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(57) Abstract: In some embodiments, a method of determining the fill level of a resin pool in a bottom-up additive manufacturing
apparatus includes the steps of: (a) providing an additive manufacturing apparatus including a build platform and a light transmissive
window (12), the build platform (15) and the window (12) defining a build region therebetween, with the window (12) carrying a resin
pool, the pool having a resin top surface portion; (b) advancing the build platform (15) and the window (12) towards one another until
the build platform (15) contacts the resin top surface portion; (c) detecting the impact of the build platform (15) with the resin top
surface portion; and (d) determining the fill level of the resin pool from the detected impact.
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RESIN LEVEL DETECTION IN ADDITIVE MANUFACTURING

Eield of the Invention

f0001] The present invention coucerns stereolithography wmethods and apparatus,
particularly these for carrying out bottom-up additive manufacturing, such as contintous

tiquid interface production.

Background of the Invention

{0062} A group of addiive manufacturing techniques sometimes referred to as
“stereolithography” creates a three-dimensional object by the sequential polvmerization of a
light polymerizable resin. Such techniques may be "bottom-up” tech niques, where light is
projected into the resin on the bottom of an object growing on a build platform above a Nght
ransmissive window, or "top down” techniques, where light is projected onto the resin on top
of the growing object, which is then immersed downward into the pool of resin.
[0683] The introduction of more rapid stercolithography technigues sometimes referred to
as continuous liquid interface production (CLIP), coupled with the introduction of “dual
cure” resins for additive manufacturing, has expanded the usefulness of stereolithography
from profotyping fo manufacturing (see, eg, US Patent Nos, 9,211,678; 9,205.601; and
9,216,545 e DeSimone et al; and also in J. Tumbleston, D, Shirvanyants, N. Ermoshkin et
» Contiauous lquid interface production of 3D Objects, Science 347, 13491352 {2015);
see alse Rolland et al, US Patent Nos, 9,676,963, 9.453.142 and 9,598,606}, For such
purposes, bottor-up stereolithography is preferred, as the pool of resin (sometinmes provided
on a “window cassette’™) can be more shallow and hence smaller in volume.
{0304] Kesin pools in bottom-up systems cannot be too shallow, or adequate resin may not
flow into the build region when the build platform is advanced downward, resulting in failed
production of objects. Similarly, the resin pool cannot be too deep, or advaneing of the build
platform into the pool may cause the displaced volume of resin (generally viscous) to spild
out over the window cassette, Measuring of resin fill levels, however, is difficult: Contact
measurement “(.‘(,nnmuw wqmrﬂ consistent and wniform c}udmng of vesin contact surf aces,
and non-contact {generally optical) measurement techniques can produce variable results
when different resin formulations (for example, clear versus opague) are used. Accordingly,

there s a need for new approaches to resin level measurement in bottom-up stereolithography

apparatus,
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Sumumary of the Invention

{003] A first aspect of the present invention is a method of determining the fill level of a
resin pool in & bottom-up additive manufacturing apparatus includes the steps off (o)
providing an additive manufacturing apparatus ineluding a bulld platform and a light
transmissive window, the build platform and the window defining a build region there
between, with the window carrying a resin pool, the pool having a resin top surface portion:
(b} advancing the build platform and the window towards one another until the build platform
contacts the resin top surface portion; (¢) detecting the impact of the build platform with the
resin top surface portion; and () determining the fill level of the resin peol from the detected
impact.

{0806]  In some embodiments, the method further includes: producing an object on the build
platform from the resin with the apparatus when (¢} the fill level is above a minimum fill level

and/or i) below a maximum fill level.

{06071 In some embodiments, the method further includes: halting production of objects on
the build platform from the resin with the apparatus, and/or generating an alarm signal, when
(i) the fill level is below g minimum il level and/or (7)) above a maximum fill level.

{0068] Ia some embodiments, the apparatus further includes a a resin dispenser, and the
method further includes the step of:

{0009] dispensing additional resin into the pool when the fill level is below 4 minimum &1
level (the dispenser can be an on-board or dedicated dispenser, a robotic dispenser
operatively associated with the machine or a group of machines, tc.).

