably hot water to cure the quantity of
material.

[0044] Although a system using a focused beam was described above, it is to be
appreciated that rather than a focused (i.e., point-by-point) curing process, the pulsed laser
light may be projected (i.e., using a projector lens system) over an entire layer (or a fraction
of a layer) such that the entire layer (or the fraction of a layer) is cured using one or more
pulses. Also, although the above techniques use deposition of a layer or drop-on-demand
prior to curing, it is also possible to provide a tank of liquid material (e.g., silicone) and to
cure a layer of the liquid material (e.g., silicone) in a point-by-point or projection manner to
produce the layers of a lens.

[0045] Turning now to FIG. 4, there are shown examples of printed lenses printed with a
system according to aspects of the preset invention using Dow Corning Sylgard 184 Silicone
Elastomer. Image (a) of FIG. 4 illustrates a simple plano-convex lens. Image 4(b) illustrates
a plano-concave lens (Fig. 4(b)). Image (c) illustrates an example of a freeform lens (i.e., a
donut lens). Additional freeform optics, a plano-convex lens array and a plano-concave lens
array are shown in image (d) and image (e) of FIG. 4, respectively. Image 4(f) illustrates a

USAF resolution target captured with the printed lens in image (a) of FIG. 4.
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[0046] Further details regarding examples of printing systems according to aspects of the
present invention are given below.

[0047] The material used to form a cured optic may comprise any IR-curable suitable
material. One example of such a material is MS-1002 available from Dow Corning
Corporation of Midland, Michigan. Although the figures depict optical silicone as the
material, other thermally curable optical materials may be used. For example, in an
alternative embodiment, DELO DUALBOND adhesive may be used and either thermally
cured or UV cured.

[0048] A material dispenser 102 may comprise any suitable apparatus for depositing a
selected amount of material on the stage 110. For example, the material dispenser 102 may
be computer-controlled nScrypt’s SmartPump dispenser. The smallest volume dispensed by
this dispenser can be less than 100 picoliters. Again, the amount of material dispensed by the
material dispenser 102 depends on the desired thickness of the layer and lens size.

[0049] The pulsed, ultrafast IR laser 104 may be any suitable nanosecond laser or
picosecond laser or femptosecond laser. Typically, the laser wavelength is between 800 nm
and 2 micrometers, and selected to correspond to a band of strong absorption of the selected
silicone material. Based on the absorption properties of the optical silicones as shown in
FIG. 5, in one embodiment a 2 pm Mode-Locked Fiber Laser, AP-ML1-1950-01 from
AdValue Photonics Inc. was used. It has the operating wavelength 1.95+/-0.05 um, pulse
width <3 ps, peak power > 10 kW, and pulse repetition rate 20-40 MHz. In another
embodiment, a CO2 laser may also be utilized.

[0050] Any suitable apparatus for achieving relative movement between the stage 110
and the dispenser 102, and/or relative movement between the stage 110 and the laser 104 may
be used. The stage 110 may be a motion stage; alternatively, the dispenser 102 and laser 104
may be moved. In one embodiment, in which a motion stage is used, three Thorlabs’s
Compact Motorized Translation Stage MTS50-Z8 are used to accommodate the potential
weight of a print head and to achieve adequate scan accuracy. The MTS50-Z8 stage has a
travel range of 50 mm, resolution of 29 nm, and bidirectional repeatability of 1.6um, and a
vertical load capacity of 4kg.

[0051] An alternative to moving the stage 110 on which an optic is being printed is
moving the print head (i.e., the laser 104 and/or dispenser 102) to achieve a displacement
relative to the stage 110, for example, using a motorized translation apparatus. In such
embodiments, a spot of light from the laser 104 and/or the dispenser 102 is scanned to

dispense thermal curable material and/or to cure the material.
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[0052] In addition to the above embodiments where the stage 110 and/or laser 104 are
moved relative to one another, the laser beam may be steered (perhaps without movement of
the stage 110 or laser 104) using a beam steering apparatus, for example, by using a galvo-
scanner.

