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the bath of photopolymer resin, the shape of the focus point at a curing plane within the bath of photopolymer resin corresponding

to the shape of the motorized variable aperture.

he continuous addit

configured to support a build object and a drive mechanism (110) (co
assembly) configured to continuously move the curing plane through th
motorized variable aperture iIs changed while the curing plane in continuously moved through the bath of photopolymer resin.

ve fabrication system further comprises a platform (106)
Upled to at least one of the platform and the light source

e bath of photopolymer resin. A size and/or shape of the
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FiG. 2

(57) Abstract: A continuous additive fabrication system (100) com-
prises a bath of photopolymer resin and a light source assembly (104)
having a light source (112) and a motorized variable aperture (114).
The light source assembly 1s operable to generate a focus point (108)
in the bath of photopolymer resin, the shape of the focus point at a
curing plane within the bath of photopolymer resin corresponding to
the shape of the motorized variable aperture. The continuous additive
fabrication system further comprises a platform (106) configured to
support a build object and a drive mechanism (110) (coupled to at
least one of the platform and the light source assembly) configured to
continuously move the curing plane through the bath of photopoly-
mer resin. A size and/or shape of the motorized variable aperture is
changed while the curing plane in continuously moved through the
bath of photopolymer resin.
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4D PRINTING OF AN INTRAQCULAR LENS HAVING SMOOTH, CURVED
SURFACES
il i)
00011 This present disciosure relates generally 3L printing and, more particulary,

o 3L printing of intraccular ienses having smooth, curved surtaces.

BACKGROUND

00021 3D priniing, also known as additive manufactunng, refers 1o processes used
0 create g three-dimensional obiect in which successive {ayers of matenal are formed
under computer conirol to create an object. There are several 30D printing processes
that differ in the way lavers are deposited {0 create parts and in the matenals that are
used. Stereolithography (SLA) is a type of 3D printing process that produces lavers
of a solid part by curng iquid materiais using pnhotopolymerization. This IS & process
oy which a vat of iguid polymer is exposed to light, causing chains of molecules {0 link
together and form polymers that comprise one layer ¢f a thres-dimensional soiid

opject. A builld piate on which the solid object rests, is then moved down in small
increments and the liguid peolymer is again exposed {0 ighl. The process repeats until

a model of the object is complets.

00031 Current SLA 3D printers use an image-forming projection system (€.q., a
digital micromirror device (DMD), lithography, LCD, raster scan and the like) {0 project
an image on o a parficular plane of a photopoilymer bath. These systems are meant
tor creating compiex shapes and so reguire an adaptabie image 1o cure the matenat.
However, most image-forming projection systems ulliize pixels 10 project the image,
and thus the projected image has a resolution iimitation in a8 ransverse plane related
o the pixel size. Additionaily, stepper motors for transiating the puilld pale resulis in
the curng of fixed incremental layer steps, resuiting in a "stair-stepped” surface finisn
on the part, instead of a part having smooih surfaces. Due {0 these imitations, current
S>UA 3D printers may not be suitable for production of intraocular lenses (I0Ls) as the

‘stair steps” can reduce optical quality and cosmetlic appearance.

100047 Accordingly, what is nesded is an improved 3D prinling system suilabie tor
oroducing miniature optics, including 10OLs, having smooth, continucusly curved

surfaces.
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SUMMARY

O005] in certain embodiments, g continuous additive fabrication system comprises
a baih of photopolymer resin and a light source assemply having a light source and a
motorized variable aperiure. tThe light source assembply s operable 10 gensrate a
focus point in the batn of photopoiymer resin, the shape of the focus point at a curing
piane within the bath of photopolymer resin corresponding 1o the shape of the
motorized variable aperture. [The continuocus addilive fabrication sysiem further
comprises a piatform configured to support a bulld object and a drive mechanism
(coupied to at least one of the platform and the light source assembiy) configured {o
continuously move the curng plane through the bath of pholopolymer resin. A size
and/or shape of the motonzad variable aperture 1s changed while the curing plane In

continuously moved through the bath of pholopoiymer resin.

{O0086] in cerain embodiments, a method for continuous additive faprication
comprising generating, via a hght source assembly, a focus point in a bath of
ohotopoiymer resin, the shape of the focus point at a curnng piane within the bath of
ohRotopolymer resin corresponding 1o the shape of a moltorized varnabie aperture of the
Hght source assembly. The method further comprises changing a size and/or shape
of the moteorized vanable aperture while continuously moving the cunng plane through

the bath of photopolymer resin.