{0018} In some embodiments, the apparatus includes a force sensor operatively associated
with the build platforn and/or the light transmissive window, and the detecting step is carried
out by detecting force exerted on the force sensor.

{0011} In some embodiments, wherein the window s Stationmary in the lateral (¥, 1)
dimensions,

{0012} In some embodiments, the method further includes: initiating production of an abject
on the build platform from the resin by additive mamfectaring; and detecting a collision
impact between the carrier platform and a fallen object on the window, or a collision impact
between a dangling object on the carrier platform and the window.

[0013] In some embodiments, the method further includes halting the production and/or
generating an alarm signal when the collision impact is greater than the detected impact of
the build platform with the resin top surface portion or a predetermined expected jmpact of

2
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the build platform with the resin top surface portion {where a predetermined expected impact
ts based ou input of specific resin type, viscosity, or the like).

{0014} In some embodiments, the step of detecting an fmpact of the build platform with the
resin top surface portion, and the step of detecting a collision impact when present, are
carried out with a force sensor (for example, a strain gauge) operatively associated with the
carrier platform and/or the window,

[D815] A Duther aspect of the present invention is an apparatus useful for making a three-
dimensionat object from a polymerizable resin, which apparatus includes: () a build platform
on which a three-dimensional object can be made; (b) a light transmissive window having 4
build surface operatively associated with the build platform, the build platform and and the
build surface defining a build region therebetween, the window configured to support a resin
pool thereon: (¢) an elevator assembly opratively associated with the build platform and/or
the window, the elevator assembly configured for advancing the build platform and the
window member away from one another to draw the polymerizable Hquid into the build
region; (d) a light engine operatively associated with the window and positioned to iradiate
the build region with light to form a growing three-dimensional object from the resin; (e) a
force sensor {e.g, a strain gauge) operatively associated with the platform and/or the window
and configured to detect an impact of the build platform with a top surface portion of the
resin pool; and (f} a controller operatively associated with the carrier platform, the light
engine, and the force sensor, the controller confignred to determing a resin pool fill level
from a detected jmpact of the carrier platform with a resin pool top surface portion.

{0016} In some embodiments of the foregoing, the window is st gtionary in the lateral (X 1)
dimensions.

{6617} In some embodiments of the foregoing, the apparatus further includes a resin
dispenser operatively associated with the controller.

{0018} In some embodiments of the foregoing, the light engine includes a light source {e.g..
a laser) in combination with a patteming array (2.¢.. a liquid crystal display array or a digita
IMECTOMITYoY array).

10619} In some embodiments of the foregoing, the controller of the apparatus is configured
to carry out any of the methods described above,

{0028] R. Truong, Coentinuous Liquid Imterface Production with Force Monitoring and
Feedback PCT Application WO 2018/111533 (published 21 June 2018}, describes the use of
a force sensor during production of an object on an additive manufacturing apparatus to

enhance effiviency of production, but does not suggest that such a force sensor could be use

J
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to measure resin 1] levels prior to production of the object, and does not suggest such a
sensor could be used to detect collisions with a fallen or dangling object prior to or during

production of an object.

Brief Deserintion of the Drawings

{0821 FIG. I schematically illustrates an apparatus useful for carrying out the present

{06221 FIG. 2 is similar to Figure 1, except that the build platform has now been advanced
down to contact the resin top surface portion, so that impact can be detected and resin fill
teve] determined.

[8023] FIG. 3 illustrates impact detection in two different cases, where carrier platforms
were advanced o a resin pool at different speeds,

{0024} FIG. 4A schematically illustrates a process and apparatus in which the growing

55

object is partially separated from the build platform {(ie, a “dangling” object) and may
collide with the window if' the process is continued.

[B025] FIG. 4B schematically illustrates sa process and apparatus in which a growing
object has fully separated from the carrier platform, and may collide with the carrier platform

if the process is continued.

Detatled Deseription of IHustrative Embodiments

{B026] The present invention Is now described more fully hereinalier with reforence to the
accompanying drawings, in which embodiments of the invention are shown. This invention
may, however, be embodied in many different forms and should not be construed as limited
to the embodiments set forth hercin; rather these embodiments are provided so that this
disclosure will be thorough and complete and will fuily convey the scape of the invention to
those skilled in the art.