[0053] Any suitable technique for in situ measurement of an optic that is being
manufactured may be used for metrology. In some embodiments, the measurement apparatus
is an optical metrology apparatus 106. For example, the optical metrology apparatus 106
may use interferometric methods, deflectometric methods, and confocal methods. For
example, in situ metrology apparatus 106 may include: (1) compact snapshot interferometric
system, (2) deflectometric system, and (3) chromatic confocal system.

[0054] One example of a suitable apparatus is a chromatic confocal apparatus which is
able to measure a surface with relative large slopes as well as discontinuous surfaces, and it
can measure the surface roughness.

[0055] In some embodiments, the metrology apparatus 106 and deposition apparatus
may be collocated to form a print head. Since the light can be delivered to the confocal probe
through the fiber, the probe can be very compact. Such a configuration may be particularly
suitable for in situ metrology in printing freeform optics. In some embodiments, the print
head further comprises an objective lens 112 to focus the IR laser for curing the material, a
material dispenser 102 to distribute the material, and a chromatic confocal objective 114 for
measuring the surface shape and roughness. FIG. 6 illustrates one example of such an
embodiment. For such an embodiment, the heating spot and the measurement spot are
displaced slightly (e.g., 5-10 mm) so that the chromatic confocal probe can measure the cured
region shortly after (e.g., 0.1 to 1.0 seconds) the region is solidified.

[0056] In some embodiments, the processor 108 to control the printing process
(including deposition and curing) may be programmed to modify the printing process (i.e.,
modification or adding of one or more subsequent printing steps (e.g., layers)) based on a
metrology measurement of previously deposited material (i.e., one or more previously
deposited layers) to more accurately achieve a desired lens design.

[0057] A printer according to present invention may comprise a processor 108
configured to receive metrology information from an optical component being produced on a
stage 110. The processor 108 can be programmed to comprise a modeling and control
software module to determine heat distribution in the material and the curing of the material
that would occur during a planned printing process, for example, using mathematical models.

A model of the printing process is dependent at least in part on laser power and pulse
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duration, the numerical aperture of the objective that directs the laser light onto deposited
layer of material, the smallest diameter of the solidified region, as well as the properties of
the deposited material.

[0058] It will be appreciated that, in the course of the curing process, the thermal
properties of the material undergo changes according to temperature and degree of cure and
that such changes can be accounted for in a model of the curing process. For example, a
model of the curing process may include modeling of the material’s density, specific heat,
and thermal conductivity as a function of degree of cure. It will be appreciated that a model
of the curing process may account for shrinkage by modeling changes of density at solid and
liquid states of the material as a function of degree of cure. It will also be appreciated that a
model of the curing process may account for changes in the specific heat as a function of
temperature and degree of cure.

Establish a Printing Process

[0059] With a simulation model of heating and curing, a lens analysis model to plan the
printing (i.e., deposition and curing) process so that the lens can be printed accurately can be
obtained. Deposition and curing may occur using layer-by-layer printing approach or drop-
on-demand (e.g., using droplets having diameters of less than 100 mircons) or lithographic
approach or curing of the material in a tank of the material. For any of these processes, it is
desirable to determine the amount of the material to distribute in each cycle, laser parameters,
numerical aperture of the objective lens, and scanning speed, as well as the path of the print
head, which determines the curing path.

[0060] According to one example of a printing process, a first step is to analyze a lens to
be made by calculating the slope of the surface at locations along its profile (as shown in FIG.
7.

[0061] The thickness of each layer of the printing process is determined by estimating
the slope of the central point of each layer after curing (e.g., using a model of the printing
process) such that the slope of the cured layer is the same as the slope at the same profile
location on the profile of the lens to be made (for example, part A in FIG. 7).

[0062] To form a layer of the selected thickness, the amount of the material to he
distributed in each cycle, the laser parameters, the numerical aperture of the objective lens,
and the scanning speed of the laser are all determined. Further, to plan the printing process,
the location to drop the material for each layer based on the lens shape so that the material

can flow uniformly across the surface is determined using heating and curing modeling as set
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forth above. The curing path based on the lens shape typically begins with curing the edge of
the lens first and then gradually to the center in an inward spiral.

