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ADDITIVE MANUFACTURED PARTS
WITH SMOOTH SURFACE FINISHES

RELATED APPLICATIONS
[001] This application claims priority to U.S. Non-Provisional Patent
Application No. 16/360,675, filed on March 21, 2019 and entitled “Additive
Manufactured Parts with Smooth Surface Finishes”, which claims priority to U.S.
Provisional Patent Application No. 62/731,404, filed on September 14, 2018 and
entitled “Additive Manufacturing Parts with Smooth Surface Finishes”; which are all

hereby incorporated by reference in their entirety.

BACKGROUND

[002] There are many types of additive manufacturing (1.e., 3D printing)
systems and methods. One method utilizes photosensitive polymers (1.e.,
photopolymers) that cross-link and harden from a liquid resin to a solid polymeric
material upon exposure to light. These photoreactive 3D printing systems typically
include a resin pool, an 1llumination system, and a print plattorm, where the
1llumination system projects an image (1.e., pattern) into the resin pool causing a layer
of a polymeric object to be formed on the print platform. The print platform then
moves the printed layer out of the focal plane of the illumination system, and then the
next layer 1s exposed (1.e., printed). Other types of 3D additive manufacturing
methods include stereolithography, selective laser sinter, and fused deposition
modeling.

[003] Regardless of the type of additive manufacturing process used, the
printed part typically undergoes post-processing steps to clean excess material (e.g.,
uncured polymer) from the part and to smooth any stepped layers of material that are
created during the printing. Existing methods for smoothing surfaces of 3D printed
parts include sanding, polishing, machining, vapor smoothing, applying a coating
(e.g., paint, epoxy), and acetone cold welding. In some cases, the post-processing
steps themselves — such as 1sopropyl alcohol (IPA) cleaning baths, ultrasonic baths
and curing — can cause roughness on the part by causing pitting and porosity on the
cured, printed surfaces. These rough surface finishes can be highly undesirable, such

as for 3D printed parts that are used as patterns for investment casting to produce
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metal parts. There continues to be a need to produce 3D-printed parts with high-

quality finishes in efficient, cost-effective ways.

SUMMARY

[004] In some embodiments, methods of producing an additive manufactured
part with a smooth surface finish include providing a part that has been formed by an
additive manufacturing process. The additive manufacturing process comprises
photopolymerization of a resin in a resin pool. A spinning device 1s provided, with a
platform that rotates about an axis. The part 1s secured to the plattorm, where the part
1s at least partially wetted with uncured resin from the resin pool. The platform 1s
rotated, where a first portion of the uncured resin 1s retained on the part and a second
portion of the uncured resin 1s removed. The part 1s cured after the rotating.

[005] In some embodiments, methods of producing an additive manufactured
part with a smooth surface finish include creating a compensated design for a part by
modifying a desired design to compensate for a first portion of an uncured surface
finish material to be retained on the part. The methods also include forming the part
with an additive manufacturing process according to the compensated design, and
providing a spinning device, where the spinning device has a platform that rotates
about an axis. The part 1s secured to the platform, where the part 1s at least partially
wetted with the uncured surface finish material. The platform 1s rotated, where the
first portion of the uncured surface finish material 1s retained on the part and a second
portion of the uncured surface finish material 1s removed. The part 1s cured after
rotation.

[006] In some embodiments, methods of producing an additive manufactured
part with a smooth surface finish include creating a compensated design for a part by
modifying a desired design to compensate for a first portion of a surface finish
material to be retained on the part, and forming the part with an additive
manufacturing process according to the compensated design. At least a segment of
the part 1s wetted with an uncured surface finish material. A force 1s applied to the
surface finish material, where the first portion of the surface finish materal 1s retained
on the part and a second portion of the surface finish material 1s removed. The part 1s

cured after the applying of the force.
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BRIEF DESCRIPTION OF THE DRAWINGS

[007] FIGs. 1A-1B are simplified perspective views of a photoreactive 3D
printing systems (PRPS), in accordance with some embodiments.

[008] FIG. 2 1s a perspective view of a spinning device, in accordance with
some embodiments.

[009] FIG. 3 1s a perspective view of a spinning device, in accordance with
some embodiments.

[0010] FIGs. 4A-4B are side views of a 3D-printed part on a build tray, 1n
accordance with some embodiments.

[0011] FIGs. SA-5B are perspective views of spinning devices having
chambers for collecting surface finish material, 1n accordance with some
embodiments.

[0012] FIGs. 6A-6B are schematics of compensating the overall dimensions of
a part design for a surface finish material that will be added to the part, in accordance
with some embodiments.

[0013] FIG. 7 1s a schematic of compensating a corner geometry of a part
design, in accordance with some embodiments.

[0014] FIGs. 8A-8B show schematics of compensating for edge sharpness, 1n
accordance with some embodiments.

[0015] FIG. 9 1s a schematic of compensating various aspects of a geometry of
a part, 1n accordance with some embodiments.

[0016] FIG. 10 1s a plan view of a 3-D printed part on a platform of a spinning
device, 1n accordance with some embodiments.

[0017] FIG. 11 1s a schematic of methods of applying force to a surface finish
material, 1n accordance with some embodiments.

[0018] FIG. 12 1s a flowchart representing methods of producing an additive
manufacturing part with a smooth surface finish, in accordance with some

embodiments.

DETAILED DESCRIPTION
[0019] The present embodiments provide methods and systems for producing
parts with additive manufacturing such that the parts have smooth surface finishes,
while reducing time spent on conventional post-processing steps such as machining

and polishing. Some embodiments may be particularly useful for, but are not limited
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to, parts that are used as patterns 1n investment casting, such as 1n applications that
require extremely high-quality surface finishes (e.g., medical implants). By
producing patterns that have a desired surface quality, the parts casted from the
patterns will also reduce or even eliminate post-processing machining and polishing
time of the casted parts. More generally, the present embodiments are applicable to
any parts that require high-quality surface finishes, including parts manufactured by
methods other than additive manufacturing such as injection molding or casting. For
example, a part may be made by CNC subtractive manufacturing, and then a surface
finish material may be applied onto the part and the part rotated on a spinning device
to improve the smoothness of the surface of the part. Spinning of a machined part
(e.g., fabricated by CNC) can also be performed before application of a surface finish
material 1n order remove chips and debris that remain from the subtractive
manufacturing.