{0627} Like numbers refer to like clements throughout. In the figures, the thickness of
certain lines, layers, components, elements or features may be exagperated for clarity. Where
used, broken lines illustrate optional features or operations unless specified otherwise,

{028} The tenminology used herein is for the purpose of describing particular embodiments
only and is not intended to be limiting of the tnvention. As used herein, the singular forms
", Yan” and “the” are intended to include plural formas as well, unless the context clearly
tndicates otherwise. [t will be further understood that the terms “comprises™ or “comprising,”
when used in this specification, specify the presence of stated features, integers, steps,

4
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operations, elements components and/or groups or combinations thereof, but do not preclude
the presence or addition of one or more other features, inlegers, steps, operations, elements,
components and/or groups or combinations thereof.

{6029]  As used herein, the term “and/or” includes any and all possibie combinations oron
or more of the associated listed items, as well gs the lack of combinations when interpreted in
the alternative {"or™),

j0038] Unless otherwise defined, all terms (including technical and scientific terms) used
herein have the same meaning as commonly understood by one of ordinary skill in the art to
which this invention belongs. It will be further understood that terms, such as those defined
in commonly used dictionaries, should be Interpreted as baving a meamng that is consistent
with their meaning in the context of the specification and claims and should not be
interpreted in an idealized or overly formal sense unless expressly so defined herein, Well-
known fanctions or constructions may not be described in detail for brevity and/or clarity.

2R A8

(8031} It will be understood that when an element is referred to as being “on,” “attached” to,
“eonneeted” to, “coupled” with, “contacting,” etc., another element, it can be directly on,
attached to, connected to, coupled with and/or contacting the other element or intervening
clements can also be present. In contrast, when an clement is referred to as being, for
exarnple. “divectly on,” “directly attached™ to, “directly connected” to, “directly coupled”
with or “directly contacting”™ another element, there are no inlervening elements present. It
will also be appreciated by those of skill in the art that references to a structure or feature that
13 disposed “adjacent” another feature can have portions that overlap or underlie the adjacent
feature.

¥ el

{6032] Spatially relative terms, such as “under,” “below,” “lower,” “over,” “upper” and the
Hke, may be used herein for ease of description to describe an element’s or feature’s
refationship to another element(s) or feature(s) as llustrated in the fgures. I will be
understood that the spatially relative tenmns are intended to encompass different ovientations of
the device in use or operation in addition to the orientation depicted in the figures. For
example, if the device in the figures is inverted, elements described as “under” or “beneath”
other elements or features would then be oriented “over” the other clements or features. Thus
the exemplary lerm “ynder” can encompass both an orientation of over and under. The device
may otherwise be oriented (votated 90 degrees or at other orientations) and the spatially

relative descriptors used herein interpreted accordingly, Similarly, the terms “upwardly,”
“downwardly,” “vertical,” “horizontal” and the like are used herein for the purpose of
explanation only, uniess specifically indivated otherwise.

=
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{0633] It will be understood that, although the terms first, second, ete., may be used herein
to describe varions elements, components, regions, layvers andfor sections, these elements,
components, regions, layers and/or sections should not be limited by these terms, Rather,
these terms are only used to distinguish one element, component, region, layer and/or section,
from another clernent, component, region, layer and/or seciion. Thus, a first element,
compenent, region, layer or section discussed herein could be termed a second element,
component, region, layer or section without departing from the teachings of the presemt
mvention, The sequence of operations {or steps) is not limited {o the order presented in the

clatms or figures unless specifically indicated otherwise.

1. General Methods and Apparatus,

{3034} Saitable additive manufacturing apparatus include those configured for carrying out
bottom-up additive manufacturing. Such methods are known and deseribed in, for example,
U.S. Patent No. 5,236,637 to Hull, US Patent Nos. 5,391,072 and 5,529,473 to Lawton, LS.
Patent No. 7,438,846 to John, US Palent No. 7,892,474 to Shkolnik, 1.8, Paient No,
8,110,135 to Bl-Siblani, U.S. Patent Application Publication MNo. 201370292862 to Jovee, and
LS Patent Application Publication No. 2013/0295212 to Chen et al. The disclosures of these
patents and applications are incorporated by reference herein in their entirety.