[0063] The lens analysis and printing process planning for the other printing approaches
(e.g., drop-on-demand and lithographic methods) are similar. It will be appreciated that in
situ metrology as described herein, will provide feedback on each layer shortly after it is
printed and permitting adjustment of each subsequent layer as described below.

Improve the Performance with In Situ Metrology

[0064] In traditional optics fabrication, a part (while it is being manufactured) is
periodically measured to ensure the part is printed to specification, either using a test plate or
interferometer. However, in current commercial or research printing systems, no in situ
metrology has been used to evaluate the printed surface during the printing process.
Therefore, it is difficult to print the lens to specifications because there are many more factors
which can impact the surface shape and surface roughness, compared to the traditional
grinding and polish method.

[0065] According to an aspect of the present invention, a chromatic confocal microscope
is used to perform metrologic measurements. Since a chromatic confocal microscope
measures distance between a confocal probe and a surface under test, it can measure surface
shape and surface roughness. A chromatic confocal microscope can also measure layer
thickness by comparing the measurement results before and after a given layer is added. In
addition, the probe can measure lens thickness which is one of the important parameters of
the lens.

[0066] In some embodiments, the surface data will be measured after each layer is
formed and will be available to determine whether the lens is fabricated to the expected
immediate shape. Any deviation may be used to fine tune subsequent steps of the printing
process, for example, to adjust the layer thickness, laser power or other parameters as set
forth herein.

[0067] The measurement data of the final surface may be compared to the design
specifications. If there is deviation from the specifications, additional material can he added
and cured locally (i.e., less than a full layer) to ensure the lens is printed correctly. An
alternative or additional approach is to locally heat the printed lens and melt the material until
the lens meets the requirement as described in greater detail below.

Drop-on-Demand, Projection, and Lithographic Printing Processes

[0068] Although the cure process model described above was discussed with reference to

a layer-by-layer process, the heating and curing principles discussed apply to drop-on-
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demand and lithographic printing processes and curing of the material in a tank of the
material.

[0069] In some instances, when printing more complex optics, for example, for an optic
having discontinuous features (e.g., multiple lens arrays), drop-on-demand approach will be
more effective because no material is needed between at least some features (e.g., between
arrays).

[0070] Similar to the layer-by-layer technique, in the instance of drop-on-demand, a
printing process is based on lens geometry. Laser parameters are selected to cure each
droplet quickly once it reaches the substrate or the intermediate cured surface. A difference
between planning a printing process using layers to form an optical surface as set forth above
and planning a printing process using droplets to form an optical surface is that a model of a
surface profile produced by droplets may include using finite element analysis of, both, the
dynamic deformation of droplets during the drop process and the curing process of droplets.
[0071] An example of a print head 200 to be used with drop-on-demand, is shown in
FIG. 8. In drop-on-demand system, it is typically desirable to cure each droplet relatively
quickly. In the print head shown in FIG. 8 achieves quick curing by including a folding
mirror 202 with a hole 204 to allow a droplet 206 to reach the substrate, and an IR laser 104
to heat the droplet 206 directly at its focal point to facilitate fast curing.

[0072] A schematic diagram of an example of a projection printing system is shown in
FIG. 9. At the first step, shown in image (a) of FIG. 9, the material is dropped on the
substrate. After the material flows uniformly over the substrate or on the solidified lens
surface to form a layer of cured material as shown in image (b) or image (c) of FIG. 9, a
digital projector projects an IR light pattern on the material to cure the material. By repeating
the steps shown in image (b) and image (d) of FIG. 9, it is possible to form the lens shape as
shown in image (d) of FIG. 9. The unsolidified material is spun off or cleaned using another
approach.