00071 The above-described systems and methods may provide cerian
agvantages over convenlional additive manufactunng technigues. Hor example, ine
apove-described systems and methods may aliow for the generation of smooth, high-

resolution, optical-quality services, suitable for iOLs.

BRIEF DESCRIPTION OF THE DRAWINGS

{0008] FOr a more complete understanding of the present disclosure and the
aavaniages thereof, reference is now made to the following description {aken in
coniunclion with the accompanying drawings in which like reference numerais indicate

ke features and wherain:
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{000%] Fis. 1 is a diagram iHustrating a portion of an example conventional SLA

additive fabrication system;

00101 FiG. 2 1s a diagram illustrating a continuous additive fabrication system in

accordance with exemplary embodiments of the present disciosure; and

10011] . 3 is a cross-section diagram of light source assembly showing the light

source and the meotornzed vanabie aperture.

DETAILED DESCRIPTION

10012] -xemplary embodiments of the present disclosure relate 10 a continuous
additive fabrication system. The following description 1s presented to enabie one of
ordinary skill in the art to make and use the invention and is provided in the context of
a patent application and its requirementis. Varicus modifications 1o the exempiary
embodimentis and the generic principles and features described herein will be readily
apparent. The exemplary embodiments are mainly described in terms of particular
methods and sysiems provided in particular implementations. However, the methods
and systems will operate effectively in other implementations. Phrases such as
‘exemplary empodiment”, "one empodiment” and "another embodiment” may refer {o
the same or different embodiments. The embodiments will be described with respect
to systems and/or devices having certain components. However, the sysiems and/or
devices may include more or iess components than those shown, and varnations in the
arrangement and type of the components may be made without deparing from the
scope of the invention. The exemplary embodiments will also be described in the
context of particular methods having certain steps. However, the method and system
operate effectively for other methods having different and/or additional steps and steps
in different orders that are not inconsistent with the exempiary embodiments. Thus,
the present invention is not intended (0 be imited © the embodimentis shown, buf is
to be accorded the widest scope consistent with the principles and features descripbad

hereain.

10013] Fia. 1 is a diagram illusirating a portion of an example conventional SLA
additive fabrication system. The exampie SLA additive fabrication system 10, e.g., 2
conveniional SLA 3D printer, includes a digital micromirror device (DMD) 12 or other

image-forming projection system, 1o project images 14 on 1o a transverse piane 16 of
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a bath of photopolymer resin 18. Typicaily, the images 14 are projected by the DMD
12 by focusing an ultravioiet {UV) light/laser (not shown) on o the transverse plane 16
of photopolymer resin 18, A DMD chip comprises several hundred thousand
MICrOSCoPIC mirrers on its surface arranged in an array corresponding to the pixelis in
the image 14 {0 de displayed. 1The uliraviclet light projecied by the LMD causes the
photosensitive photopolymer 1o solidify (o form a layer of the cured polymer defining
the resulting part. However, because the DMD 12 is made up of pixels, the projected
images 14 have a resciution imitation in the transverse plane 10 related o the pixel

size of the DMD 12, resulting in "stair-stepped” edges of the images 14, as shown.

00141 Additionally, stepper motors (not shown) transiate an elevator apparatus or
platform up or down in the baih photopolymer resin 18 a distance egual 1o the
thickness of a single laver of the resulting part 20 and the photopolymer s again
axposed by the UV hght. This process is repeated for each laver of the design unt

the 30 obiject is complete.

00151 The use of stepper motors for transiating the assembly resulis in curing ixed
incremental layer steps, aiso resulling in a "stair-stepped” surface finish for each layer
of the resuiting part 20 in a direction of the motor movement, shown here as the motor
movement plane 22. Thus, conventional SLA additive fabrication systems creatle
resuiting parts 20 having what couid be considerad aliasing in both the transverse {(or
norizontal) direction and the motor (or vertical) direction, instead of parts having
smooth surfaces. For an object, such as an intraocular lens (10L), which is implanted
into a human eye, having such aliased surfaces would be unacceplable due 1o

reduced oplical guality and cosmetic appearance.