{0033]  In some embodiments, the additive manufacturing step is carried out by one of the
family of methods sometimes referred to as continuouns Hquid interface production (CLIP).
CLIP is known and described in, for example, US Patent Nos. 9,211,678; 9,208,601;
9,216,546 and others; in J. Tumbleston et al., Continuous hiquid interface production of 31
Objects, Science 347, 1349-1352 (2013); and in R, Janusziewez et al., Layeriess fabrication
with continuous liquid interface production, Proc. Nail. Acad Sci. US4 113, 11703-1170%
{October 18, 2016). Other examples of methods and apparatug for carrying out particular
embodiments of CLIP, or of additive manufacturing, include but are not limited to those
described i B. Feller, US Patent App. Pub. No. US 2018/0243976 (published Aug 30, 2018;
M. Panzer and J. Tumbleston, US Patent App Pub. No. US 2018/0126630 (published May 10
2018); K. Willis and B. Adzima, US Patent App Pub. No. US 2018/0290374 (Qct. 11, 2018);
Batchelder et al., US Patent Appub. No. US 2017/0129169 (May 11, 2017); Sun and Lichkus,
LIS Patent App Pub. No. US 2016/0288376 (Oct. 6, 2016}, Willis et al,, US Patent App Pub.
No. UB 2015/0360419 (Dec. 17, 2015); Lin et al,, US Patent App Pub. No. US 2015/0331402
(Nov. 19, 2015); and D. Castanon, US Patent App Pub. No. US 2017/0129167 (May 11,
2017}, the disclosures of which are incorporated by reference herein in their entirety .
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2. Implementation of resin level sensing by impact detection,

{0036 KIGS, 1-2 schematically illustrate an apparatus useful for camying out the present
invention. In general, the apparatus includes a light engine 18, a window (or “build plate™
12, a controller 13, and elevator and drive assembly 14, A carrier platform (or “carrier
piate”™) 15 is mounted o the elevator and drive assembly as in conventional apparatus, buot
with a force sensor 16 operatively associated therewith. The window 12 may be provided as
part of a “cassette™ having a frame 13, which cassette is removable from the overall
apparatus. A polymerizable liguid or resin 21 i3 provided on top of the window 12, the resin
having a fill level 8-8, which fill level is preferably positioned between a maximum il level
A-4 and a minimum fill level C-C. The three sets of arrows facing one another in FIG. 2
illustrate the impact of the carrier platforns 15 with the surface portion of the resin 21 when
the carner platform 15 is advanced to the resin.

3

[0037] The window 12 may be impermieable or semipermesble to an inhibitor of
polymerization {(e.g oxygen), depending on which particular approach for carrving out
additive manufacturing is employed. In some embodiments, the window 12 comprises 4
fluoropolymer, tn accordance with known technigues.
{0038] Any suitable light engine 11, including any of a variety of light sources andfor
patterning elements, may be used, including lasers (eg., scanning lasers as in traditional
reotithography), Hquid crystal display (LCD) panels, digital micromirror displays (DMDs),
ete. A single light engine may be used, or a tiled set of light engines may be used, depending
on the size of the window 12 and the desired resolution,
[6039] While the schematic suggests that advancing is accomplished by lowering the carrder
ont the elevator, note also that advancing may be achieved by providing a fixed or static
carrier, and by mounting the window and light engine on an elevator beneath the same, which
can then be raised.
[0040] Any suftable device may be used as force sensor 16, Examples include, but are not
limited to, mechanical tactile sensors, capacitive force sensors, metal strain gauges,
semiconductor strain gauges, conductive elastomers, carbon felt and carbon fiber sensors,
piezoelectric force sensors, pyroclectric force sensors, optical force sensors, magnetic force
sensors, ulotrasonie foree sensors, electrochemical foree sensors, ofc., including combinations
thereof. See, e.g., Matthias Fassler, Force Sensing Technologies (Swiss Federal Institate of
Technology Zurich, Spring Term 2010). One suitable example is the Omega LOCM202-1KN