[0073] FIG. 10 is a schematic diagram of an example of a lithographic printing process.
As shown in image (a) of FIG. 10, the substrate is attached to a translation stage that can be
moved in the z-direction to adjust the thickness of each printed layer. The laser facal point is
always at the top surface of the uncured material to cure the material. After the current layer
is cured, the z-axis stage moves the substrate and cured layer down so that the new material
will cover the cured layer uniformly. The laser will then cure the new layer to the predefined
shape. The process is repeated until the lens is printed. The curing thickness is controlled by

the z-axis stage and printing parameters. Another aspect of the present invention is methods
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and apparatus facilitating the printing of bi-curved optics. Printing of bi-curved lenses, such
as bi-convex, bi-concave, or concave-convex freeform lenses can be challenging because
there is no flat surface to support the lens during printing.

[0074] A schematic diagram of an approach to printing a bi-curved lens is shown in FIG.
11, images (a)-(e). To print the bi-convex lens (the lens in image (a)), a tray is provided.
Two supporting legs or one supporting cylinder is provided (image (b)). The legs or cylinder
may be printed or placed into the tray. It is to be appreciated that the supporting features may
be used as the mounting features for the resultant lens; however the mounting features may
be removed in a post-printing step.

[0075] As shown in image (c) of FIG. 11, a supporting bridge is printed having a
thickness smaller than the lens thickness. It will be appreciated that it may be advantageous
that the bridge has the same diameter as the final lens diameter.

[0076] After the bridge is printed, material may be added under the bridge by solidifying
the material. For example, the material may be solidified layer-by-layer as shown in image
(d) of FIG. 11 until forming an outer lens surface (image (e)). Other solidification patterns
may be used.

[0077] Where layers are used, as discussed above, there may be discontinuities (i.e.,
steps) between layers. Steps may be filled-in using the approach described above. As shown
in image (f) of FIG. 11, material may be added and cured above the bridge by adding and
curing material layer-by-layer.

[0078] It will be appreciated that in the illustrated method, laser parameters and scanning
speed to print the lens surface under the bridge where the lens surface is immersed in the
uncured silicone. Simulation to model the curing process in a manner similar to manner
described above will be used to control the laser parameters and scanning speed. During
printing, optical material may be added continuously; however, discrete additive steps may be
performed. While the material added below the bridge is executed using an immersion
technique as describe above, adding of material above the bridge may be added using an
immersion technique or another suitable technique (e.g., a technique as described herein).
[0079] A schematic diagram of an approach to printing a lens, such as a contact lens, on
the pre-formed substrate is shown in FIG. 12. Many thin lenses, such as contact lenses, have
both surfaces curved. Instead of printing the lens using the method in FIG. 11, the thin
curved lens can be fabricated on the pre-formed substrate. The printing process is similar to
the layer-by-layer process in FIG. 3. Contact lenses, flexible thin lenses placed directly on

the surface of the eye, are generally composed of silicone hydrogel. In some embodiments of
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contact lenses, a polar group is added to the silicone hydrogel to serve as a wetting agent or
an agent to increase oxygen permeability without changing the structure of the silicone
hydrogel. As such, flexible contact lenses can be printed according to the layer-by-layer
process shown in FIG. 3.

[0080] The terminology used herein is for the purpose of describing particular
embodiments only and is not intended to be limiting of the invéntion. As used herein, the
singular forms “a”, “an” and “the” are intended to include the plural forms as well, unless the
context clearly indicates otherwise. It will be further understood that the terms “comprise”
(and any form of comprise, such as “comprises” and “comprising”), “have” (and any form of
have, such as, “has” and “having”), “include” (and any form of include, such as “includes”
and “including”), and “contain” (any form of contain, such as “contains” and “containing”)
are open-ended linking verbs. As a result, a method or device that “comprises”, “has”,
“includes” or “contains” one or more steps or elements. Likewise, a step of method or an
element of a device that “comprises”, “has”, “includes” or “contains” one or more features
possesses those one or more features, but is not limited to possessing only those one or more
features. Furthermore, a device or structure that is configured in a certain way is configured
in at least that way, but may also be configured in ways that are not listed.