[0020] In the embodiments, a part 1s wetted with an uncured surface finish
material after the part 1s 3D-printed, where the uncured surface finish material can be
residual from the printing process or can be applied 1n a separate step after the
printing. A force 1s applied to the surface finish material to remove excess surface
finish material while retaining a portion of the surface finish material on the part. In
some embodiments, the force 1s applied by rotating the part on a spinning machine
such that excess surface finish material 1s expelled from the part while the portion of
the surface finish material that remains on the part fills in rough areas and creates a
smooth finish. In some embodiments, the surtace finish material that 1s removed from
the part can be collected for reuse. In some embodiments, the methods include
modifying the design used for printing the part, such as by adjusting dimensions and
geometric features to compensate for the surface finish material that will be applied to
and retained on the part. Thus, the present embodiments not only produce parts with
high-quality, extremely smooth surface finish, but also with accurate dimensions and
geometries.

[0021] In this disclosure, the terms “additive manufacturing” and “3D
printing” shall be used interchangeably. Also, although many embodiments will be
described using photopolymerization of resin as an example additive manufacturing
process, the embodiments apply to other types of additive manufacturing process as
well. Furthermore, the present embodiments may be applied to non-3D printing

methods. Similarly, references to “resin” may be interchanged with other surface
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finish materials, as shall be described throughout this disclosure. In this disclosure, a
“smooth surface finish” 1s a finish that 1s smoother than a starting state, such as a
reduction 1n roughness resulting 1n up to a glaze-like or mirror finish. For example,
the 3D printed parts can have a final smoothness that produces investment casted
metal parts with a roughness Ra 1n a range such as, but not limited to, 0.025 uin to
1000 pin.

[0022] FIGs. 1A-1B illustrate an example of a photoreactive printing system
100 (PRPS), 1n accordance with some embodiments. The PRPS 100 shown 1n FIGs.
1A-1B contains a chassis 105, an illumination system 110, an image display system
115, aresin pool 120, a polymer interface 125, a resin tub 130, a membrane 135, a
print platform 140, an elevator system 145, and elevator arms 150.

[0023] The chassis 105 1s a frame to which some of the PRPS components
(e.g., the elevator system 145) are attached. In some embodiments, one or more
portions of the chassis 105 are oriented vertically, which defines a vertical direction
(1.e., a z-direction) along which some of the PRPS components (e.g., the elevator
system 145) move. The print platform 140 1s connected to the elevator arms 150
(FIG. 1B), which are movably connected to the elevator system 145. The elevator
system 145 enables the print platform 140 to move 1n the z-direction. The print
platform 140 can thereby be lowered 1nto the resin pool 120 to support the printed
part and lift 1t out of the resin pool 120 during printing.

[0024] The 1llumination system 110 projects a pattern through the membrane
135 1nto the resin pool 120 that 1s confined within the resin tub 130. A build area 1s
an area 1n the resin pool 120 where the resin 1s exposed (e.g., to ultraviolet light from
the 1llumination system) and crosslinks to form a first solid polymer layer on the print
platform 140. Some non-limiting examples of resin materials include acrylates,
epoxies, methacrylates, urethanes, silicones, vinyls, combinations thereof, or other
photoreactive resins that crosslink upon exposure to 1llumination. In some
embodiments, the resin has a relatively short curing time compared to photosensitive
resins with average curing times. In some embodiments, the resin 1s photosensitive to
wavelengths of illumination from about 200 nm to about 500 nm, or to wavelengths
outside of that range (e.g., greater than 500 nm, or from 500 nm to 1000 nm). In
some embodiments, the resin forms a solid with properties after curing that are
desirable for the specific object being fabricated, such as desirable mechanical

properties (e.g., high fracture strength), desirable optical properties (e.g., high optical
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transmission in visible wavelengths), or desirable chemical properties (e.g., stable
when exposed to moisture). After exposure of the first layer, the print platform 140
moves upwards (1.e., 1n the positive z-direction as shown 1n FIG. 1A), and a second
layer can be formed by exposing a second pattern projected from the 1llumination
system 110. This “bottom up” process can then be repeated until the entire object 1s
printed, and the finished object 1s then lifted out of the resin pool 120.

[0025] In some embodiments, the illumination system 110 emits radiant
energy (1.e., illumination) over a range of different wavelengths, for example, from
200 nm to 500 nm, or from 500 nm to 1000 nm, or over other wavelength ranges.
The 1llumination system 110 can use any illumination source that 1s capable of
projecting a pattern for printing the 3D part. Some non-limiting examples of
1llumination sources are arrays of light emitting diodes, liquid crystal-based projection
systems, liquid crystal displays (LCDs), liquid crystal on silicon (LCOS) displays,
mercury vapor lamp-based projection systems, digital light processing (DLP)
projectors, discrete lasers, and laser projection systems.

[0026] The example system (PRPS 100) shown in FIGs. 1A-1B 1s a non-
limiting example of an additive manufacturing system. Other PRPSs can be inverted
with respect to the system shown in FIGs. 1A-1B. In such “top down” systems, the
1llumination source 1s above the resin pool, the print area 1s at the upper surface of the
resin pool, and the print plattorm moves down within the resin pool between each
printed layer. Furthermore, the present methods and systems can be used with parts
printed by other additive manufacturing processes including resin-based or powder-
based processes. Examples of resin-based additive manufacturing processes include,
but are not limited to, stereolithography (SLA) and continuous liquid interface
printing (CLIP'™). Examples of powder-based additive manufacturing processes

™

include, but are not limited to, selective laser sintering (SLS), Mult1 Jet Fusion™™ and

direct metal laser sintering.

