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SOLID IMAGING SYSTEMS, COMPONENTS
THEREOFE, AND METHODS OF SOLID
IMAGING

FIELD OF THE INVENTION

[0001] The present invention is related to solid imaging
systems, and more particularly, to apparatus and methods for
providing and selectively curing layers of solid imaging
material into a three-dimensional object.

BACKGROUND OF THE INVENTION

[0002] Solid imaging systems typically create three-di-
mensional objects based upon computer data by forming
sequential layers of material into cross-sectional patterns that
are combined along a z-axis to form a three-dimensional
object. Solid imaging systems include systems that build
parts by one or more of the following techniques: stere-
olithography, laser sintering, fused deposition modeling,
selective deposition modeling, film transfer imaging, and oth-
ers.

[0003] Certain solid imaging systems provide solid imag-
ing material in a trough with an actinic radiation transparent
bottom through which actinic radiation can be projected to
cure cross-sectional patterns of the three-dimensional object
onto the photosensitive solid imaging material, thereby cur-
ing the material. A build pad and/or platform is vertically
movable above the trough, and the three-dimensional object
is typically supported by the build pad or platform such that
the three-dimensional objects are generally built in an upside
down manner. Examples of such solid imaging techniques
and similar techniques are disclosed in U.S. Pat. Nos. 4,575,
330, 5,391,072, 5,447,822; 5,545,367, 7,052,263, 7,614,866;
7,706,910; 7,845,930; and 8,003,040 and U.S. Patent Appli-
cation Publication No. 2001/0048183, all of the disclosures
of' which are hereby incorporated by reference in their entire-
ties.

BRIEF SUMMARY OF THE INVENTION

[0004] The various embodiments of the present invention
provide significant improvements over the solid imaging sys-
tems described above. Embodiments of the present invention
provide a controlled layer thickness of uncured solid imaging
material within a tray having a flexible, radiation-transparent
bottom film by the use of a coater bar. The coater bar removes
uncured solid imaging material (as well as any cured solid
imaging material that did not adhere to the build pad or
previously cured layer of the three-dimensional object) from
aprevious layer as the coater bar moves in a first direction and
then supplies a new layer of uncured solid imaging material as
the coater bar moves in a second direction that is generally
opposite the first direction. For example, after a layer of solid
imaging material is selectively cured and adhered to previous
layers of the object being built, the build platform raises the
object a predetermined amount in the z-axis direction so that
the coater bar may move in the x-axis direction to push away
a substantial amount, and preferably all, of the remaining
uncured solid imaging material. The coater bar is then moved
along the x-axis in an opposite direction and applies a new
layer of uncured solid imaging material. The coater bar is
preferably moved from a first scraping position to a second
layering position, such by pivoting, rotating, lifting, or oth-
erwise moving the coater bar, after the first movement of the
coater bar (to push away uncured solid imaging material) and
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before the second movement of the coater bar (to apply a new
layer of uncured solid imaging material). After the new layer
of'uncured solid imaging material has been applied, the build
platform lowers the three-dimensional object being produced
back down toward the image plane at least until the most-
recently cured layer is in contact with the newly applied layer
ofuncured solid imaging material, and then the imager selec-
tively cures the newly applied layer and the process is
repeated until the three-dimensional object is complete.

[0005] Certain embodiments of the present invention
include a resin sensor positioned below the radiation-trans-
parent bottom film and that detects the presence and thickness
of the resin layer above the sensor by sending an optical
signal, or other detectable signal, that reflects back to the
sensor. Based upon the measured presence and/or thickness
of'the resin above the sensor, a controller for the solid imaging
apparatus determines the amount of new solid imaging mate-
rial that should be supplied to the tray. Some embodiments of
the present invention position the cartridge above the tray and
include selectively openable valves that are opened a certain
amount of time to dispense a desired amount of solid imaging
material into the tray. Once the desired amount of solid imag-
ing material has been supplied to the tray, the coater bar is
then moved over the film (to scrape/push the uncured solid
imaging material of the previous layer and push at least some
of the newly dispensed solid imaging material) and back (to
apply the new layer of solid imaging material).

[0006] Some embodiments of the present invention have a
shuttle that moves along the x-axis to selectively cover the
tray. The shuttle can cover the tray after a build process is
complete and the user is ready to open the solid imaging
apparatus to remove the three-dimensional object. By closing
the shuttle over the tray, the solid imaging material in the tray
is not exposed to actinic radiation from outside the solid
imaging apparatus, thereby preventing any undesirable cur-
ing of solid imaging material that can therefore be used in
subsequent build processes. Additional embodiments con-
nect the coater bar to one end of the shuttle so that the shuttle
can be dosed and opened between curing steps to move the
coater bar back and forth along the x-axis. The shuttle in some
embodiments has a spring device that connects the coater bar
to the shuttle so that the coater bar is pressed against the film
by a predetermined force to ensure proper removal of uncured
solid imaging material and/or to provide a desired layer thick-
ness of material when applying a new layer of solid imaging
material. The coater bar of certain embodiments of the
present invention is pivotably connected to the shuttle so that
the coater bar pivots from the first scraping position to a
second layering position, after the first movement of the
coater bar (to push away uncured solid imaging material) and
before the second movement of the coater bar (to apply a new
layer of uncured solid imaging material) and pivots back to
the first scraping position prior to pushing away uncured solid
imaging material from the previously applied new layer of
uncured solid imaging material. The layer thickness of the
new layer of uncured solid imaging material can be controlled
by the amount of downward force applied to the coater bar
and/or by the speed by which the coater bar is moved during
the second movement. Still further embodiments of the
present invention control the layer thickness by providing
certain geometries of the coater bar and/or rake angle of the
coater bar.

[0007] Further embodiments of the present invention pro-
vide solid imaging material to the tray from a removable
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cartridge that includes at least one selectively openable valve.
In some embodiments, the shuttle includes a valve opening
device that may be pressed against the selectively openable
valve to cause solid imaging material to dispense from the
cartridge into the tray. The shuttle may include an opening
proximate the valve-opening device that allows the solid
imaging material to fall through the shuttle and into the tray.
Insome embodiments, the solid imaging material is deposited
on or near the coater bar connected to the shuttle so that after
the solid imaging material has been dispensed onto the tray,
when the shuttle moves in the x-axis direction to move the
coater bar in the first movement to push away uncured solid
imaging material, the coater bar also pushes the newly depos-
ited solid imaging material generally to the other side of the
tray from where the solid imaging material was deposited.
This supply of new and scraped solid imaging material that is
combined or mixed together flows under and/or over the
coater bar and is then moved by the coater bar in the second
movement to supply the new layer of solid imaging material.
After the new layer is selectively cured by the projected
image(s) of (or other actinic radiation from) the imager, the
process of measuring the amount of solid imaging material
remaining in the tray and depositing new solid imaging mate-
rial onto the tray, scraping uncured solid imaging material,
and applying a layer of new solid imaging material is repeated
until the three-dimensional object is complete.

[0008] Still further embodiments of the present invention
include additional features such as techniques for removing
and installing the cartridge, tray, and/or coater bar. The car-
tridge may include one or more mixing balls inside the car-
tridge that cause the solid imaging material to be mixed when
the cartridge is shaken by the operator prior to the operator
installing the cartridge in the solid imaging apparatus. The
cartridge is inserted into a slot that aligns the cartridge so that
the selectively openable valve(s) is positioned proximate the
valve-opening device of the shuttle and so that an RFID tag or
other identification device on the cartridge can be communi-
cated with by the solid imaging apparatus to confirm that the
solid imaging material in the cartridge is the proper material,
is not expired, and does not present other problems for the
production of three-dimensional objects. The slot into which
the cartridge is inserted incorporates a load cell in certain
embodiments of the invention in order to determine the
weight of the cartridge (based upon the remaining amount of
solid imaging material within the cartridge) in order to ensure
that the cartridge can provide sufficient solid imaging mate-
rial to complete an uninterrupted build process and to deter-
mine the head pressure of the solid imaging material being
dispensed from the selectively openable valve(s) so that the
controller of the solid imaging apparatus can determine the
amount of solid imaging material dispensed during the time
period that the valve-opening device (connected to the
shuttle, connected to a different device, or not connected to
another device) opens the selectively openable valve(s). Still
further embodiments of the present invention determine, the
remaining amount of solid imaging material within the car-
tridge using alternative devices or techniques, such as the use
of proximity sensor(s) to detect fluid level, ultrasonic sensors
for detecting fluid level, and mechanical devices such as floats
and dipsticks.