[0081] The corresponding structures, materials, acts and equivalents of all means or step
plus function elements in the claims below, if any, are intended to include any structure,
material or act for performing the function in combination with other claimed elements as
specitically claimed. The description of the present invention has been presented for
purposes of illustration and description, but is not intended to be exhaustive or limited to the
invention in the form disclosed. Many modifications and variations will be apparent to those
of ordinary skill in the art without departing from the scope and spirit of the invention. The
embodiment was chosen and described in order to best explain the principles of one or more
aspects of the invention and the practical application, and to enable others of ordinary skill in
the art to understand one or more aspects of the present invention for various embodiments

with various modifications as are suited to the particular use contemplated,
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CLAIMS
What Is Claimed Is:
1. An additive manufacture printer for printing a transparent object, comprising:

a stage on which the object is to be produced; A

a dispenser coupled to a source of thermally-curable optical material positioned to
deposit the thermally-curable optical material at a position on the stage;

an ultrafast laser configured to direct radiation having a wavelength in the range 800
nm — 2000 nm to the position; and

at least one mechanism to cause relative movement between the stage and the

dispenser, and relative movement between the stage and the laser.

2. The printer of claim 1, wherein the radiation has a wavelength in the range 1000 nm —
2000 nm.
3. The printer of claim 1, wherein the ultrafast laser is one of a picosecond laser and a

femptosecond laser, ‘
4, The printer of claim 1, wherein the mechanism to cause relative movement comprises
one of a translation stage and a galvo-scanner.
5. The printer of claim 1, wherein the laser comprises a focusing lens to produce a
focused spot at the position.
6. The printer of claim 1, wherein the thermally-curable optical material is silicone.
7. An additive manufacture printer for printing a transparent object, comprising:

a stage on which the object is to be produced;

a dispenser coupled to a source of thermally-curable optical material positioned to
deposit the thermally-curable optical material at a position on the stage;

an ultrafast laser configured to direct radiation having a wavelength in the range 800
nm — 2000 nm to the position;

at least one processor coupled to at least one of the stage, the dispenser and the laser,
the processor programmed to control at least one of a position on the stage at which the
thermally-curable optical material is to be deposited, an amount of thermally-curable optical
material to be deposited, a position to which the IR-radiation is to be directed, a heam
steering apparatus, and a parameter of the laser radiation; and

a metrology apparatus configured to measure a parameter of the object and provide
the measured parameter to the processor,

the at least one processor having a modeling and control software module to compare

the measured parameter to a design target and modify at least one of the position on the stage
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on which the thermally-curable optical material is to be deposited, the amount of thermally-
curable optical material to be deposited, the position to which the IR-radiation is to be '

directed, the beam steering apparatus, and the parameter of the laser radiation.

8. The printer of claim 7, wherein the metrology apparatus is an optical sensor.
9. The printer of claim 8, wherein the optical sensor comprises a chromatic confocal
apparatus.

10. The printer of claim 7, further comprising at least one mechanism to cause relative
movement between the stage and the dispenser, and relative movement between the stage and
the laser.
1t.  The printer of claim 7, further comprising a deposition apparatus.
12.  The printer of claim 11, wherein the metrology apparatus and the deposition apparatus
are collocated, forming a print head.
13. The printer of claim 12, wherein the print head comprises an objective lens configured
to focus IR laser.
14. A method for printing a transparent object, comprising the steps of’

providing an additive manufacture printer having a stage on which the object is to be
produced, a dispenser coupled to a source of thermally-curable optical material positioned to
deposit the thermally-curable optical material at a substrate on the stage, an ultrafast laser,
and at least one mechanism to cause relative movement between the stage and the dispenser,
and relative movement between the stage and the laser;

dispensing, via the dispenser, thermally-curable optical material on a substrate on the
stage;

distributing the thermally-curable optical material substantially uniformly over the
substrate;

directing, via the ultrafast laser, radiation having a wavelength in the range 800 nm —
2000 nm to the substrate;

solidifying at least a first portion of the thermally-curable optical material to generate
a cured layer.
15. The method of claim 14, further comprising the step of cleaning off a liquid second
portion of thermally-curable optical material from the position on the stage.
16.  The method of claim 14, further comprising the step of:

dispensing additional thermally-curable optical material on the substrate; and

filling one or more gaps in the cured layer with the additional thermally curable

optical material.
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17. The method of claim 16, further comprising the step of heating the additional thermally-
curable optical material on the substrate.