[0027] CREATING A SMOOTH SURFACE FINISH

[0028] The present embodiments uniquely apply a force to an uncured surface
finish material that 1s on a part to create a final, smooth surface by filling in defects
such as rough areas, pits, pores and cracks. For example, in the photopolymerization
system 100 of FIGs. 1A-1B, the 3D-printed part that emerges from the resin pool 120
will have uncured resin remaining on 1ts surface and possibly 1nside 1t, depending on

the geometry of the part. In some embodiments, this uncured resin serves as the
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surface finish material, where force 1s applied by rotating the part with a spinning
device. The rotating 1s configured such that the resulting centrifugal forces cause
some of the resin to be expelled from the part, while some of the resin will remain on
the part, such as due to surface tension or by being trapped 1n a geometrical feature of
the part. The spinning can also beneficially allow for reclamation of excess resin,
where the reclamation reduces waste and maximizes overall production efficiency.
Furthermore, collecting the excess resin by spinning potentially enables the
elimination of hazardous IPA that 1s conventionally used for cleaning 3-D printed
parts, thereby reducing costs associated with hazardous disposal, safety, and/or fire
mitigation efforts in the production line.

[0029] FIG. 2 1s a perspective view of an embodiment of a spinning device
200 that may be used 1n the present methods. The spinning device 200 has a platform
210 that rotates about an axis and to which the 3D printed part, wetted with uncured
resin or other surface finish material, will be secured. The spinning device 200
(which may also be referred to in this disclosure as a centrifugal machine) includes a
motorized or pneumatic rotation mechanism 220 that rotates the plattorm. The
platform 1s coupled to a rotation shaft of the rotation mechanism either directly or via
a gearbox and/or transmission. The shaft serves as the rotation axis of the spinning
device 200.

[0030] FIG. 3 shows an alternative embodiment of a spinning device 300,
where the spinning device 300 1s mounted on a stand 310 with an elevator motor 315
that can be used to raise or lower the printed part being processed. The configuration
of FIG. 3 may be used, for example, on a manufacturing line where a part will be
transferred from a printing station to a spinning station. Spinning device 300 includes
a spin motor 320 and a platform 330 coupled to the spin motor 320. FIG. 3 also
shows 3D printed parts 350 attached to a build tray 340 that 1s mounted to the
platform 330. The spinning device 300 1s shown upside down compared to FIG. 2
such that the printed parts 350 are suspended downward from the build tray 340. The
spinning device 300 may also include a resin splash guard 360 to keep the spin motor
320 clean from excess resin that 1s being removed from the parts 350. The splash
guard 360 may be made of, for example a plastic material and can also include
ultraviolet (UV) blocking properties to prevent the uncured resin from curing during

the spinning.
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[0031] In some embodiments, the 3D-printed part 1s directly mounted to the
platform 210 (or platform 330). For example, the part can be removed from a build
platform of the 3D printer and then can be directly attached to the platftorm such as by
mechanical fasteners (e.g., screws, clamping mechanisms, hooks that engage with the
part geometry), or by adhesives. In other embodiments, as 1llustrated by FIG. 2, the
platform 210 of spinning device 200 1s designed with one or more mounting features
capable of mounting a build tray that holds a freshly printed 3D additive
manufactured part. For example, in FIG. 2 the platform 210 has mounting feature
which 1s a raised block onto which a matching recess 1n a build tray can be fitted.

[0032] FIGs. 4A and 4B 1llustrate a printer build tray 400 onto which a 3D-
printed part 410 1s attached as a result of the 3D-printing process. In the side view of
FIG. 4A, the build tray 400 has emerged from the resin pool and is still in the 3D
printer, and i1n the inverted side view of FIG. 4B the build tray 400 has been removed
from the 3D printer. In FIG. 4B, uncured resin 420 remains on the part 410 after
being removed from the printer. The back side 401 of the build tray 400 — that 1s, the
opposite surface from the surface on which the part was printed — 1s configured with a
mounting feature 4335 to couple the tray 400 to a spinning device. In this
embodiment, the mounting feature 435 1s a recess 1n block 430, where the mounting
feature 435 1s designed to fit onto the raised block of platform 210 in FIG. 2, for
instance. Mounting features that may be used in the present embodiments include, for
example, grooves, pins, recessed areas shaped to mate with the platform mounting
features, and mechanical fasteners such as brackets, clamps and screws.

[0033] In some embodiments, the platform can be configured to hold single or
multiple build trays. In some embodiments, the parts can be positioned and arranged
on the platform with respect to the rotation axis to enable excess resin to be removed
from the part due to the centrifugal forces during the rotating, and also to balance the
load carried by the platform. For example, as shall be described in more detail later,
the part may be mounted onto the platform such that a central axis of the part 1s
aligned with the rotation axis of the platform to achieve an axisymmetric distribution
of the resin, or the part may be offset from the rotation axis of the platform to achieve
directional distribution of the resin. The placement of parts may depend on the
geometries of the specific parts, such as by orienting parts with respect to the
direction of the centrifugal force to enable resin to be released from surfaces and/or

escape from cavities.
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[0034] Once the part 1s secured and mounted, the spinning device (e.g., device
200 of FIG. 2) 1s turned on to centrifugally force excess resin off of the printed parts
while retaining some of the resin on the part. Once the parts have been spun, a
smooth (e.g., clean, “glaze-like,” and/or uniform) finish appears on the part’s surface
due to the portion of the uncured resin that remains on the part. The spinning action
also cleans off uncured resin from the parts without the use of IPA, and the excess
resin can be captured and reclaimed. The parts are then sent to a curing station where
they are cured to harden the thin glaze finish created by the resin that was retained on
the part.