[0009] Because the film of the tray is flexible to assist in the
separation of the cured layer from the film, over a period of
time the film may need to be replaced by replacing the entice
tray. The frame of the solid imaging apparatus of some
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embodiments is selectively openable by the operator to allow
a used tray to be removed and a new tray to be inserted and
clamped down by the frame in the desired location. Because
some embodiments of the present invention supply an amount
of air between the bottom of the film and the glass or other
radiation transparent surface that the film is supported by in
order to assist the film in raising and enabling the cured layer
to be removed from the film with less force (as compared to
there being no air supplied below the film), the frame includes
a gasket that the bottom surface of the tray rests upon that
ensures an airtight seal between the bottom of the film and the
support surface below. After the cured layer of solid imaging
material connected to (and part of) the three-dimensional
object being made is separated from the film, some embodi-
ments of the present invention provide a negative air pressure
between the film and support surface to remove the air ther-
ebetween. The positive and negative air pressures described
herein can be provided with any air pressure control device,
such as a pump, known to a person skilled in the art. The
negative air pressure is typically applied, in some embodi-
ments of the present invention, while the coater bar is moving
in the first movement and/or second movement so that the
downward pressure applied by the coater bar on the film helps
to push any trapped pockets of air to the opening through
which the negative air pressure is applied. Certain embodi-
ments of the present invention control the lifting force for
separating the cured layer from the film with the amount
and/or duration of pressurized air applied under the film or
vice versa), and still further embodiments analyze the cross-
sectional area of the cured layer being separated from the film
to determine a preferred lift force and for pressurized air
amount and/or duration. Whereas some embodiments of the
present invention apply a standard lifting force to raise the
cured layer out of the tray and a standard amount and/or
duration of pressurized air to assist in the separation of the
cured layer from the film of the tray, alternative embodiments
provide different amounts of lifting force and/or pressurized
air amounts and/or duration based upon based upon analyses
of'the cross-sectional area of the cured layer, the weight of the
partially completed three-dimensional object connected to
the build pad, and other parameters.

[0010] Still further embodiments of the present invention
include techniques for measuring the intensity profile of the
image (either the entire image or select portions of the image)
projected from the imager. Such measurement devices and
techniques are disclosed in U.S. Patent Application Publica-
tion No. 2010/0098835 which is incorporated herein in its
entirety by reference. Additional embodiments include an
imager shutter that may be selectively positioned in the path
of the image projected by the imager. The imager shutter of
certain embodiments includes an actinic radiation sensor that
measures the intensity of the image being projected, and
include in further embodiments a diffuser to reduce the
amount of radiation that reaches the actinic radiation sensor
to prevent flooding of the sensor or other situations that would
diminish the ability of the actinic radiation sensor to make
accurate measurements of the actinic radiation. By undertak-
ing an automatic calibration sequence with the shutter in the
path of the image, the sensor is able to determine the intensity
profile of the projected image by the imager automatically
projected actinic radiation at various locations of the largest
possible image and measuring the radiation intensity for each
projection. Once the controller has determined the intensity
profile of the images projected by the imager, the solid imag-
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ing apparatus can adjust the images projected onto the layers
of solid imaging material using the techniques disclosed in
U.S. Patent Application Publication No. 2010/0098835 and
in other ways known to a person of ordinary skill in the art.

[0011] Additional embodiments of the present invention
include a build pad for supporting the three-dimensional
object being built. The build pad is attached to a build plat-
form connected to one or more z-axis motors that vertically
raise or lower the build platform. The build pad includes a
generally planar surface that faces downward while the build
pad is connected to the build platform and that defines the
surface to which the three-dimensional object and/or the sup-
port structure for the three-dimensional object is adhered
during the build process. Between the generally planar sur-
face and the build platform is a generally compressible mate-
rial that can be compressed in a vertical direction if the build
platform moves down to such an extent that the bottom sur-
face of the build pad contacts the film of the tray. By providing
a compressible portion of the build pad, certain embodiments
of the present invention enable a three-dimensional object to
be precisely built upon a build pad that is not perfectly level
with the film of the tray (and the support surface beneath the
film) because any out-of-level portion of the build pad will be
compressed during the first one or more layers of the build
process such that no or less material is cured in the area below
the compressed portion of the build pad. Those first one or
more layers typically include the support structure, so such
unintended differences in the amount of material cured do not
adversely affect the quality of the three-dimensional object
that is supported by the support structures (because the sup-
port structures are typically discarded after the build process
has finished). Therefore, when a build pad is mounted in a
non-parallel manner, the support structures will compensate
for the discrepancy prior to the beginning of the formation of
the three-dimensional object such that the quality of the three-
dimensional object is not diminished by the non-parallel or
out-of-level build pad.

[0012] Still further embodiments of the present invention
incorporate a novel light source for projecting an image onto
the layer of solid imaging material. Rather than using a spatial
light modulator, digital light projector, or other light source
that projects a two-dimensional image that is magnified and/
or reflected off mirrors, embodiments of the present invention
include a plasma screen positioned directly below the support
surface for the film, as the support surface for the film, or as
the image plane without any film or tray. The plasma screen of
certain embodiments is doped to provide a desired amount of
actinic radiation having the preferred wavelength, such as in
the UV range, for curing of the solid imaging material. For
example, the plasma screen may have filters for UV light
removed and/or filters for non-UV light (to provide non-
limiting examples of particular actinic radiation) included so
that only radiation in the desired range of wavelengths is
absorbed by the solid imaging apparatus (for temperature
control reasons, material property reasons, and other rea-
sons). The plasma screen may also be doped to provide one or
more wavelengths of actinic radiation for curing differently
the same solid imaging material. In some embodiments, cer-
tain pixels project a first wavelength of actinic radiation to
cure the solid imaging material into support structures and
project a second wavelength of actinic radiation to cure the
same solid imaging material into the desired three-dimen-
sional object. Such support structures have different
mechanical or chemical properties suited for improved
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removal of the support structure from the three-dimensional
object. Non-limiting examples of different properties
include, but are not limited to, providing support structures
with a lower melting temperature than the throe-dimensional
object, support structures that are dissolvable in a solution
that does not dissolve the three-dimensional object, support
structures that are softer than the three-dimensional object to
enable easier removal by hand or with simple tools, and other
support structures that are different than the three-dimen-
sional object.

[0013] Still further embodiments of the present invention
include other apparatus, methods, features, and properties as
described more fully below.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0014] Having thus described the invention in general
terms, reference will now be made to the accompanying
drawings, which are not necessarily drawn to scale and are
meant to be illustrative and not limiting, and wherein:
[0015] FIG. 1 is a perspective view of a solid imaging
apparatus in accordance with one embodiment of the present
invention, illustrating the front door through which an opera-
tor is able to access the build chamber;

[0016] FIG. 2 is a perspective view of the solid imaging
apparatus of FIG. 1 with certain exterior walls removed to
show the internal components of the solid imaging apparatus,
including the cartridge, tray, coater bar, build platform,
shuttle, imager, and other components;

[0017] FIG. 3A is a perspective view of certain portions of
the solid imaging apparatus of FIGS. 1 and 2 illustrating the
frame into which the tray is positioned and illustrating the
cartridge and shuttle, wherein the shuttle is in the open posi-
tion;

[0018] FIG. 3B is another perspective view of the same
portions of FIG. 3A but viewed from under the frame,
wherein the shuttle is shown in the closed position;

[0019] FIG. 4is aperspective view of certain portions of the
solid imaging apparatus of FIGS. 1 and 2 illustrating the
cartridge being inserted into for being removed from) the slot
that holds the cartridge during operation of the solid imaging
apparatus;

[0020] FIG. 5A is a perspective view of the cartridge of
FIGS. 1-4 illustrating two selectively openable valves extend-
ing from the bottom wall of the cartridge

[0021] FIG.5Bis a front elevational view of the cartridge of
FIGS. 1-4 illustrating two selectively openable valves extend-
ing from the bottom wall of the cartridge;