18. The method of claim 14, wherein the thermally-curable optical material is silicone.

19. The method of claim 14, wherein the cured layer is a flexible layer of a contact lens.

20. The method of claim 14, further comprising the step of programming at least one
processor coupled to at least one of the stage, the dispenser and the laser, to control at least
one of a position on the substrate on the stage at which the thermally-curable optical material

is to be deposited.

18



PCT/US2018/000066

WO 2018/151850

1112

-

a,

ABOio8
jBUL /SIS

N,

!

.,

e

ABoionew
s Uy

/

194

;L YSiil] (el ;

~,

|

wmmmwm mmwaﬁJ

N

JOSET M| UPM | SSOT0I
RLIBIRIA mmm,ﬁmL DRZLUICA Buiiuiid wmewmmmx.ﬁ wg@degﬁ E‘M&@Eu@
w/ 2USIEIA |
1 Bususdsic

P,

vy

SUBSTITUTE SHEET (RULE 26)



PCT/US2018/000066

WO 2018/151850

2112

¢ 'Ol

80T

105532014

OTT
28e1s
90T 0T 01
sniesjedd
! v 19se7 Y| Jasuadsiqg
A3ojoup N :

001



PCT/US2018/000066

WO 2018/151850

3/12

€ 'Old
u ) (P
}
(e)
] 1 a1ensqng ]
paiipljos \ aU0DI|IS
\iﬁ pajulid aq 03 Sud |eoindo

aANI3[qo Y|




WO 2018/151850

4/12

SUBSTITUTE SHEET (RULE 26)

PCT/US2018/000066




PCT/US2018/000066

59O

{wu) Yyibusjanepp
009 OO0F

WO 2018/151850

5/12

00cc 000c 008L 0091 OO¥L 00ct 000L 008

T

SWad

200L-SW Buiwo) moQ

003241 1ISINNT

1

T

T

0
ot
0c¢
(3
ov
0§
09
04
08
06
00l

(%) uoissiwsuel |



PCT/US2018/000066

WO 2018/151850

6/12

9 'Ol

julod Juswainseay
jods pasnooy Jaseq Y| \

|e20ju0d
sua| aAndalgqo
Jewosyd)
8uisnooy y| bTT
(49"



PCT/US2018/000066

WO 2018/151850

7/12

L Ol

yred buun)

sua} 03bp3

JoAe] Bunuud

3

%_ /s
SSaUNDIY) 1///.‘\
1afe v

SUoj Wiojoaly
B JO UOIJ2aS-8S0i1)



PCT/US2018/000066

WO 2018/151850

8/12

8 'Ol

ojed Suneay [e)SIq

ajexsqng

SUS] ULIOJaL,]
T\\ J91do.

0¢

sounw Smppo 4 Iosuadsi(g

[4]4 [40)8
4.////

00¢



PCT/US2018/000066

WO 2018/151850

9/12

(p)

)

Jase| Yj as|nd
Yiim Joldafoid

6 Ol

(a)

13se] Y| 9s|nd
Yim u0333l01d

()

33|doap auodyis ||ews



PCT/US2018/000066

WO 2018/151850

1012

J0T "5

--------

801 "9l

PHIND

N%\m/
C /i\ swad
00T

|

m

M

Y01 'Sid

Vs

7

\

m

m

1 |
i/ m
§

sbms
fPUCRRIsSURY
GIKE-7

(!J

SIRNSaNg

T sanoslan

. uiBag leseT

SUBSTITUTE SHEET (RULE 26)