00161 The exemplary embodiments provide an improved continuous additive
faprication method and sysiem that continually moves a curing plane up through a
volume of photopolymer resin ultlizing a combination of a continuousiy-driven servo
motor for linear positioning with a molorized variable aperture in the light source {0
create smooth, continuously curved surfaces, which are suitable for intraocular lens

(1OL) construction.

10017 FiG. 2 18 a diagram illustrating a continuous additive fabrication system in
accordance with exemplary embodiments of the present disciosure. The continuous

aaditive faprication system 100 may pe implemented as g 30 printer thatl inciudes a
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path of a photopolymer resin 102, a light source assembly 104, g piatform 106 located
within the bailh of a photopoiymer resin 102 that supports cured polymer 108 (the
obiect being bulitprinted), a drive mechanism 110 coupled {0 the light source
assemply 104 and/or the plattorm 100, and a processor 112 coupled 1o the light source

assembly 104 and o the drive mechanism 110,

{0018] Fhotopoiymer resin 102 may refer 1o any type of suitable polymernzable
HQUIdS, monomers, initiators and combinations thereof.  The continuous additive
fabrication system 100 may also include a photopolymer resin reservoir (Not shown)

tor replenishing the path of photopolymer resin 102 during the bullding process.

{O019] Drive mechanism 110 may refer 1o any suifable device for moving hght
source assembly 104 and/or the platform 106, For example, drive mechanism 110
May Comprise one or more a servo motors, electnc motors, linear actuators, or any

other suitable motor or actuation device.

100201 According o the exemplary embodiments, the ight scurce assembily 104 s
provided with a light source 112 and a motorized variable aperture 114, 1The hght
source 112 may comprise an ultraviciet (UV) light source and may inciude
conventional optical components (nol shown) such as, for example, one or more
LEDs, filters, condensers, diffusers, lens tube lengih adiusters, and the like. Although
N the exemplary embodiment discussed above the light source 112, Although in the
exemplary embodiment discussed above the light source 112 comprises a UV light
source, hight source 112 may allernatively comprise any suiiable type of excialion
source (e.g., a light source generating ight in the visible or spectrums). Additionaliy,
aithough in the exempiary embodiment discussed above {he light source 112 includes
one or more LizDs tor generating light, ight source 112 may allernalively include any
other suliable components for generating Hight (2.qQ., incandescent lights, fluorescent

Hghts, phosphorescent or luminescent light, or lasers).

(3021] Fi5. 3 is a cross-section diagram of the light source assembiy 104 showing
the light source 112 and the motorized variable aperture 114, Also shown s an
enlarged area of the drawing (dashed oval) of the emiited light and the photopolymer
resin 102, The hght source assembly 104 may be mounied vertically above the
photopoiymer resin 102 and the light 120 emitied from the Hght source assembily 104

may have a focus point that defines a curing plane 124 within the photopolymer resin
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102, In one embodiment, the focus point may comprise a circular image of the
aperture. As discussed in further detall below, adjustment of the variable aperture and
continuous movement of the platform 100 relative to the cunng plane 124 {or,
aiternatively, movement of the light source assembply 104 relative o the platform 106)

may aliow for the generation of parts (e.g., I0OLs) having smooth curved surfaces.

0022] Referring now 1o both FIGS. 2 and 3, durnng the buliding process, 3
processor 112 may execute software nstructions, referred to herein as a curing controi
module 116, and those software instructions may configure the processor 112 ©
control both the drive mechanism 110 and the light source assembiy 104, The
orocessor 112 may control, among other things, a diameter of the motorized variable
aperture 114, the intensity of the light 120, and the drive mechanism 110 {0 adjust a

position of the plattorm 106 and/or the position of the light source assembly 104

{O0Z23] in one embodiment, the processor 112 may initially position the piatiorm 106
at a predetermined depih beiow the surface 122 of the pholopolymer resin 102 and
set the focus point of the ight 120, and therefore, an inttial position of the curing piane
124, a pregetermined distance above the platform 106, The predetermined depth at
which the platform 100 is inftially positioned may be based at ieast in part on the height
of the build object. In one embodiment, a UV-blocker may be used to control the depih

of penetration of ight 120 into the photopolymer resin 102,

0024] Lurng the pullding process, the processor 112 may cause the ight source
assembly 104 to consiantly expose {he photopolymer resin 102 with projections of the
motorzed vanabie aperture onto the cunng plane 124 in the photopoiymer resin 102.
in one empodiment, if the motorized varniable aperture is circular in shape, then the
projections will be circular as well. Additionally or alternatively, the projection may be
modified o proguce other shapes as well, such an elliptical shape {© produce an
asymmetnc optic. In certain embodiment, the projeciions of the motorized variable

aperture 114 may be reimaged with a magnification factor onto the cunng plane 124.