[0035] FIGs. 5A-5B illustrate a spinning device 500 having a chamber 580 to
collect excess resin during the spinning of the part, in accordance with some
embodiments. The spinning device 500 1s the same as the spinning device 300 of
FIG. 3. In FIG. 5A the spinning device 500 1s mounted to a station 570 which has the
chamber 580 positioned under the spinning device 500. The spinning device 500 and
build tray 540 (with printed parts not visible 1n this view) are lowered along stand 510
by elevator motor 515 into the chamber 580. The printed parts are spun, and excess
resin 1S collected 1n chamber 580 to be reclaimed. Chamber 580 may include a drain
585 to empty the reclaimed resin. Splash guard 560 serves as a cover to contain
removed resin 1n the chamber 580. In some embodiments, the splash guard 560 may
contain materials that block wavelengths that are used for curing the resin (e.g., UV)
1n order to prevent the collected resin from curing while 1n the chamber 580. For
example, 1n some embodiments, the system 500 may be stored 1n a lowered position
1n which the splash guard covers the opening of the chamber 580. In this manner, the
splash guard 560 may help enable resin to be reclaimed and recycled for future use.

[0036] In FIG. 5B the spinning device 500 1s mounted to an automated station
575 that includes a robot arm 590 (e.g., a 6-axis robot). FIG. 5B also shows elevator
motor 515, spin motor 520, platform 530, build tray 540 and printed parts 550. In
operation, the robot arm 590 1s used to pick and place the build tray 540 and printed
parts 550 from a PRPS and mount the build tray 540 (with printed parts 550) onto the
spinning device 500 without the need for human intervention. The spinning device
500 1s lowered 1nto the chamber 580 by elevator motor 515. In the lowered position,
as shown 1n FIG. 5B, the spin motor 520 spins the platform 530 to remove excess
resin from the printed parts 550. In some embodiments, the robot arm 590 may also

be used for other functions. For example, the robot arm 590 may be used to perform
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actions to remove excess resin from the printed parts 550 instead of or in conjunction
with the spinning device 500. As examples, the robot arm 590 may be used to spin
the printed parts 550 at various angles, to perform angular and/or linear
acceleration/deceleration actions or perform other movements to remove excess resin.

[0037] Although the steps above for creating a smooth surface finish have
been described using residual resin from a photopolymerization process that made the
3D-printed part, in other embodiments, the 3D-printed part can be wetted with a
surface finish material 1n a separate step. Furthermore, the surface finish material can
be the same or a different material than that used to produce the part. For example,
the part can first be printed by a resin-based (e.g., SLA or continuous liquid interface
printing “CLIP'™”) or powder-based (e.g., SLS, Multi Jet Fusion'™ or direct metal
laser sintering) additive manufacturing process. Then a surface finish material that 1s
the same or different from the material used to print the part can be applied. If a
different material will be used, then the part may be cleaned after printing and prior to
applying the surface finish material. In further embodiments, the part may be
manufactured by any process, including 3D-printing and non-3D printing methods,
and a surface finish material of the same or different material that the part 1s made
from 1s applied. Examples of surface finish materials include, but are not limited to,
lacquers (e.g., shellac), urethanes, photopolymers, epoxies (e.g., multi-part) and
paints. The parts may be cleaned with, for example, a conventional IPA cleaning prior
to applying the surface finish material. In some embodiments, the surface finish
material can be applied by dipping the part into the surface finish material. In other
embodiments, spraying or painting can be used to coat the surface of a 3D printed part
with the surface finish material. In some embodiments, the part may be completely
coated with the surface finish material, while in other embodiments the surface tinish
material may be applied to only certain sections of the part.

[0038] In operation of the spinning device, rotation parameters are set such
that a portion of the uncured resin remains on the surface of the part to create the
desired smooth surface. For example, the centrifugal machine may be turned on for a
specified duration of rotation time at a specified rotation speed. In some
embodiments, rotation parameters can include speed ramp rates, speed deceleration
rates, multi-step rotation (e.g. slow spin for a first duration of time followed by a
faster spin for a second duration of time) and/or precession of the axis of rotation (1.e.,

indexing or rotating the axis of rotation in an angular manner, where the rate and/or
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angle of precession can be modified). Spinning durations may be, for example, from
10 seconds to 30 seconds, or 30 seconds to 180 seconds, or 180 seconds to 3600
seconds or more. Spinning speeds may be, for example, 10 RPM to 500 RPM, or 500
RPM to 6000 RPM, or more than 6000 RPM. Speed ramp-up or ramp-down rates
may involve a change 1n rotation rate ranging from, for example, 0 to 3000 RPM 1n 5
seconds, 10 seconds, or 20 seconds Angles of axial rotation may be 1n the range of,
for example O to 90 degrees, or 90 to 180 degrees. The rotation parameter values will
depend on part geometry, resin viscosity, and other parameters to provide enough
acceleration to centrifugally force a portion of the uncured resin away from the part
while imparting a low enough force that enables some resin to be retained on the part
due to surface tension. The remaining resin (or other surface finish material that 1s
used) can cover some or all of the part. For example, in some embodiments the
remaining surface finish material can be a thin layer of coating over the entire surface.
In other embodiments, the remaining surface finish material may fill pits, pores,
cracks or other defects greater than a certain size but need not cover portions of the
part that already have a sufticiently smooth surface. In further embodiments, the
smoothing process can be applied to only a section of a part, such as smoothing only
an outward surface of a part but not an interior surface that will be joined to another
component (with a lower tolerance requirement for surface finish). In such a case, the
part may be partially dipped or coated with the surface finish material in the segment
that requires the high-quality surface finish.

[0039] In some embodiments, the viscosity of the surface finish material may
be altered during the process to achieve certain characteristics. For example, the
surface finish material can be heated or cooled during the rotating to decrease or
increase the viscosity compared to room temperature, thereby increasing or
decreasing the distribution and/or removal of the surface finish material during
spinning of the part. Utilizing temperature to control the viscosity of the surface
finish material can be useful in enabling the use of a surface finish material that may
have too high or too low of a viscosity at ambient temperature to achieve the desired
geometrical features. In another example, controlling the temperature to control the
viscosity may help ensure process repeatability between facilities at different
geographic locations that have different ambient temperatures.