Mintature Metric Universal Load Cell, avallable from Omega Engineering, Inc, (800

7
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Connecticut  Ave., Suite 3NOL, Norwalk, Connecticut 06854 USA).  Any suitable
configuration of the force sensor or load cell may be used, including but not limited to a
single load cell mounted {or “sandwiched”) in-line between the carrier and the elevator, The
foree sensor may inclode multiple force sensors providing an averaged output (e,
sandwiched between a compression plate to equalize load), and/or may include multiple force
sensors providing independent data from multiple regions of the carrier. Tn addition, foree
sensing can be carried out by sensing motor current or torquae, or any other direct or indirect
measure of foree.
[0041] In one embodiment, where the apparatus can accept interchangeable resin cassetfes
that have different dimensions, the present invention can be carried out by configuring the
controlier as follows: (/) Move the carrer platform inte the resin pool; 2) Measure the
impulse in the force slope; (3) Apply a simple threshold on the force slope to trigger
“Detection.™ (4) At “Detection™ instance, outpul the current motor position as the detected
resin level, (3) Compute the resin volume (based on detected resin level, and window cassetie
dimensions). (6} If ihe resin volume detected is less than the resin volume required, trigger
abort, resin refill, and/or alarm signal (or, if the resin volume detected is too great such that
an overflow of resin during production of the object could cccur, then trigger short and/or an
alarm signal). A sample implementation of the foregoing methed is illustrated in FIG. 3,
where the data has been synchronized to align the detection event at t = 1.0 second. The
force slope threshold was set to -2 N/s. Note that a greater speed of movement yields a

farge impulse].

[0042] An alfernate embodiment can be carried out as follows: (1) Move the platform to a
safe “out of resin” location (2) Re-zero any DC offsets in force signal from the elevator
motor. (3) Move the platform at any speed into the resin (4) Measure force, which thereby

provides buoyancy force. (3) Apply a simple threshold on the measured force to trigger
“Detection.” (6) At “Detection” instance, output the current motor position as the detected
resin level. (7) Compute the resin volume {based on the resin level, and cassette geomelry
dimensions). (&) If the resin volume is detected less than {(or greater than) the resin volume
required, trigger abort, refill, and/or alarm (as appropriate). While both methods should yield
similar results, the method deseribed first with reference to FIG. 3 is preferred as it does not
require a calibration step.

{0043} Notwe that, where interchangeable cassettes are not employed, or where all cassettes

have the same dimensions and volume, the steps of converting resin level to resin volume
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described in the methods and sysiems above can be eliminated.

[6044} In some embodimenis, the force sensor may be also used by the apparatus to
determine when resin flow into the build region is substantially completed, so as to facilitate
or speed production of objects with the apparatus, as deseribed in R Truong, Contiruous
Liguid Tterface Production with Force Mowitoring and Feedback, PCT Application WO
20187111333 {pubhished 21 June 2018},

{00458]  As schematically illustrated in FIGK. 4A-4B, in some embodiments the force sensor
may also be used (in addition to or instead of any of the foregoing functions) fo detect
collisions between the carrier platform 15 and a separated object 31 that has falien onto the
window 12 (FIG. 4B), or collisions between the window and a partially separated (or
“dangling”} object {FIG. 4A). When process failures Hike this oeeur, it can be important to
halt production to avoid damage to the window when the camrier platform collides with the
fallen object, or the dangling object collides with the window, waste of production time
and/or resin, ete. For these purposes, in some embodiments, controller 13 includes a
predetermined data set (e, a “golden data set™) for a production process where such no such
failure and collision occurs, and is configured to compare that data set to data data acquired
during actual production. Force is compared at multiple positions of the elevator drive, and
an error between foree sensed during actual production and the predetermined data set is
computed. If the error exceeds a threshold, then it is flagged as a coliision. Upon detection
of a collision, the controller can then be configured to halt production, withdraw/retract the
carrier platform, generate an alarm (including but not limited to visual and auditory alarms),
or the like (including combinations thereof). In some {but not all) embodiments, the collision
detection function is implemented in combination with the tesin level detection function, so
that the controller can be confipured to differentiate between force exerted upon impact with
the resin pool from force exerted upon an undesived collision, to reduce false positive
collision detection,