10025] During the exposure, the processor 112 may cause a change in the
diameter of the motorized vanabie aperture 114 according 1o a shape of the build
object, while conlinuously moving the curing plane 124 through the bath of
photopolymer resin 102, Stated differently, the processor 112 may conirol a

continuous photo-curng process in whnich continuous movement of ihe curing plane
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124 18 synchronized with changes to the diameter of the motorized vanabie aperture
and changes to position of the ight 120 emitted from the light source assembly 104 1o

create a build object having smooth surfaces in both transverse and vertical directions.

1010043) in one empodiment, the curng plane 124 may be continuousiy moved up {o
through the photopolymer resin by continuously moving the ight source assembly 104
verticaily up and away from the surface 122 of the photopoilymer resin 102, thereby
moving the curng plane 124 vertically through the photopolymer resin 102 towards
the surface 122 of the photopolymer resin 102, In this embodiment, aperture changes
may be synchronized with the speed of the drive mechanism 110 and opticnally with

oroperties of the light source, while the position of the platform 100 may remain fixed.

0027 in ancther embodiment, the curing plane 124 may be continuously moved
up through the photopolymer resin by continuously changing an optical power of the
Hght source assempily 104 to thereby move the curng plane 124 verticaily throughn the
ohotopoiymer resin 102 {owards the surface 122 of the photopolymer resin 102, In
this embodiment, the oplical power of the hght source assembly 104 may be reduced,

while the position of the piatform 106 may remain fixed.

100281 According yet another embodiment, the curing control module 116 may
configure the processor 112 1o change the diameter of the motorized variabie aperiure
114 according to a shape of the build object, while continuousty moving the platiorm
106 vertically away from the surface 122 of the photopolymer resin 102, thereby
continuously iowering the bulld objedt dunng the curng process. in this embodiment,
aperture changes are synchronized with the speed of the drive mechanism 110 and
optionally with properties of the light source, while the posilion of the curng piane

remains fixed.

{00291 in one embodiment, the speed at which the cunng piane 124 18 moved
vertically may be fixed or vanable, and the speed at which the diameter of the
motorized vanable aperture 114 1s changed is dependent up the speed of the veriical
movement as well as the shape of the build object. Additionally, caiculated parameters
may be used dunng the cunng process {0 vary proportional speed of the dnve
mechanism 110 using calculaled cunng contiol parameters to create sutaces (.9,
for IOLs) with spherical, aspherical, or free-form optical surface characteristics. In one

empodiment, the curing control parameters input to the curnng control moduie 110 may
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inciude an outpul shape geometry for the bulid object, an aperture control profile for
the molorized variable aperture 114, a motion conirgl profile for the drive mechanism
110, and light source assembly profile for the light source 112. For instance, when
creating a hemisphare shape, for exampie, the speed at wnich the diameter of the
motorized variable aperture 114 iIs changing would not be constant for a particular
spaeed of the drive mechanism 110, ifthe drive mechanism 110 is moving at a constant
speed 1o move the light source assembiy 104 and/or the platform 108 in the control
moduie 116 may alter the diameter of the motorized variable aperture 114 according

to an eguation defining the oulput shape geometry.

00301 The above-described processor 112 may be incorporated into the 30 printer
or in @ computer coupied 1o the 30D printer. In dolh embodiments, a memory (not
shown} may be coupled to the processor 112, The memory may be used o siore
software instructions comprising ine cunng control module 116, as well as the curing
control parameters. The processor 112 may be configured 1o execute the instructions
stored in @ memory 1o cause and control the process as descriped in this disclosure.
AS used herein, @ processor may comprise one or more microprocessors, fiaid-
orogrammable gate arrays (FPGAS), controllers, or any other suitablie computing
devices Or resgurces, and memory may fake the form of volatiie or non-voiatile
memory including, without imitation, magnetic media, oplical media, random access
memory {(RAM), read-only memory (ROM), removable media, or any other suitable
memory component. Memory may store instructions for programs and algontnhms that,
when executed by the processor, impliement the functionality described heremn with
respect {0 any such processor, memory, or component that includes procassing

tunctionaiity.