[0040] After spinning and establishing a desired smooth finish, the parts may

be exposed to a curing process. In some embodiments, the surface finish material
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may harden on 1ts own, such as through natural drying or through an inherent
chemical reaction. In embodiments where a specific curing step occurs, the curing
process can make the part more rigid and stable and harden the uncured layer of resin
that remains on the part. In contrast, in conventional methods any remaining uncured
resin 1s washed off of the parts. Curing of the remaining surface finish material in the
present embodiments also helps evaporate or eliminate moisture that can otherwise
cause 1ssues during an investment casting process. The curing process can involve
various known methods, such as high-intensity discharge bulbs in an inert gas (e.g.
argon, nitrogen, or other gases to displace oxygen) and/or any light source with or
without an 1inert gas. In the present embodiments, the part may be cured within a
timeframe after the spinning that prevents possible degradation of the surface finish.
This timeframe may depend on the resin viscosity. For example, 1t may be desirable
to cure thinner (low viscosity) resins more quickly after the spinning step than thicker
(high viscosity) resins, as thinner resins are more likely to drip or seep 1f left uncured.

[0041] GEOMETRIC COMPENSATION OF PART DESIGN

[0042] In some embodiments, the instructions used for printing the additive
manufactured part account for the surface finish material that will be applied to the
part. That 1s, 1n some embodiments, a geometric offset correction 1s determined that
considers thicknesses of the surface finish material that will be built up on the surface
of the part, along with the effects of the surface finish material on geometric features
such as corners and edges. The geometric compensation may be performed by
computer modeling, computer-aided design, and/or manual calculations, and can be
used to correct for changes 1n part dimensions caused by the presence of the added
surface finish material. In order to control the final dimensions of the part having the
surface finish material, the desired design of the part (i.e., initial design specifications
from a customer) can be shrunk or geometrically oftset to a create compensated
design (1.e., starting physical geometry for printing the part) that will result in the
desired final part geometry and dimensions (1.e., after the surface finish material 1s
applied, a force 1s applied, and the surface finish material 1s dried or cured). The part
design can be compensated 1n terms of, for example, an overall dimension, a corner
geometry, or an edge geometry, where the compensation may be based on, for
example, a predicted glaze thickness or distribution of the surface finish material, and
a location and/or orientation of the part with respect to the spinning axis. The

manufactured part 1s a geometrically offset, corrected part which, after applying the
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surface finish maternal, will have a smooth surface finish and final dimensions
matching the original design specifications.

[0043] The instructions for a printing the additive manufacturing part may be
referred to as a print recipe. The print recipe contains information for each layer in a
3D printed part to be built by the additive manufacturing system, such as a PRPS.
The print recipe can contain instructions for the PRPS before, during and after a print
run. For example, the print recipe can include parameters and instructions related to
build geometry, illumination energy, exposure time per layer, wait time between
layers, print platform position, print platform velocity, print platform acceleration,
resin tub position, resin tub force, resin chemical reactivity, and resin viscosity. The
parameters and/or instructions contained within the print recipe can be updated
before, during and/or after the print run based on 1nput from one or more sensors 1n
the PRPS. In some embodiments, the print recipe can be updated before, during
and/or after the printing of a given layer within the printed object.

[0044] FIGs. 6A-6B are examples of embodiments in which a part design
compensates for a layer of surface finish material over the entire part. In these cross-
sectional views, the original parts 600a and 600b are the desired design of the final
part to be delivered to the customer. In FIG. 6A the original part 600a has a circular
cross-section, such as a cylinder, 1n which the base of the cylinder 1s attached to the
spinning platform with the central axis of the cylinder coinciding with the axis of
rotation of the spinning platform. After spinning, the surface finish material 620a will
cover the lateral, circular circumference of the part approximately evenly. In FIG. 6B
the original part 600b has an indented hill 602, where the base 604 of the hill 602 1s
centrally attached to the spinning platform on the axis of rotation and the surface
finish material 620b will cover the hill 602 after spinning. According to the present
embodiments, the overall dimensions are modified to be slightly smaller, as 1llustrated
by the revised geometry 610a for original part 600a and revised geometry 610b for
original part 600b, to account for the thickness of resin 620a and 620b (or other
surface finish material) in FIGs. 6A and 6B, respectively that will be retained on the
part to create a smooth surface finish. For example, interactions between the viscosity
of the surface finish matenal, rotation speed, rotation time and location and
orientation of the part with respect to the spinning axis can be modeled to predict the
layer thickness of the surface finish material that will be retained on the part. The

compensated design (1.e., revised geometry 610a/610b) can then be calculated to
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account for this thickness by reducing the overall dimensions of the desired design by
that thickness amount. In FIG. 6A, the revised geometry 610a involves a reduced
diameter of the circular cross-section, while 1n FIG. 6B the revised geometry 610b
involves a reduced height of the hill. In some embodiments, the thickness of the
surface finish material may be uniform over the entire part, while 1n other
embodiments the thickness may vary, and the geometric design corrections can
compensate for either case.

[0045] FIG. 7 1s a perspective view showing an example of modifying an
interior corner geometry, in accordance with some embodiments. In this example, a
desired (original) part design 700 having a purely right-angle interior corner will
develop a fillet 702 1n the corner when surface finish material 1s applied, due to
surface tension of the uncured surface finish matenal (e.g., resin). This rounding of
the corner may cause the part to fail to meet the required design specifications. In
accordance with the present methods, a compensated design can be created to
minimize the fillet build-up 1n the corner, such as by creating a revised geometry of a
cutout feature 710 1n the corner into which the added resin can wick. Although a
circular cutout 1s shown, other geometries such as an elliptical cutout or changing the
overall angle of the corner to allow for build-up of the surface finish material can be
used.