[0022] FIG. 5C is aside elevational view of the cartridge of
FIGS. 5A and 5B;

[0023] FIG.S5Disa frontelevational view of the cartridge of
FIG. 5C showing the interior of the cartridge and illustrating
the two mixing balls in the cartridge and the spring in each
selectively openable valve to prevent the balls from becoming
lodged in a valve;

[0024] FIG. 5E is an enlarged perspective view of the car-
tridge of FIGS. SA-5D shown in its position within the solid
imaging apparatus relative to the shuttle and the portion of the
frame that the shuttle moves along, wherein the valve opening
devices are not in contact with the selectively openable
valves;

[0025] FIG. 5F is an enlarged perspective view similar to
FIG. 5E but showing the shuttle moved to a different location
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such that the valve opening devices are not contact with the
selectively openable valves to cause solid imaging material to
dispense from the cartridge;

[0026] FIG. 5G is a front elevational view of the cartridge
above the frame;

[0027] FIG. 5H is a side elevational cross-section view of
the valve opening device in a position where it applies a force
to the side of the selectively openable valve;

[0028] FIG. 51 is a side elevational view of the cartridge
above the frame;

[0029] FIG. 5] is a top cross-section view of the valve
opening device in the position where it applies a force to the
side of the selectively openable valve;

[0030] FIG.5A is a perspective view of the tray of the solid
imaging apparatus of FIGS. 1-3B, illustrating the adhesion of
the film to an upper surface of the tray bottom edge, wherein
atleast one of the film surface and the upper surface of the tray
bottom edge is textured to increase adhesion of the film to the
tray bottom edge;

[0031] FIG. 6B is a side elevational view of'the tray of FIG.
6A, illustrating the filter area of the tray and the adhesion of
the film to an upper surface of the tray bottom edge;

[0032] FIG. 6C is an enlarged view of a portion of FIG. 6B,
illustrating in more detail the filter area of the tray and the
adhesion of the film to an upper surface of the tray bottom
edge;

[0033] FIG. 6D is a top plan view of the tray of FIG. 6A;
[0034] FIG. 6E is a side elevational view of the tray of FIG.
6A;

[0035] FIG. 7 is a perspective view of the frame with a

gasket where the tray of the solid imaging apparatus of FIGS.
1-3B is positioned, wherein the gasket provides a seal
between the bottom outside surface of the tray and the support
surface of the frame of the solid imaging apparatus, and
illustrating the passage for the supply and removal of air from
between the bottom of the tray and the support surface of the
frame;

[0036] FIG.8A isafrontelevational view ofthe cartridge in
the cartridge slot and of the frame of the solid imaging appa-
ratus of FIGS. 1-3B illustrating the air supply to provide
positive air pressure and negative air pressure to the passage
shown in FIG. 7,

[0037] FIG. 88 is a side elevational cross-section view of
the frame, tray, and coater bar of the solid imaging apparatus
of FIGS. 1-3B, illustrating the coater bar in the position prior
to the first movement to scrape or push uncured solid imaging
material of a previous layer toward the filter portion of the
tray,

[0038] FIG. 8C is a detailed side elevational cross-section
view of the passage for the supply and removal of air from
between the bottom of the tray and the support surface of the
frame;

[0039] FIG. 8D is a detailed side elevational cross-section
view of the filter portion of the tray;

[0040] FIG.9A is atop perspective view of the coater bar of
the solid imaging apparatus of FIGS. 1-3B illustrating the
scraping edge (also referred to herein as a first scraping edge)
and illustrating the upper recesses on the upper portion of the
coater bar that permit solid imaging material to generally flow
over the coater bar prior to the second movement of providing
a layer of solid imaging material on the film of the tray,
wherein the upper recesses are separated by a plurality of
connection portions that define at least two connection posi-
tions;
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[0041] FIG.9Bis atop perspective view of the coater bar of
FIG. 9A illustrating the layering edge (also referred to herein
as a second layer edge) and illustrating the upper recesses on
the upper portion of the coater bar that permit solid imaging
material to generally flow over the coater bar prior to the
second movement of providing a layer of solid imaging mate-
rial on the film of the tray, wherein the upper recesses are
separated by a plurality of connection portions that define at
least two connection positions;

[0042] FIG. 9Cisaside elevational view of the coater bar of
FIG. 9A illustrating the scraping edge on the right lower side
of the coater bar and the layering edge on the left lower side
of'the coater bar and illustrating the connection portion on the
upper side of the coater bar, wherein the connection portion
defines a wedge-slot comprising two surfaces that are gener-
ally at an angle to the other;

[0043] FIG.9Dis aside elevational view of the coater bar of
FIG. 9A upside down illustrating the plurality of tabs extend-
ing generally orthogonal to the second layering edge;

[0044] FIG. 9E is a top plan view of the coater bar of FIG.
9A illustrating the connection portions and the upper recesses
therebetween;

[0045] FIG. 9F is a side elevational view of the coater bar
similar to FIG. 9C;

[0046] FIG.9G is aside elevational view of the coater bar of
FIG. 9A upside down illustrating the first scraping edge;
[0047] FIG.10Ais atop planview ofthe imager of the solid
imaging apparatus of FIGS. 1-38 illustrating the shutter in the
open position, wherein the shutter is connected to the imager
by a porch;

[0048] FIG. 10B is a front elevational view of the imager of
FIG. 10A illustrating the shutter in the open position;

[0049] FIG. 10C is a top plan view of the imager of FIG.
10A illustrating the shutter in the dosed position;

[0050] FIG. 10D is a front elevational view of the imager of
FIG. 10C illustrating the shutter in the closed position;
[0051] FIG. 10E is a side elevational view of the imager of
FIG. 10A illustrating the shutter in the open position and
projecting an image that is reflected by a mirror (not shown)
onto the image plane (not shown);

[0052] FIG. 10F is a top plan view of the imager similar to
FIG. 10C illustrating the shutter in the closed position;
[0053] FIG. 10G is a detailed side elevational view of the
imager of FIG. 10F illustrating the shutter in the closed posi-
tion over the lens of the imager and illustrating the diffuser
and actinic radiation sensor that are connected to the shutter
for measuring the intensity of actinic radiation projected by
the imager;

[0054] FIG. 11A is an perspective view of the build plat-
form of the solid imaging apparatus of FIGS. 1-3B, and
illustrating the motor driven screws and guides for moving the
build platform vertically (along the z-axis); and

[0055] FIG. 11B is a side elevational view of the build
platform of FIG. 11A illustrating the build pad attached to the
build platform.

DETAILED DESCRIPTION OF THE INVENTION

[0056] The present invention now will be described more
fully hereinafter with reference to the accompanying draw-
ings, in which some, but not all embodiments of'the invention
are shown. Indeed, the invention may be embodied in many
different forms and should not be construed as limited to the
embodiments set forth herein; rather, these embodiments are
provided so that this disclosure will satisfy applicable legal
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requirements. Although apparatus and methods for creating
three-dimensional objects are described and shown in the
accompanying drawings with regard to specific types of solid
imaging apparatus and components thereof; it is envisioned
that the functionality of the various apparatus and methods
may be applied to any now known or hereafter devised solid
imaging apparatus for making three-dimensional objects
based upon computer or digital data representing the object to
be made. Like numbers refer to like elements throughout.

[0057] With reference to FIGS. 1-11B, a solid imaging
apparatus in accordance with one embodiment of the present
invention is illustrated. Although the figures are for a single
embodiment of a solid imaging apparatus, the present inven-
tion encompass additional solid imaging apparatus having
more, fewer, and alternative components, as well as similar
components of different design as described herein.