PCT/US2018/000066

WO 2018/151850

11/12

11 '9l4

(3) (p)
_
ﬂ |
() (q) (e)
a8p1iq urpoddng auo|is \ m w D / m
eondo nw:_au s3a) Suinoddng | |1 auodljis JuLid 01 SUB| XBAU-IE

NI
weaq Jase| x__

jeatido painoun



PCT/US2018/000066

WO 2018/151850

12/12

[AMO]E

‘pajund \

SI SU3| J9BIUOD 3Y] j13UNn

‘ss9204d anoqe ay3 jeaday

"10dS Jase| pasni0}

e Aq paind s| Sul Uiyl Asaa y
"J9U]e3u0d 3y} uj pappe

S| |el1alew Jo 19Ae| Uiyl

ajesysqns ayj se

SnipeJ BauJ0d 3y} 0} Jejlwis
SNIPEeJ Y3IM 3IBLINS XSAUO)




INTERNATIONAL SEARCH REPORT International applica[ion No.
PCT/US 18/00066

A. CLASSIFICATION OF SUBJECT MATTER

IPC(8) - B29C 67/00, B33Y 40/00, B29D 11/00, G02B 3/00, G02C 7/00 (2018.01)

CPC - B33Y 80/00, B29C 64/00, B29K 2083/00; B29K 2995/0026, B29C 64/106; B29D 11/00432;
B29D 11/00009; B29L 2011/0016; B33Y 10/00

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

B.  FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

See Search History Document

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

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

See Search History Document

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y WO 2016/202753 A1 (SINTRATEC AG) 22 December 2016 (22.12.2016), FIGS. 1, 5; Page 11 | 1-8, 10-18, 20

- lines 21-27, Page 15 lines 22-29, Page 16 lines 1-2, Page 16 lines 10-16, Page 16 lines 30-32, | --------oreemmm

A Page 17, In 21-26, page 20, In 13-15, page 20, In 31-32 to page 21, In 1-2, 9, 19

Y WO 2016/134972 A1 (PHILLIPS LIGHTING HOLDING B.V.) 01 September 2016 (01.09.2016), { 1-8, 10-18, 20

page 3, In 15-19, page 4, In 1-2, page 12,In27-29, | eemmemmseeneees

A 9,19

Y US 2015/0246415 A1 (ROFIN-SINAR TECHNOLOGIES INC) 03 September 2015 (03.09.2015), | 1-8, 10-18, 20

- Abstract; para [0060), [0080] e

A 9,19

Y US 2016/0193785 A1 (VOXELS, INC.) 07 July 2016 (07.07.2016), para [0009), [0065], [0069], 7,8, 10-13

[0oge] e

A 9,19

Y US 2014/0265034 A1 (ORANGE MAKER LLC) 18 September 2014 (18.09.2014), para [0018], 14-18, 20

- [0045], [0089], [0090], [0093] e

A 9,19

A US 2015/0367415 A1 (VELO3D, INC.) 24 December 2015 (24.12.2015), para [0237] 1-20

I:I Further documents are listed in the continuation of Box C. I:I See patent family annex.

*  Special categories of cited documents: “T" later document published after the international filing date or priority

“A” document defining the general state of the art which is not considered date and not in conflict with the apﬁllqallon but cited to understand
to be of particular relevance the principle or theory underlying the invention

“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” dpcgmcnl \v}éilqhhml::y thrglxy d(_)ubtfj on prfjorityhclaim(s)_nr whicl;lis step when the document is taken alone
cited to establish the publication date of another citation or other wy»  g4cument of particular relevance; the claimed invention cannot be
special reason (as specified) considered top involve an inventive step when the document is

“0” document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art

“P”  document published prior to the international filing date butlater than  «g» gocument member of the same patent family
the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
21 April 2018 0 -l MAY 20]8

Name and mailing address of the ISA/US Authorized officer:
Mail Stop PCT, Attn: ISA/US, Commissioner for Patents Lee W. Young
P.O. .Bo>.( 1450, Alexandria, Virginia 22313-1450 PCT Helpdesk: §71-272-4300

Facsimile No. 571-273-8300 PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - description
	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 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - wo-search-report