[0046] FIGs. 8A-8B show examples of modifying a part design to preserve a
desired exterior corner geometry (1.e., with a 90-degree angle). In FIG. 8A, a
perspective view 810 and side view 820 are shown of a 3D-printed part 823 according
to an original, desired design, without compensation for a surface finish material 825.
The additive manufactured part 823 1s a circular disk in this example. Roughness of
the 3D printed part 1s also represented 1n perspective view 810 by pock marks 811 on
the upper circular surface of the part, where the upper surface 1s smoothed by being
covered with the surface finish material 825. As can be seen by the side view 820, a
convex meniscus 828 of the surface finish material due to surface tension causes
rounding at the circumferential edge of the part. In contrast, side view 830 shows a
part 833 that 1s printed according to a compensated design, 1n accordance with the
present embodiments. As can be seen, the compensated part 833 has been designed
with a concave, filleted edge 838 at the circumference of the part, which will be filled
in by surface finish material 825 (e.g., resin) and will result 1n a sharper exterior

corner (e.g., closer to a 90-degree angle) as originally desired. Close-up views of
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original part 823 and compensated part 833 with revised geometry are also provided
1in FIG. 8B.

[0047] FIG. 9 shows an example of multiple geometric corrections being
applied to a part, using 2D geometry features of an L-shaped block for 1llustration
purposes. Side view 910 and end view 920 represent the original, desired part design.
Side view 930 and end view 940 represent the compensated design 1n which all the
faces of the part have been modified from flat surfaces into concave surfaces of
smaller overall dimensions than the original design. A cutout 932 of circular cross-
section has also been incorporated 1nto the interior corner of the “L.” The areas 950
show where the surface finish material will be retained, resulting 1n dimensions and
features (e.g., sharp corners and flat surfaces) that accurately match the desired
design.

[0048] In some embodiments, modifying the desired design into a
compensated design can include adding cavity features that are not in the original
design. That 1s, the compensated design can utilize the build-up or wicking of surface
finish material during the rotating of the part on the spinning device. For example,
part 1000 in FIG. 10 has a concave surface 1002 that has been oriented to face toward
the axis of rotation 1025 (i.e., center) of platform 1020. Platform 1020 rotates in a
direction of rotation 1028. Part 1000 has an outward surface 1004 facing away from
the axis of rotation 1025. Inward-facing, concave surface 1002 will have more build-
up of surface finish material than on outward surface 1004 where excess resin can
more easily escape. Thus, the inward surface may be designed with cavity features
(not shown) such as a cutout or a greater reduction in dimensions than the external
surface. Other embodiments of cavity features include, for example, a trench, groove,
cutout or other cavity feature to capture resin at one or more locations along the
concave surface 1002, to use that resin 1n achieving the final dimensions of the part.

[0049] Placement of the part on the spinning device platform can be factored
1nto the compensated design. For example, an axisymmetric part could be centered
on (1.e., have 1ts axis of symmetry aligned with) the axis of rotation of the platform.
A non-axisymmetric part could be centered on-axis or placed off-axis (e.g., as shown
in FIG. 10), and oriented with a particular side facing the axis of rotation according to
how features of the part were modified in creating the compensated design. In some
embodiments, multiple parts may be processed on the spinning device, where the

parts can be 1dentical or different from each other. The same considerations of where
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the parts are placed on the platform and their orientation with respect to the
centrifugal forces imparted by the spinning device would apply to the multiple parts
as with a single part. Additionally, load balancing of the rotating plattorm may be
considered when spinning multiple parts at once.

[0050] CONTROLLING SURFACE FINISH REMOVAL

[0051] The present methods also include controlling the thickness and
distribution of the “glazed-like” surface finish material (e.g., resin). Parameters that
may be adjusted to control the final configuration include, for example, the rotation
speed (e.g., angular speed in RPM), rotation time duration, placement of the part
relative to the rotation axis of the spinning device, properties of the surface finish
material (e.g., viscosity of the resin), surface tension between the part and the surface
finish material, geometry of the part and structural integrity of the part. These
considerations, as explained above, can be utilized in creating the compensated
design. Example amounts of surface finish material that can be achieved on the part —
whether over the entire part or 1n selected segments — are, for example, 0.001” to
0.100” 1n thickness.

[0052] In some embodiments, the removal rate of excess resin may be
adjusted by controlling the temperature of the resin during the spinning (or other
application of force as described below) to achieve a desired final thickness and
distribution of the resin. In some embodiments, heat may be introduced to decrease
the viscosity of resin, thereby providing another degree of control (in addition to
speed, ramp rates, and other parameters as described herein) when removing excess
resin. In some embodiments, cooling may be applied, such as to increase the
viscosity. As an example of utilizing temperature to impact resin removal, heat may
be used 1n controlling the removal of surface resin from an overall surface of the part
while keeping intended fillet resins 1n place. In various embodiments, the heating or
cooling may be applied uniformly to the entire part, such as in an oven or
temperature-controlled chamber, or may be applied to a specific region of the part,
such as by directing a heat nozzle at a certain portion of the part during spinning.

[0053] ALTERNATIVE METHODS FOR SPINNING

[0054] In other embodiments, the spinning can be replaced by other methods
of applying a force to the surface finish material. FIG. 11 shows a 3D-printed part
1110 on a build tray 1120, with uncured surface finish material 1130 on the surface of

the part 1110. In some embodiments, vertical or horizontal controlled acceleration or
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velocity as indicated by arrows 1140 and 1145 1n FIG. 11 can be used instead of
centrifugal forces. In some embodiments, force may be applied by blowing forced air
1150 on the surface finish material 1130. For example, an air knife or air blade can
be used to blow off excess surface finish material, where the air 1s controlled to
remove a first portion of the surface finish material but retain a second portion of the
surface finish material on the part. Other embodiments of applying the force include,
but are not limited to, applying linear acceleration, applying a vibrational force, or
shaking the part. The forces applied by these methods can be modeled and
compensated for in the same manner as the spinning embodiments described herein.