[0058] FIG. 1 shows a solid imaging apparatus 10 of one
embodiment of the present invention illustrating the front
door 12 through which an operator is able to access the build
chamber inside the solid imaging apparatus. FIG. 2 shows the
solid imaging apparatus 10 with most of the external walls
removed in order to better illustrate the build chamber 14. A
cartridge 16 includes a supply of solid imaging material (not
shown) that can be selectively dispensed into a tray 18 of the
solid imaging apparatus. The tray 18 holds the solid imaging
material used to build the three-dimensional object (not
shown) during the build process. The solid imaging material
can be any photocurable material known in the art or devised
hereafter. Examples of photocurable materials suitable for
use with various embodiments of the present invention
include the photocurable materials described in U.S. Pat. No.
7,358,283 and U.S. Patent Application Publication No. 2010/
0056661. The solid imaging material is dispensed from the
cartridge 16 through one or more selectively openable valves
20 on a bottom wall of the cartridge. One or more valve-
opening devices 22, preferably one valve-opening device for
each selectively openable valve (any combination of opening
devices and valves may be used depending upon their relative
shapes), provide a force to the side of the selectively openable
valve 20 to allow the solid imaging material to dispense from
the cartridge 16. The valve-opening devices 22 of FIG. 2 are
attached to a shuttle 24 that moves back and forth generally
along the x-axis of the solid imaging apparatus 10. By selec-
tively moving the shuttle 24 back along the x-axis, the valve
opening devices 22 apply the force to the side of the selec-
tively openable valves 20. The amount of solid imaging mate-
rial dispensed from the cartridge into the tray is based upon
the duration that the valve-opening devices 22 apply the force
to the selectively openable valves 20, as discussed more fully
below. The shuttle 24 of FIG. 2 includes at least one opening
proximate the valve-opening devices to permit the dispensed
solid imaging material to pass through the shuttle and into the
tray. Further embodiments of the present invention include
alternative devices for dispensing solid imaging material into
the tray.

[0059] A coating bar 26 is connected to the shuttle 24, such
as on the bottom of the shuttle, opposite the valve-opening
devices 22, as shown in FIG. 2. The coating bar 26 is also
moved generally along the x-axis when the shuttle is moved
by the shuttle motor 28 via the shuttle linkage 30. The coating
bar, as explained more fully below, scrapes or removes
uncured solid imaging material, as well as particles of cured
material that are not connected to the three-dimensional
object, left from a previously imaged or cured layer by mov-
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ing the coating bar in a first movement that is in the x-axis
direction. The coating bar 26 includes a connection portion
that allows its position, relative to the shuttle 24 and tray 18,
to be changed so that when the coating bar is moved back in
a second movement, it coats the bottom surface of the tray (it
applies a new layer of solid imaging material). Moving the
coating bar 26 in the second movement not only applies a new
layer of solid imaging material, but it also controls the thick-
ness of the layer and smoothes the surface of the layer. This
new layer of solid imaging material is selectively cured by an
image (not shown) projected by the imager 32 to form one
cross-sectional layer of the three-dimensional object being
built. The image projected by the imager 32 is reflected off a
mirror 34 and exposed through a supporting surface of the
frame 36 that is under the tray 18. The bottom surface of the
tray 18 comprises a radiation-transparent film through which
the image is projected so that the solid imaging material on
the tray is selectively cured by the projected image.

[0060] The three dimensional object is supported by a build
pad 34 (see FIGS. 11A and 11B for better detail) connected to
the bottom surface of build platform. The new layer of solid
imaging material is selectively cured after the build pad and/
or the previously cured layer of the three-dimensional object
is lowered to be in contact with the new layer so that the new
cured layer is adhered to the previously cured layer as is
commonly understood in the additive manufacturing arts.
Some embodiments of the present invention include a tex-
tured surface to improve the adhesion of the first layer of
cured material to the build pad. In some embodiments the
build pad includes a sheet of KYDEX® thermoplastic avail-
able from Kydex, LLC of Bloomsburg, Pa. After a layer is
selectively cured, the build platform moves up (vertically
along the z-axis) to raise at least that most recently cured layer
above the height of the coating bar 26, the shuttle 24, and the
valve-opening device 22 so that none of the moving parts of
the solid imaging apparatus 10 contact the three-dimensional
object, which could damage the three-dimensional object and
cause the build to fail.

[0061] FIGS. 3A and 3 illustrate the frame 36 of the solid
imaging apparatus 10 of FIGS. 1 and 2. It should be appreci-
ated that the solid imaging apparatus 10 include other por-
tions of the frame to define the entire frame of the machine;
however, the illustrated portion of the frame is discusses as
many of the most important features of the solid imaging
apparatus are connected to this portion of the frame that is
generally disposed along the x-axis and y-axis. The shuttle
24, shuttle motor 28, tray 18, and the cartridge 16 (via slot 38
discussed more fully below) are all connected to the frame 26.
FIG. 4 illustrates the frame 36 and slot 38 in more detail. The
slot 38 is shown in the cartridge-loading and cartridge-un-
loading position, such that it is angled upward to allow the
cartridge to be slid in or out of the slot 38. An upper frame
portion 40 includes a cartridge opening 42 (that is aligned
with an access door (not shown) on the exterior of the solid
imaging apparatus 10) through which an operator can pass the
cartridge to load it into, or unload out of, the slot 38. Once the
cartridge 16 has been fully loaded into the slot 38, as shown in
FIG. 4, the operator pivots the left side of the slot down to lock
the slot into a generally horizontal position that it remains
during the build process of the solid imaging apparatus. The
left side of the slot 38 rests upon a load cell 44 that measures
the amount of solid imaging material remaining in the car-
tridge 16, as more fully described below. Both sides of the slot
38 are attached to opposite rails 46 of the frame 36. The
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shuttle 24 is moved back and forth along the rails 46 to move
the coating bar 26 and to move the valve-opening devices 22
against the selectively openable valves 20 of the cartridge 16
during the build process of the solid imaging apparatus. The
rails 46 can be raised relative to the frame to permit loading
and unloading of tray 18. When an operator lifts the front end
of the rails, the shuttle and cartridge are similarly lifted
because they are connected to the rails 46. The rails are also
connected to lift assists 48 on either side of the rails that
enable the rails to stay in an upper position once the operator
has raised the rails. The lift assists 48 are support gas cylin-
ders, as known in the mechanical arts; however, lifts assists of
further embodiment of the present invention include any
device that assist in lifting and keeping up the rails 46 until the
operator is ready to lower the rails back to their operating
position (generally level and parallel with the frame 36).

[0062] FIGS. 5A through 5J provide multiple views of the
cartridge 16 and the selectively openable valves 20 on the
bottom wall thereof. FIGS. 5A through 5C show the exterior
of'the cartridge having at least one sidewall (such as the front
wall and back wall), a top wall, and a bottom wall and having
two selectively openable valves on the bottom wall, a venting
cap on the top wall, generally horizontal slots on the front and
back walls for receiving tabs of the slot 38 for retaining the
cartridge in a preferred position, and generally vertical slot or
slots to provide a surface(s) for the operator to grip the car-
tridge during loading and/or unloading of the cartridge into
and/or out of, respectively, the slot. FIG. 5D shows the inte-
rior of the cartridge, which is illustrated with three mixing
balls 50 that are provided to help the solid imaging material in
the cartridge become mixed when the cartridge is shaken by
the operator prior to insertion of the cartridge. Similarly,
because the solid imaging material of some embodiments of
the present invention include some particles that may settle to
the bottom or top of the material if the cartridge is not moved
for an extended period of time, the solid imaging apparatus
may prompt the operator to remove the cartridge and shake it
for a certain period of time to ensure that the solid imaging
material is properly mixed prior to solid imaging material
being dispensed into the tray during a build process. The
mixing halls provide improved mixing while the cartridge is
shaken at whatever times the operator is instructed to shake
the cartridge. To prevent the mixing balls from stopping or
limiting the flow of solid imaging material through the selec-
tively openable valves, a valve plug 52 is provided in the
interior portion of the selectively openable valves. The valve
plug includes passages that are large enough to allow the solid
imaging material to flow into the valve but small enough to
prevent the mixing balls from stopping or limiting flow
through the valve. Further embodiments of the present inven-
tion include alternative valve plugs or include alternative
selectively openable valves that do not require valve plugs for
stopping mixing balls or other items in the cartridge from
stopping or limiting flow of solid imaging material through
the selectively openable valves. The selectively openable
valves of the present invention can be any openable valves
known to one skill in the art, including but not limited to
silicone valves such as the bite valves available from Camel-
Back of Petaluma, Calif.