10846] The foregoing is illustrative of the present invention, and is not to be construed as
limiting thereof. The invention is defined by the following claims, with equivalents of the

claims to be included therein.
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We claim:

1o A method of determining the fill level of a resin pool in a bottom-up additive
manufacturing apparatus, comprising the steps of:

{a} providing an additive manufacturing apparatus including a build platform and a
light transmissive window, said build platform and said window defining a build region there
between, with said window carrying a resin pool, said pool having a resin top surface portion;

(b} advancing sald build platform and said window towards one another unti] said
buiid platform contacts said resin top surface portion;

(¢) detecting the impact of said build platform with said resin top surface portion; and

{d} determining the fill level of said resin pool from said detected fmpact.

2. The method of claim 1, further comprising:
producing an object on said build platform from said resin with said apparatus when

(i} said fill level is above a minimam fill level and/or (1) below a maximum i level.

3. The method of any preceding claim, further comprising:

halting production of objects on said build platform from said rtesin with said
apparatus, and/or generating an alarm signal, when (7) said fill level is below a minimam i
level and/or (7)) above a wmaximuam ] level,

4, The method of any preceding claim, said apparatus further comprising a resin
dispenser, said method further comprising the step of:

dispensing additional resin into said pool when said fiil level is below & minimum fill

fevel,
5. The method of any preceding claim, whercin said apparatus includes a force sensor
operatively associated with said build platform and/or said light transmissive window, and

said detecting step is carried out by detecting force exerted on said force sensor.

6. The method of any preceding claim, wherein said window is stationary in the

lateral (X ¥} dimensions.

7. The method of any preceding claim, further comprising:

i0
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initiating production of an object on said build platform from said resin by additive
manufacturing; and

detecling & collision impact between said carrler platform and a fallen object on said
window, ar a collision impact between a dangling object on said carrier platform and said

window,

8. The method of claim 7, further comprising halting said production and/or
generating an alanm signal when said collision impact {s greater than said detected impact of
said build platform with said vesin top surface portion or a predetermined expected impact of

said build platform with said resin top surface portion,

9. The method of any preceding claim, wherein sald step of detecting an impact of
said build platform with said resin top surface portion, and said step of detecting a collision
impact when present, are carvied out with a force sensor operatively associated with said

cartier platform and/or said window.
10, The method of claim 9, wherein said force sensor comprises a strain gauge.

t1, An apparatus useful for making a three-dimensional object from a polymerizable
resin, comprising:

{a} a build platform on which a three-dimensional object can be made;

{b) a light transmissive window having a build surface operatively associated with
said build platform, said build platform and and said bulld swface defining a build region
therebetween, satd window configured to support a resin pool thereon:

(¢} an elevator assembly opratively associated with said build platform andfor said
window, said elevator assembly configwed for advancing said build platform and said
window member away from one another to draw said polvmerizable liquid into said build
Tegion;

(&} a light engine operatively associated with said window and pesitioned to irradiate
said build region with light to form a growing three-dimensienal object from said resin;

{e} a force sensor operatively associated with said platform and/or said window and
configured to detect an impact of said build platform with a top surface portion of said resin

pool; and

.
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(1} a controller operatively associated with said carrier platform, said light engine, and
said forco sensor, said controller configured to determine a resin pool fill level from a

detected impact of said carrier platform with g resin pool top surface portion,

12, The apparatos of any preceding claim, wherein said window is stationary in the

fateral (X, ¥) dimensions.

13. The apparatus of any preceding claim, further comprising:

(2} a vesin dispenser operatively associated with said controfler.

14, The apparatus of any preceding claim, wherein said light engine comprises a light

source in combination with a patterning array.

15, The apparains of any preceding claim, wherein said force sensor comprises a

strain gauge.

16. The apparatus of claim 11 to 13, wherein said controller Is configured to carry out

a method of claim 1o 10,

12
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