[0055] The parameters for these processes can be adjusted to achieve the
desired surface finish coating. For example, the force may be applied for a specified
duration and magnitude. In some embodiments, other force application parameters
can include force ramp rates, force deceleration rates, multi-step force application
(e.g. alow magnitude force can be applied for a first duration of time followed by the
application of a higher magnitude force for a second duration of time) and/or a change
1n the direction of the applied force (e.g., linear forces 1n multiple directions, or
shaking). Forces applied to the part may be, for example, 1 g (i.e., 9.81 m/s*) to 2 g,
or 3 g to 20 g, or more than 20 g. The forces chosen to be applied to the part may be
determined by, for example, properties of the resin (e.g., viscosity), surface tension
between the part and the resin, part geometry characteristics, and structural integrity
of the part.

[0056] METHOD FLOWCHARTS

[0057] FIG. 12 1s a flowchart 1200 representing methods for creating a
smooth surface finish on a part formed by additive manufacturing, in accordance with
some embodiments. In some embodiments, the methods may begin at step 1210 with
providing a part that has been formed by an additive manufacturing process. The
additive manufacturing process may be performed by photopolymerization of a resin
1n a resin pool, such as with the system of FIGs. 1A-1B, or other additive
manufacturing processes such as SLA, CLIP, SLS, Multi1 Jet Fusion, direct metal laser
sintering, or fused deposition modeling (FDM). Some embodiments also include,
prior to step 1210, a step 1202 of creating a compensated design for the part by
modifying a desired design to compensate for a first portion of uncured surface finish
material (e.g., resin) that will be retained on the part, and a step 1204 of forming the

part with an additive manufacturing process according to the compensated design.
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The creating of the compensated design in step 1202 can include modifying at least
one of an overall dimension, a corner geometry, or an edge geometry; or by adding
cavity features into which the surface finish material will wick during rotating of the
part in a later step 1250.

[0058] Step 1220 involves wetting at least a segment of the part with an
uncured surface finish material. In some embodiments, such as resin-based 3D-
printing techniques, the part emerges from the printing process already wetted with
the surface finish material (e.g., resin). Thus, 1n some embodiments step 1220 1s
incorporated 1into step 1210. In other embodiments, the part may be wetted with a
surface material that 1s different from the material used to print the part, and the
surface material may be added 1n a separate step after forming the part. For example,
the part can be 3D-printed 1n step 1204, cleaned, moved to a surface finishing station
1in step 1210, and then wetted 1n step 1220 with the surface finish material. The
wetting can involve, but 1s not limited to, dipping, spraying or painting some or all of
the part with the surface finish material. In one embodiment, the additive
manufacturing process comprises photopolymerization of a resin 1n a resin pool and
the part 1s wetted with the surface finish material after forming the part, where the
surface finish material 1s a different material from the resin or may be the resin 1tself.

[0059] In step 1230 a spinning device 1s provided, the spinning device having
a platform that rotates about an axis. The additive manufactured part 1s secured to the
platform 1n step 1240, which may involve directly attaching the part to the platform.
In other embodiments, the part may be kept on a build tray on which the part was
formed, and the build tray 1s coupled to the platform in order to secure the part to the
platftorm. During step 1240, the part 1s still at least partially wetted with uncured resin
from the resin pool or with the surface finish material in an uncured state.

[0060] The platform 1s rotated in step 1250, which spins the part such that a
first portion of the uncured surface finish material (e.g., resin) 1s retained on the part
and a second portion of the uncured surface finish material 1s removed. The method
may include setting rotation parameters in step 1255 to retain the first portion of the
uncured resin during the rotating, where the parameters may optionally be set
according to the compensated design. The rotation parameters include a rotation
speed and rotation time, where setting the rotation parameters also may account for a
viscosity of the surface finish matenial (e.g., resin). In some embodiments, rotation

parameters are set to retain a desired amount of the first portion of the surface finish
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material during the rotating, such as an amount that was determined during creating a
compensated design 1n step 1202. The surface finish material that 1s retained on the
part provides a smooth surface finish by filling 1n and/or covering rough surface
features. Removal of excess surface finish material during the rotating also achieves
cleaning of the part, thus reducing post-processing time. The cleaning 1s achieved
without the use of materials such as IPA (which can itself introduce pitting on the
surface of the part), thus reducing hazardous materials from the processing flow.

[0061] Steps 1240 and 1250 may involve spinning one part or a plurality of
parts at once with the spinning device, where the parts can be the same or different
from each other. In such embodiments, step 1240 of securing the part involves
arranging a plurality of parts on the platform, based on a geometry of the plurality of
parts, to enable the excess uncured resin (or other surface finish material) to be
removed and the desired portion of the uncured resin to be retained. Some
embodiments may involve placing the part centrally on the axis of rotation of the
spinning platform or offset from the axis of rotation.

[0062] In other embodiments of flowchart 1200, step 1230 can be replaced
with providing a device that applies a force other than a centrifugal force, as described
above 1n this disclosure. For example, devices may be used to apply forced air, linear
acceleration, vibrational force, or shaking to the part. In such embodiments, step
1250 of rotating the platform would be replaced with applying the force to the surface
finish material, where the first portion of the surface finish material 1s retained on the
part and a second portion of the surface finish material 1s removed. Step 1255 would
involve setting force parameters (e.g., magnitude of the force or acceleration, duration
of applying the force), taking into account the viscosity of the surface finish matenal,
to achieve the desired amount and distribution of surface finish material on the part.

[0063] Returning to the main flow of flowchart 1200, some embodiments
include step 1260 of enclosing the part in a chamber, such as described 1n relation to
1in FIGs. SA-5B, and collecting the second portion of the uncured surface finish
material (e.g., resin) that 1s removed during the rotating. This collection of material
enables recycling of excess resin, for example, that can be reused 1n a
photopolymerization process or collecting excess surface finish material that can be
used to create smooth surface finishes on other parts.