[0063] FIGS.5A and 5D show a recess 54 in the top wall of
the molded cartridge 16 that is adapted to receive a radio
frequency identification tag (RFID tag that includes informa-
tion relating to the solid imaging material in the cartridge.
FIG. 5E shows the RFID tag 56 installed in the recess 54. The

Mar. 28, 2013

slot 38 includes an RFID reader 58 (shown in FIG. 4) that can
read the information on the RFID tag and/or write informa-
tion to the RFID tag when the cartridge is loaded into the slot.
The RFDtag 58 allows the solid imaging apparatus to identify
the type of solid imaging material in the cartridge (to ensure
it is consistent with the solid imaging material in the tray and
the material intended to be used to make the three-dimen-
sional object), ensure that the material is not expired or sub-
ject to a recall or has other conditions requiring a notice or
warning to the operator, and assist in determining how mud
material remains in the cartridge based upon records of the
cartridge’s manufacture and prior usages.

[0064] FIG. 5E shows the cartridge 16 above the shuttle 24
without the slot 38 and without the coating bar 26 to better
explain the cartridge and shuttle. As mentioned above, the
shuttle 24 includes openings 60 proximate the valve-opening
devices 22 that enables the dispensed solid imaging material
to pass through the shuttle 24 and into the tray below. The
bottom side of the shuttle includes tabs 62 that contact a
connection portion of the coating bar, as described more fully
below. FIG. 5E shows the shuttle in a partially closed position
(when the shuttle is moving either in the first movement or the
second movement), and FIG. 5F shows the shuttle in a dis-
pensing position which in the illustrated embodiment is
slightly beyond the shuttle open position. The shuttle open
position is when the valve-opening devices are proximate the
selectively openable valve but not applying a force to the
valves sufficient to dispense solid imaging material from the
cartridge. The shuttle is in the open position generally when-
ever the shuttle is not moving the coating bar to scrape/clean
a previous layer or to apply/coat a new layer or moving the
valve-opening device(s) to apply a force against a side of the
selectively openable valve(s), such as when the three-dimen-
sional object has been lowered to contact the new layer of
solid imaging material and/or when the new layer of solid
imaging material is being selectively cured by the imager.
Another instance when the shuttle is in the open position is
when the shuttle is stationary in the closed position prior to
and during the opening of the door 12 of the solid imaging
apparatus 10 in order to prevent outside actinic radiation from
unintentionally curing the solid imaging material in the tray
18. The shuttle 24 may be in the open or closed position when
the operator lifts the rails 46 in order to replace the tray
because the new tray being inserted typically will not include
the solid imaging material in it during installation and the
removed tray with solid imaging material will likely be dis-
carded.

[0065] FIGS. 5F through 5J show different perspectives of
the valve-opening device applying a force to the selectively
openable valve in order to cause the solid imaging material to
dispense from the valve. The selectively openable valve
defines an axis that is generally parallel to the z-axis, so that
as the valve-opening device moves in the x-axis, it applies a
force that is generally orthogonal to the axis of the valve. As
shown in FIG. 5D, the valve of some embodiments includes a
slit 64 that is generally aligned along the x-axis, so that when
the valve-opening device applies a force along the x-axis, the
slitis opened up to allow solid imaging material to flow out of
the cartridge. The selectively openable valve in these embodi-
ments comprises a “bite valve” of elastomeric material,
which are known in the art; however, further embodiments of
the present invention include valves (and corresponding valve
opening devices) of alternative design that perform the same
function of selectively allows solid imaging material to selec-
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tively flow from the cartridge into the tray. Further embodi-
ments of the present invention apply a force, along any axis or
combination of axes, on the cartridge (such as on the top wall,
or the bottom wall) to increase the pressure inside the car-
tridge a sufficient amount to open the selectively openable
valves to dispense solid imaging material. Still further
embodiments include an air hose connected to the cartridge to
selectively apply air pressure to the inside of the cartridge a
sufficient amount to open the selectively openable valves to
dispense solid imaging material.

[0066] Turning now to the tray of FIGS. 6 A through 6E, the
tray 18 defines a generally square or rectangular tray com-
prising a bottom surface and side walls about an inch or less
in height. Further embodiments of the present invention
include trays that are any shape and size that is suitable for the
type of imager, the size of the image plane, or any other
parameters. The tray 18 of the illustrated embodiment is a
plastic tray, such as a polypropylene tray, with a bottom
surface that defines a bottom edge onto which a radiation-
transparent film 66 is adhered. The “bottom surface” of vari-
ous embodiments of the present invention may comprise a
large area (in the plane of the x- and y-axes) or a small area,
including an area as small as the cross-sectional thickness of
the side walls. The film is generally radiation-transparent to
the actinic radiation used to cure the solid imaging material.
The film also defines a surface that the cured solid imaging
material can be easily separated from. The film 66 of the
illustrated embodiment is a fluorinated ethylene propylene
(FEP) film; however, further embodiments of the present
invention include polytetrafluoroethylene (PTFE) film or the
like as described more fully in incorporated U.S. Pat. No.
7,614,866. Because the film is generally non-stick, in order to
adhere the edges of the film 66 to the bottom edge of the tray
18, the film surface to be adhered and/or the bottom edge
surface to be adhered is mechanically and/or chemically tex-
tured to provide better adhesion between the film and bottom
edge of the tray. Although the illustrated embodiments dis-
close a film that is adhered to the bottom surface with an
adhesive or two-sided tape, such as two-sided tape available
from 3M of St. Paul, Minn., further embodiments of the
present invention adhere the film and bottom surface and/or
side walls using alternative techniques known in the art to
adhere two surfaces, including but not limited to ultrasonic
welding, mechanical joining (such as with a pinch device or
clamp device), injection molding the bottom surface and/or
side walls onto the film, using a multilayered, multimaterial
film, and the like.

[0067] The tray 18 also includes filter portion 68 on an end
of the tray opposite the cartridge. Because the solid imaging
material may include is particles of hardened solid imaging
material or other impurities that would adversely affect the
quality of the three-dimensional objects being made by the
solid imaging apparatus, the tray 18 has filter portion 68
through which uncured solid imaging material from previ-
ously cured layers and new solid imaging material dispensed
from the cartridge 16 are passed through the filter portion 68
to collect undesirable particles outside of the imaging area.
During operation of the solid imaging apparatus, the newly
dispensed solid imaging material is dispensed prior to the first
movement of the coating bar so that the newly dispensed
material travels with the scraped/moved uncured solid imag-
ing material from the previous layer so that the materials are
mixed/combined. The coating bar 26 travels until the coating
bar contacts the filter wall 70 causing the mixed/combined
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solid imaging material to flow over the filter wall and through
the filter portion 68 and out filter exit 72 so that the filtered
solid imaging material is proximate the leading edge of the
coating bar as the coating bar is moved in the second move-
ment to apply/form the new layer of solid imaging material on
the bottom film of the tray, as discussed more fully below.

[0068] FIG. 7 shows the frame 36 with gasket 74 in the
recess for receiving the tray 18. To prevent vapor lock
between the recess and tray, either one or both include fea-
tures, such as ribs or recesses to permit the removal of the tray
from the recess. The rails 46 (not shown in FIG. 7), keep the
tray 18 in the recess during operation of the solid imaging
apparatus. The recess includes a radiation-transparent sup-
portsurface 76, such as glass or plastic material that generally
allows the desired wavelength of actinic radiation for curing
the solid imaging material to pass through the support sur-
face. The air passage 78 is also shown in FIG. 7, to which the
air hose 80 is attached to supply the positive and negative air
pressures discussed below. The positive and negative air pres-
sures may be provided by any technique known in the art
including, but not limited to a diaphragm pump connected to
a DC motor, a peristaltic pump, a centrifugal pump, and the
like.