100311 A method and system for a continuous additive tabrication system has been
disciosed. The present invention has been described in accordance with the
empodiments shown, and there could de vanations {0 the embodiments, and any
variations would be within the spint and scope of the present invention. For exampie,
the exemplary embodiment can be implemenied using hardware, software, a
computer readable medium containing program instructions, or a combpination thereof.
Accordingly, many modifications may be made by one of ordinary skill in the art without

departing from the spint and scope of the appended claims.
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9
CLAIMS
We Claim;
1. A continuous agditive fabrication system, comprising:

a path of photopolymer resin;

a iight source assembily comprising a light source and a motorized variable
aperture, the light source assembily operable 10 generate a focus point in the bath of
piotopolymer resin, the shape of the focus point at a curing plane within the bath of
phRotopolymer resin corresponding to the shape of the motorized variabie aperiure;

a platform configured 10 support cured polymer comprising a build obisct;

a drive mechanism coupied t¢ at least one of the platform and the light source
assembly, the drive mechanism configured to continuously move the curing piane
through the bath of pholopoiyvmer resin; and

wherein a size and/or shape of the molonzed variabie aperiure is changed while

the curing piane in continuously moved through the bath of photopolymer resin.

2. 1he continuous aqditive fabrication system of claim 1, wherein the curing
plane s continuously moved through the bath of photopelymer resin by continuously
moving the ight source assembly vertically up and away from a surface of ihe
ohotopolymer resin, therepy moving the curng plane vertically through the

photopolymer resin towards the suitace.

3. The continuous additive fabrication system of claim £, wherein g rate of
the change 1o the size and/or shape of the motorized vanabdle aperiure 1S synchronized

with a speed of the movement of the light source assembly

4 1he continuous additive tabrication system of claim 1, wherein the curng
plane is continuously moved through the bath of pholopoiymer rasin by continuously
changing an oplical power of the light source assembly o thereby move the Ccurng

piane verticaily through the photopoiymer resin towards a surface of the photopolymer

resin.

5. 1he continuous additive fabrication system of claim 4, wherein a position

of the platform remains fixed.
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0. The continuous additive fabrication system of claim 4, wherein a rate of
ihe change to the size and/or shape of the moterized variable aperture (s synchronized
with a speed at which the curing plane 15 continuousiy moved verticaily througnh ihe

oRotopolymer resin.

{ The continuous additive fabrication system of claim 1, wheremn the
olatform is mitially positioned at a predetermined depin below g surface of the
photopolymer resin and an initial position of the curing plane is set at a predelermined

distance above the platform.

3. 1The continuous additive fabrication system of claim 1, wherein the drive

mechanism Comprises a sevo motor.
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9. A method for continuous additive faprication, Comprising:

generating, via a light scurce assembly, a focus point in a bath of photopolymsr
resin, {he shape of the focus point at a curing plane within the bath of photopolymer
resin corresponding o the shape of a motorized variabie aperture of the hight source
assembily;

changing a size and/or shape of the molorized vanable aperiure while

continuously moving the curing piane through the bath of photopolymer resin.

10, The method of claim 8, wherein the cunng plane is continuously moved
through the bath of pholopolymer resin by continuously moving the light source
assembply vertically up and away from a surface of the photopolymer resin, therepby
moving the cunng plane vertically through the photopolymer resin towards the surface

of the photopolymer resin.

1. The method of claim 10, wherein g rate of the change o the size and/or
spape of the molonzed vanable aperture i1s synchronized with a speed of the

movement of the ight source assembly.

12. The method of claim 9, wherein the curnng plane is continuously moved
through the bath of photopolymer resin by continucusly changing an optical power of
the light source assembly to thereby move the curing plane verfically through the

pnotopolymer resin towards a surface of the photopolymer resin.

13. The method of claim 12, wherein a position of the platform remains fixed.

14. The method of claim 12, wherein a rate of the change {o the size and/or

shape of the motonzed varable aperture is synchronized with a spead at which the

curing plane is continuously moved verlicaily through the photopolymer resin.
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15, The method of claim &, further comprising setting an initial position of the
curing plane at a predetlermined distance above a plattorm located within the bath of

photopolymer resin.
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