[0064] In step 1270 the final part 1s completed by curing the part such that the

uncured surface finish material that has been retained on the part 1s hardened. In
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embodiments where the part was printed according to a compensated design, the final
part with surface finish material on 1t has dimensions that match the original, desired
design.

[0065] In some embodiments, the desired surface finish can be achieved 1n a
multi-stage process. In such embodiments, step 1220 of wetting the part with a
surface finish material through step 1270 of curing the part could be i1terated more
than once. For example, after steps 1220-1270 are performed an 1nitial time, the
surface finish material can be applied a second time (e.g., by dipping the part in, or
spraying the part with the surface finish matenal), rotated and cured, then the surface
finish material can be applied a third time and rotated and cured, where the same or
different surface finish material can be used each time. The part could be
quantitatively and/or qualitatively assessed after each cure to check whether the
desired thickness and/or smoothness of the surface finish material has been achieved.

[0066] Reference has been made 1n detail to embodiments of the disclosed
invention, one or more examples of which have been 1llustrated 1in the accompanying
figures. Each example has been provided by way of explanation of the present
technology, not as a limitation of the present technology. In fact, while the
specification has been described 1n detail with respect to specific embodiments of the
invention, 1t will be appreciated that those skilled in the art, upon attaining an
understanding of the foregoing, may readily conceive of alterations to, variations of,
and equivalents to these embodiments. For instance, features 1llustrated or described
as part of one embodiment may be used with another embodiment to yield a still
further embodiment. Thus, 1t 1s intended that the present subject matter covers all
such modifications and variations within the scope of the appended claims and their
equivalents. These and other modifications and variations to the present invention
may be practiced by those of ordinary skill in the art, without departing from the
scope of the present invention, which 1s more particularly set forth in the appended
claims. Furthermore, those of ordinary skill in the art will appreciate that the
foregoing description 1s by way of example only, and 1s not intended to limit the

invention.

20



WO 2020/055754 PCT/US2019/050223

What 1s claimed 1s:

1. A method of producing an additive manufactured part with a smooth
surface finish, the method comprising:

providing a part that has been formed by an additive manufacturing process,
wherein the additive manufacturing process comprises photopolymerization of a resin
1n a resin pool;

providing a spinning device, the spinning device having a platform that rotates
about an axis;

securing the part to the platform, wherein the part 1s at least partially wetted
with uncured resin from the resin pool;

rotating the plattorm, wherein a first portion of the uncured resin 1s retained on
the part and a second portion of the uncured resin 1s removed; and

curing the part after the rotating.

2. The method of claim 1 further comprising;

prior to providing a part, creating a compensated design for the part by
modifying a desired design to compensate for the first portion of the uncured resin
that will be retained on the part during the rotating; and

forming the part with the additive manufacturing process according to the

compensated design.

3. The method of claim 2 further comprising setting rotation parameters to
retain the first portion of the uncured resin during the rotating, according to the
compensated design, wherein:

the rotation parameters comprise a rotation speed and rotation time; and

setting the rotation parameters accounts for a viscosity of the resin.

4. The method of claim 1 further comprising:
enclosing the part in a chamber; and
collecting the second portion of the uncured resin that 1s removed during the

rotating.

5. The method of claim 1 wherein:

forming the part comprises forming the part on a build tray; and
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securing the part to the platform comprises coupling the build tray to the

platform.

6. A method of producing an additive manufactured part with a smooth
surface finish, the method comprising:

creating a compensated design for a part by modifying a desired design to
compensate for a first portion of an uncured surface finish material to be retained on
the part;

forming the part with an additive manufacturing process according to the
compensated design;

providing a spinning device, the spinning device having a platform that rotates
about an axis;

securing the part to the platform, wherein the part 1s at least partially wetted
with the uncured surface finish material;

rotating the platform, wherein the first portion of the uncured surface finish
material 1s retained on the part and a second portion of the uncured surface finish
material 1s removed; and

curing the part after the rotating.

7. The method of claim 6 further comprising;
enclosing the part in a chamber; and
collecting the second portion of the uncured surface finish material that 1s

removed during the rotating.

8. The method of claim 6:

wherein the additive manufacturing process comprises photopolymerization of
a resin 1n a resin pool; and

the method further comprises wetting the part with the surface finish material

after forming the part.

9. The method of claim 8, wherein the surface finish material 1s a different

material from the resin.
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10. The method of claim 6 wherein creating the compensated design
comprises modifying at least one of: an overall dimension, a corner geometry, or an

edge geometry.

11. The method of claim 6 wherein creating the compensated design
comprises adding cavity features into which the surface finish material will wick

during the rotating.

12. The method of claim 6 further comprising setting rotation parameters to
retain a desired amount of the first portion of the surface finish material during the
rotating, wherein:

the rotation parameters comprise a rotation speed and rotation time; and

setting the rotation parameters accounts for a viscosity of the surface finish

material .

13. The method of claim 6 wherein the securing comprises arranging a
plurality of parts on the platform, based on a geometry of the plurality of parts, to
enable the first portion of the uncured surface finish material to be retained and the

second portion of the uncured surface finish material to be removed.

14. A method of producing an additive manufactured part with a smooth
surface finish, the method comprising:

creating a compensated design for a part by modifying a desired design to
compensate for a first portion of a surface finish material to be retained on the part;

forming the part with an additive manufacturing process according to the
compensated design;

wetting at least a segment of the part with an uncured surface finish material;

applying a force to the surface finish material, wherein the first portion of the
surface finish maternial 1s retained on the part and a second portion of the surface
finish material 1s removed; and

curing the part after the applying of the force.

15. The method of claim 14 wherein applying the force comprises blowing

forced air on the surface finish material.
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16. The method of claim 14 wherein applying the force comprises applying a

linear acceleration, a vibrational force, or a shaking to the part.

17. The method of claim 14 wherein the wetting comprises spraying the

surface finish material onto the part.

18. The method of claim 14 wherein the wetting comprises dipping the part

into the surface finish material.
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