[0069] To assistthe film 66 oftray 18 in separating from the
cured layer of solid imaging material connected to the three-
dimensional object supported by the build pad on the build
platform, a positive air pressure is applied through hose 80 to
passage 78 prior to, simultaneous with, and for immediately
after the build platform is vertically raised (along the z-axis)
to allow the flexible film to more easily separate from the
cured layer in the same or similar fashion to what is disclosed
in the prior art patents incorporated by reference. The gasket
74 provides a generally air tight seal to ensure that no or
minimal air is allowed to escape or enter between the film 66
and the support surface 76 to provide better control of the film
position to thereby provide better separation of the film from
the cured layer. The gasket 74 of the illustrated embodiment
includes a single strip of gasket material (any suitable mate-
rial known in the art) along three edges of the tray and
includes two strips of gasket material the edge of the tray
proximate the passage 78 to ensure an adequate seal while
providing some clearance for the tray position within the
recess of the frame 36. Alternative gasket patterns are
included in the present invention to ensure adequate sealing
and providing ease of installation of the tray (which will be
installed by the operator). The gasket of some embodiments
of'the present invention also prevents any solid imaging mate-
rial that might unintentionally spill out of the tray from flow-
ing between the film of'the tray and the support surface, which
could undesirably limit the flow of air between the film of the
tray and the support surface and/or block the actinic radiation
projected from the imager.

[0070] FIGS. 8A through 8D illustrate the operation of the
solid imaging apparatus that includes the tray 18 and coating
bar 26 installed. FIG. 8B shows the coating bar 26 connected
to the tabs 62 of the shuttle (not shown in FIG. 8B) in the
position the coating bar would be located during the curing of
the layer of solid imaging material and/or during the dispens-
ing of the solid imaging material from the cartridge. FIG. 8C
shows in detail the air hose 80 connection to the air passage 78
that is positioned below the film 66 of the tray 18. FIG. 8D is
adetailed view of the filter portion 68 and surrounding area of
the tray 18. Although not shown in the figures, the coating bar
assists in removing the air from between the film 66 and the
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support surface 76 because after the cured layer has been
separated from the top surface of film 66 and lifted a safe
distance to clear the shutter 24 and its connected components,
a negative air pressure (which, like the positive air pressure
through hose 80 can be supplied by a simple air pump with
valves or any other devices for providing positive and nega-
tive air pressure) is applied to passage 78 so that the air
between film 66 and support surface 76 is removed to ensure
that film 66 lays flat on the support surface 76. The coating
bar, during both the first movement of scraping uncured solid
imaging material and the second movement of applying a
layer of solid imaging material, pushes any trapped air
bubbles between the film and support surface, thereby assist-
ing in the removal of air. The shuttle is preferably, though not
required to be, connected to the coating bar with a spring
device or other device that applies as downward force on the
coating bar to improve the scraping/cleaning of uncured solid
imaging material and to help determine and/or maintain the
gap distance that sets, in part, the layer thickness of the newly
applied layer of solid imaging material. The downward force
also assists in removing air bubbles from between the film and
support surface.

[0071] Turning now to the coating bar 26 of FIGS. 9A
through 9G, the coating bar generally extends along the
y-axis and on a lower edge (in the z-axis) the coating bar
comprises a first scraping edge 82 extending generally along
the y-axis and a second layering edge 84 also extending
generally along the y-axis. The second layering edge 84 does
not actually contact the film 66 of tray 18 when it defines the
lowermost portion of the layer bar; instead the plurality of
tabs 68 contacts the film upstream of the second layering
edge. The plurality of tabs 68 extend generally along the
x-axis (orthogonally to the first scraping edge and second
layering edge) and are spaced apart along the y-axis length of
the coating bar 26. A gap between the bottom of second
layering edge 84 and the bottom of the plurality of tabs 68
controls, in part, the thickness of the layer of solid imaging
material applied during the second movement of the coating
bar. Other parameters that control the thickness of the layer
include, but are not limited to the speed of movement of the
coating bar, the viscosity or other properties of the solid
imaging material, and other process or material parameters.
The first movement of the coating bar has the plurality of tabs
68 on the trailing edge (on the side generally free of solid
imaging material that has been scraped/cleaned by the first
scraping edge. The second movement of the coating bar has
the plurality of tabs on the leading edge and generally sur-
rounded by solid imaging material being pushed by the sec-
ond layering edge so that the solid imaging material passes
around the plurality of tabs and under the second layering
edge to form the new layer of solid imaging material. The
cross-sectional shape of the plurality of tabs is generally
rectangular with a relatively narrow width along the y-axis, so
that the solid imaging material is able to fill any wake left
behind the moving bottom surface of the plurality of tabs so
that there are no streaks, gaps, or other points without solid
imaging material in the new layer applied by the second
layering edge. Further embodiments of the present invention
include alternative shapes for the plurality of tabs to minimize
or prevent the presence of discontinuities in the applied layer
of'solid imaging material. The shape and size (particularly the
thickness along the y-axis) of the tabs are generally depen-
dent upon the viscosity of the solid imaging material, such
that the higher viscosity the material, the thinner the tabs’
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profile should be along the x-axis to prevent the formation of
wakes (areas in the layer with no solid imaging material).

[0072] During the first movement of the coating bar, the
first scraping edge contacts the upper surface of the film 66
generally along the entire y-axis width of the imaging area of
the film and generally along the entire x-axis distance of
travel of the coating bar. As previously mentioned, the first
movement of the coating bar preferably continues until the
coating bar contacts the filter wall 70 proximate the front end
of the tray. By contacting the filter wall, the coating bar not
only forces the pushed material (both the scraped uncured
material of the previous layer and the newly deposited mate-
rial from the cartridge) over the filter wall and into the filter
portion 68, but the coating bar causes the tab 62 to move
within the connection portion 88 of the recoater bar to pivot
the coating bar from the first scraping position (in which the
first scraping edge is contacting the film surface, as shown in
FIG. 8B prior to the first movement) to the second layering
position (in which the plurality of tabs contact the film surface
and the second layering edge is positioned just above the film
surface). The coating bar of FIGS. 9A through 9G include
plurality of connection portions 88 that define a wedge-slot
that comprises two surface that are generally at an angle to
one another, as best shown in FIG. 9C. The tabs 62 of shuttle
24 contact surface 90 of connection portion 88 during the
second movement to push the plurality of tabs 86 against the
film 66 surface and raise the second layering edge provide the
gap for which solid imaging material can flow under to define
the new layer of solid imaging material. Alternately, the tabs
62 of shuttle 24 contact surface 92 of connection portion 88
during the first movement to push the first scraping edge
against the film 66 surface to cause the uncured solid imaging
material to be pushed by the coating bar to the filter portion 68
of tray 18.

[0073] Between the connection portions 88 of coating bar
26 are provided upper recesses 94 that are sized to allow some
solid imaging material to flow over the upper recesses during
the first movement and/or as the coating bar is positioned
against filter wall 70 so that the solid imaging material is
available in front of the second layer edge in order to be
applied as the new layer of solid imaging material during the
second movement. Any material that flows through the upper
recesses does not have particles filtered out; however, by
allowing some material to bypass the filter portion, the speed
of the build process can be reduced and/or the build process
can continue even if the filter portion becomes partially or
fully blocked with filtered particles. The filtered particles are
typically small pieces of cured solid imaging material that
were either unintentionally cured, such as by scattered actinic
radiation or outside actinic radiation, or were pieces of the
three-dimensional object that unintentionally detached from
the object. Regardless of how the pieces of cured solid imag-
ing material were created, certain embodiments of'the present
invention filter them out of the solid imaging material and
retain them in the filter portion 68 until the tray 18 is replaced
in order to prevent such pieces from becoming part of the
three-dimensional object and possibly diminishing the qual-
ity of the three-dimensional object, particularly if the piece is
integrated into the outer edges of the three-dimensional
object.

[0074] Alternative embodiments of the present invention
include coating bars have two separate portions that provide a
first scraping edge and a second layering edge, such that one
is raised relative to the other during the respective movement.

24



US 2013/0075954 A1

However, by combining both scraping and layering/coating
into a single coating bar, the present invention provides an
effective, reasonably priced solution for providing layers of
solid imaging material in a tray of a solid imaging apparatus.
Prior art solid imaging apparatus with tray type devices typi-
cally do not include any coating bar or other scraping and
layering device because those apparatus typically provide an
amount of material well above a layer thickness. However,
such conventional solid imaging apparatus create parts with
additional uncured solid imaging material on the side walls of
previously cured parts which can lead to diminished side wall
accuracy and/or waste of build material that must be cleaned
off during post processing.

[0075] Certain embodiments of the present invention also
include a sensor, similar in appearance to the passage 78 and
positioned under the film 66, to send an optical or other signal
through the film and solid imaging material and off a reflector
(not shown) positioned on the bottom of the slot 38 and back
to the sensor (for embodiments where the sensor is positioned
below slot 38). Based upon the intensity of the received signal
relative to the transmitted signal, the sensor output can be
converted to a measurement of the amount of solid imaging
material in the tray 18. This measurement is used by the
controller of the solid imaging apparatus 10 to calculate the
amount of solid imaging material needed to be dispensed into
the tray from the cartridge 16. The amount of material needed
is converted into a duration for applying a force to the selec-
tively openable valves 20 by the valve-opening devices 22 the
distance that the valve-opening devices can also be controlled
and/or accounted for in the calculations because opening the
valves a greater extent for a shorter period of time (or vice
versa) could provide the amount of solid imaging material
needed). Because the head pressure in the cartridge can
change the flow rate of the solid imaging material out of the
cartridge, the amount of material in the cartridge is deter-
mined by the measurements taken by the load cell 44 (or any
other device that can be used to measure the amount of solid
imaging material in the cartridge) and included in the calcu-
lation to determine the duration that the valve-opening
devices 22 apply a force to the selectively openable valves 20.
Moreover, various embodiments of the present invention cal-
culate the amount of dispensed material required based upon
the pattern of the cured solid imaging material of the previous
layer to replace the cured amount of material. Still further
embodiments combine the real-time measurements of solid
imaging material with theoretical calculations based upon
part geometry (the cross-sectional area of cured material) to
determine the amount of solid imaging material to dispense.

[0076] Measurements of the amount of material in the tray
18 can be performed at any time during the layer forming
process, such as prior to the first movement, prior to the
second movement, and/or subsequent to the second move-
ment. The sensor(s) can also be used to determine if an inad-
equate amount of solid imaging material was applied to
thereby dispense additional material and repeat the first and
second movements prior to lowering the previously cured
layers of the three-dimensional object into the new layer of
material and selectively curing the new layer of material.

[0077] Turning now to FIGS. 10A-10G, the imager 32 of
certain embodiments of the present invention includes a
porch 96 mounted near or around the lens 98 of the imager. A
shutter 100 is rotatably connected to the porch 96 by a motor-
ized hinge or similar device. The shutter 100 includes an
imager sensor 102 mounted on a side of the shutter that faces
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the lens 98 when the shutter is in the closed position. Because
some sensors 102 can be flooded by the direct actinic radia-
tion projected by the imager 32, causing reductions in mea-
surement accuracy, the shutter 100 of the illustrated embodi-
ment includes a diffuser 102 positioned above the sensor so
that actinic radiation projected by the imager is diffused prior
to being measured by the sensor. The solid imaging apparatus
can undergo an automatic calibration process to determine
the intensity of actinic radiation of any point or group of
points (pixels or group of pixels) in the image. This process is
typically performed prior to the first build process (during
manufacturing and/or at the customer location) and can also
be performed at various times during the life of operation of
the solid imaging apparatus. The process is typically per-
formed between build processes (in other words, when a
three-dimensional object is not being built), however, it is
possible to pause a build process and perform the calibration
procedure and then resume the build process.

[0078] To determine the intensity profile of the projected
image, the shutter is moved from the open position to the
closed position. The imager then projects a predetermined
sequence of projections of actinic radiation at known loca-
tions and the measurements from the sensor (or sensors in
certain embodiments) are correlated to the locations of the
projections to determine relative intensities throughout the
projected image. This map of intensity profiles is then used by
the controller of the solid imaging apparatus (or by a separate
controller used in conjunction with the solid imaging appa-
ratus) to adjust the levels of radiation projected by the various
points or pixels in the imager to ensure that the corresponding
points or pixel locations in the layers of solid imaging mate-
rial receive the desired amount of actinic radiation (such as
the critical energy for photopolymerization and/or to impart
desired mechanical and/or chemical properties to the solid
imaging material). Various techniques for providing the
desire amount of actinic radiation, such as by gray-scaling
and/or projecting multiple patterns per layer, are disclosed in
the patents incorporated by reference in their entirety herein.

[0079] Turning now to the embodiments of FIGS. 11A and
11B, the build platform 106 is of the type disclosed in the
prior art patents incorporated by reference herein, including
but not limited to U.S. Pat. No. 7,614,866. A build pad 108 is
removably connected to the bottom of the build platform for
supporting the three-dimensional object to be made, either
through intermediate support structures made by the solid
imaging material or directly by contact with the three-dimen-
sional object. The build pad of the illustrated embodiment
includes a sheet of KYDEX® brand thermoplastic acrylic-
polyvinyl chloride alloy adhered to a layer of foam or other
resilient material. The build pads of further embodiments can
be made of alternative materials that provide an adequate
surface for adhering to the layers of cured solid imaging
material and that allow that layer to flex during the first few
layers of build in the event the build pad is not perfectly level
with the film of the tray and/or the support surface below the
film of the tray. By providing a certain amount of resiliency,
the build pad does not need to be precisely positioned parallel
to the support surface because during the first and subsequent
layers, any out of parallel portion will simply penetrate below
the standard position at the layer height and then compress
when the bottom surface of the build pad contacts the film of
the tray. Because the solid imaging material is displaced in the
out-of-level area, no solid imaging material will be cured;
however, such material would have likely been support struc-
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ture. The process is continued for each layer until the build
pad no longer contacts the film and the solid imaging material
begins to be cured. Typically, the out-of-level area is compen-
sated for prior to completion of the support structure so that
any discrepancies in the build process are limited to the sup-
port structures (which are typically discarded after the build
process) and therefore do not adversely impact the quality of
the three-dimensional object. Still further embodiments of
the present invention compensate for out-of-level build pads
by alternative techniques such as by controlling the z-axis
motors or other techniques.

[0080] The embodiments of the present invention
described above generally relate to solid imaging apparatuses
with DLP imagers. However, further embodiments of the
present invention include alternative imagers based upon
plasma screen technology. DLP imagers pose a number of
problems such as high cost and requirements to change bulbs
or other components relatively frequently. Moreover, many
DLP imagers for solid imaging must be specially designed
leading to even further costs and logistical issues, DLP imag-
ers also have radiation intensity variations and geocalibration
issues based upon the light source and/or the path and optics
used to project the image from the imager to the image plane.
Many of the problems associated with such DLP and similar
imagers are solved or avoided by the plasma screen based
imagers of certain embodiments of the present invention.
Liquid crystal display (LCD) imagers are also included in
other embodiments of the present invention; however,
because most solid imaging material used at present are cured
with actinic radiation in the UV range and current LCDs are
not optimal for providing UV light, this disclosure will focus
on plasma screens; however, it should be appreciated that
alternative embodiments of the present invention can use
similar techniques for improving upon LCD imagers to pro-
vide the desired actinic radiation (not necessarily UV light by
providing solid imaging materials that photopolymerize at
different wavelengths) and use the LCD imagers in the same
manner as disclosed herein with plasma screen imagers.

[0081] Current plasma screens do produce UV light that
can be used to photopolymerize common solid imaging mate-
rials; however, filters are currently added to plasma screens to
eliminate exposure to UV light wavelengths. Embodiments
of the present invention use the plasma screen as a light
engine by eliminating the UV filters currently provided on
plasma screens. Instead of filtering out the UV wavelengths,
the present invention actually want to use UV radiation for
imaging purposes. Instead of developing optics for a light
engine and then projecting that image via mechanical toler-
ances as in the prior art, the present invention allows three-
dimensional objects to be built directly on the plasma screen
or on a film, or film tray of the type disclosed above, placed
directly on the plasma screen which has been modified to
project UV light. Similarly, further embodiments of the
present invention include plasma screens that project other
actinic radiation that is paired to the particular photoinitiator
(s) of the solid imaging material to selectively cure the solid
imaging material in a similar fashion.

[0082] Current plasma screens have individual pixels
doped to produce red, green, or blue, which televisions use to
reproduce images for viewers. The present invention includes
embodiments that include plasma screens with pixels that are
custom doped to produce specific wavelengths which the
solid imaging material could be made to respond to in differ-
ent manners. In some embodiments, one pixel or collection of
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pixels could produce a first wavelength which cures solid
imaging material to define the three-dimensional objectand a
second wavelength which cures the solid imaging material to
define a support structure for the three-dimensional object.
After the build process is complete, the support structure
could be washed away or removed by other post-processing
techniques. These embodiments of the present invention pro-
vide different chemical and/or mechanical properties to the
cured solid imaging material based upon the particular wave-
length of actinic radiation that is absorbed by the solid imag-
ing material, and those differences in chemical and/or
mechanical properties can be used to improve the removal of
the support structure and/or improve surface flaws which
might otherwise occur when the support structure has the
same chemical and/or mechanical properties as the three-
dimensional object. Other similar embodiments of the
present invention cure the solid imaging material with differ-
ent wavelengths to provide different chemical and/or
mechanical properties for different portions of the three-di-
mensional object, such as by providing some portions with
rigid properties and other portions with elastomeric proper-
ties. Still further embodiments of the present invention com-
bine the above techniques to provide still further combina-
tions of chemical and for mechanical properties to cured solid
imaging material.

[0083] Further embodiments of the present invention
include plasma screens that have all the pixels doped for the
same wavelength to significantly improve the image resolu-
tion compared to standard plasma screens that are divided
into spaces of red, green, and blue thus diluting the pixel
resolution by at least one third. Still further embodiments
make additional customization to the pixels of the plasma
screen to reduce variability, improve image quality, and lower
product cost.

[0084] Plasma screen imagers of the type described above
can beused in the solid imaging apparatus described above by
simply removing the imager (and its associated shutter and
mirror) and placing the plasma screen imager directly
beneath the support surface. Further embodiments of the
present invention remove the support surface as well and use
the actual surface of the plasma screen imager as the support
surface onto which the film of the tray is placed.

[0085] Many modifications and other embodiments of the
invention set forth herein will come to mind to one skilled in
the art to which the invention pertains having the benefit of the
teachings presented in the foregoing descriptions and the
associated drawings. Therefore, it is to be understood that the
invention is not to be limited to the specific embodiments
disclosed and that modifications and other embodiments are
intended to be included within the scope of the appended
claims. It is intended that the present invention cover the
modifications and variations of this invention provided they
come within the scope of the appended claims and their
equivalents. Although specific terms are employed herein,
they are used in a generic and descriptive sense only and not
for purposes of limitation.

[0086] Accordingly, the present invention provides for the
production of three-dimensional objects with improved build
and support materials. Many modifications and other embodi-
ments of the invention set forth herein will come to mind to
one skilled in the art to which the invention pertains having
the benefit of the teachings presented in the foregoing
descriptions and the associated drawings. Therefore, itisto be
understood that the invention is not to be limited to the spe-
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cificembodiments disclosed and that modifications and other
embodiments are intended to be included within the scope of
the appended claims. It is intended that the present invention
cover the modifications and variations of this invention pro-
vided they come within the scope of the appended claims and
their equivalents. Although specific terms are employed
herein, they are used in a generic and descriptive sense only
and not for purposes of limitation.

[0087] The use of the terms “a” and “an” and “the” and
similar referents in the context of describing the invention
(especially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by context.
The terms “comprising,” “having,” “including,” and “con-
taining” are to be construed as open-ended terms (i.e., mean-
ing “including, but not limited to,”) unless otherwise noted.
Recitation of ranges of values herein are merely intended to
serve as a shorthand method of referring individually to each
separate value falling within the range, unless otherwise indi-
cated herein, and each separate value is incorporated into the
specification as if it were individually recited herein. All
methods described herein can be performed in any suitable
order unless otherwise indicated herein or otherwise clearly
contradicted by context. The use of any and all examples, or
exemplary language (e.g., “such as”) provided herein, is
intended merely to better illuminate the invention and does
not pose a limitation on the scope of the invention unless
otherwise claimed. No language in the specification should be
construed as indicating any non-claimed element as essential
to the practice of the invention.

1-74. (canceled)

75. A solid imaging apparatus for making a three-dimen-
sional object from solid imaging material, the solid imaging
apparatus comprising:

a cartridge including a supply of solid imaging material;

atray that holds solid imaging material dispensed from the

cartridge;

a moving portion; and

an imager that projects actinic radiation onto a layer of

solid imaging material in the tray to selectively cure the
layer of solid imaging material,

wherein the cartridge comprises at least one selectively

openable valve adapted to let solid imaging material
flow out of the selectively openable valve when a gen-
erally lateral force is applied to the selectively openable
valve by the moving portion.

76. A solid imaging apparatus according to claim 75,
wherein the selectively openable valve extends from a bottom
wall of the cartridge.

77. A solid imaging apparatus according to claim 75,
wherein the selectively openable is a downwardly facing
valve.

78. A solid imaging apparatus according to claim 75,
wherein the selectively openable valve comprises a slit on a
bottom surface.

79. A solid imaging apparatus according to claim 78,
wherein the slit on the bottom surface of the selectively open-
able valve defines an axis that is either generally orthogonal to
a direction of the force applied to the selectively openable
valve or generally aligned with the direction of the force
applied to the selectively openable valve to let solid imaging
material flow out of the selectively operable valve.

80. A solid imaging apparatus according claim 75, wherein
the moving portion comprises a shuttle to which a valve-
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opening device is connected, wherein the cartridge and
shuttle are relatively positioned such that predetermined
movement of the shuttle causes the valve-opening device to
apply the generally lateral force to the selectively openable
valve of the cartridge to allow solid imaging material to
dispense into the tray.

81. A solid imaging apparatus according to claim 80,
wherein the shuttle defines at least one opening proximate the
valve-opening device, wherein the dispensed solid imaging
material from selectively operable valve flows through the
opening while the valve-opening device applies the force to
the selectively openable valve.

82. A solid imaging apparatus according to claim 75 further
comprising a load cell that weighs at least a portion of the
cartridge and the solid imaging material contained therein.

83. A solid imaging apparatus according to claim 75 further
comprising an RFID reader that determines the type of solid
imaging material contained in the cartridge.

84. A method of providing solid imaging material to an
image plane of a solid imaging apparatus for making three-
dimensional objects, the method comprising:

a) pr viding a tray with a radiation-transparent bottom

surface proximate the image plane; and

b) applying a force to at least one selectively openable

valve of a cartridge containing solid imaging material to
open the selectively openable valve to allow the solid
aging material to flow from the cartridge into the tray.

85. A method according to claim 84, wherein applying the
force to the selectively openable valve allows the solid imag-
ing material to flow from the cartridge to the tray without
pumping, without providing a negative pressure, and without
providing a positive pressure.

86. A method according to claim 84 further comprising
determining a duration for applying the force to the selec-
tively openable valve based upon at least one of (i) a sensed
amount of solid imaging material in the tray and (ii) a mea-
sured amount of solid imaging material within the cartridge.

87. A method according to claim 86, wherein the amount of
solid imaging material within the cartridge is measured with
a load cell that weighs at least a portion of the cartridge and
the solid imaging material contained therein.

88. A method according to claim 84 further comprising
determining the type of solid imaging material contained in
the cartridge prior to applying the force to the selectively
operable valve of the cartridge.

89. A cartridge containing solid imaging material and for
use in a solid imaging apparatus, the cartridge comprising:

a container having at least one sidewall, a top wall and a

bottom wall; and
at least one selectively openable valve extending from a
least one of the sidewall, top wall, and bottom wall;

wherein the selectively operable valve is adapted to let
solid imaging material flow out of the selectively open-
able valve when a force is applied to at least one of the
cartridge and the selectively openable valve.

90. A cartridge according to claim 89, wherein the selec-
tively openable valve comprises a generally elastomeric
material comprises a slit on a bottom surface.

91. A solid imaging apparatus according to claim 89 further
comprising at least one mixing ball within the cartridge.

92. A solid imaging apparatus according to claim 91 further
comprising a prevention device inside the selectively open-
able valve to prevent the mixing ball from becoming stuck in
the selectively openable valve.
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93. A cartridge according to claim 89 further comprising an
RFID tag that identifies the type of solid imaging material
contained in the cartridge.

94. A cartridge according to claim 89, wherein the car-
tridge is adapted to let the solid imaging material flow from
the cartridge by substantially only gravity.

# #* #* #* #
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