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1. 

SYSTEMAND METHOD FOR 
MANUFACTURING 

FIELD 

The disclosure relates to a system and method for manu 
facturing. 

DESCRIPTION OF THE RELATED ART 

Three-dimensional rapid prototyping and manufacturing 
allows for quick and accurate production of components at 
high accuracy. Machining steps may be reduced or eliminated 
using such techniques and certain components may be func 
tionally equivalent to their regular production counterparts 
depending on the materials used for production. 
The components produced may range in size from Small to 

large parts. The manufacture of parts may be based on various 
technologies including photo-polymer using light or laser 
curing methods. Secondary curing may take place with expo 
sure to, for example, ultraviolet (UV) light. A process to 
convert a computer aided design (CAD) data to a data model 
Suitable for rapid manufacturing may be used to produce data 
Suitable for constructing the component. Then, a pattern gen 
erator may be used to construct the part. An example of a 
pattern generator may include the use of DLP (Digital Light 
Processing technology) from Texas Instruments.(R), SXRDTM 
(Silicon X-tal Reflective Display), LCD (Liquid Crystal Dis 
play), LCOS (Liquid Crystal on Silicon), DMD (digital mir 
ror device), J-ILA from JVC, SLM (Spatial light modulator) 
or any type of selective light modulation system. 
The accuracy of the component may at least in part be 

related to the accuracy of the pattern generator used to build 
the component. Thus, it is desirable to increase the accuracy 
of the pattern generator so that components may be properly 
constructed, within tolerances. Moreover, large components 
may require equipment that may include multiple pattern 
generators to access a wider field for construction of the 
component, allowing for larger components to be con 
structed. The pattern generators may be aligned to reduce 
gaps, voids, or excessive overlap of pattern generation. Where 
gaps or Voids exist, the component may be weak and prone to 
cracking, losing mechanical strength and/or be cosmetically 
defective. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The disclosure will now be described, by way of example, 
with reference to the accompanying drawings, in which: 

FIG. 1A is an example of a self-calibrating/self-correcting 
rapid manufacture machine. 

FIG. 1AA is an example of a self-calibrating/self-correct 
ing rapid manufacture machine where the pattern generators 
are mounted downwardly for direct projection and the imager 
is mounted to the side. 

FIG. 1B is an example of an imager calibration/correction 
method. 

FIG. 1C is an example of a pattern generator calibration/ 
correction method. 

FIG. 1D is an example of a pattern adjustment method. 
FIG. 1E is an example of a work piece construction 

method. 
FIG.1F is an example of a workpiece construction method 

having an on-the-fly calibration/correction of the patterngen 
eratOrS. 

FIG. 1G is an example of an on-the-fly calibration/correc 
tion method. 
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FIG. 1H shows an example schematic basic scheme of a 

process or a device (in cross-section), where radiation is 
carried out from the top. 

FIG. 1 I shows an example schematic basic scheme of a 
process or a device (in cross-section). 

FIG. 1J shows an example schematic scheme of a process 
or a device (in cross-section on the left; in perspective on the 
right) in a detailed view. 

FIG. 1K is an example of a generalized correction map 
generation system for use with the systems and methods 
described herein. 
FIG.1L is an example of pixel-based geometric correction. 
FIG. 1MA is an example of an original voxel data set 

having intensity information for each Voxel. 
FIG. 1MB is an example of a boundary determination for a 

component using the intensity information from each Voxel. 
FIG. 1MC is an example of a boundary offset determina 

tion from a central point to the Voxels. 
FIG. 1 MD a position shift is applied to determine a cor 

rected central point. 
FIG. 1ME is an example of applying a correction offset to 

the boundary of the component to a corrected Voxel location. 
FIGS. 1MF and 1MG are an example of a corrected inten 

sity determination for the corrected Voxel location using the 
component boundary. 

FIG. 1MAB is an example of an original bitmap. 
FIG.1MBB is an example of a boundary determination for 

a work piece using the pixels from the bitmap. 
FIG.1MCB is an example of a boundary offset determina 

tion from a central point to the pixels. 
FIG. 1MDB a position shift is applied to determine a cor 

rected central point. 
FIG.1MEB is an example of applying a correction offset to 

the boundary of the component to a corrected pixel location. 
FIG. 1MFB and 1MGB are an example of a corrected bit 

value determination for the corrected pixel location using the 
component boundary. 

FIG. 1N is an example of a bitmap correction and manu 
facturing method including processing of raw data defining 
the component to be manufactured. 

FIG. 1C) is an example of a bitmap geometric correction 
and manufacturing method including component geometry 
modification/correction and creating slice-type data. 

FIG. 1 P is an example of a voxelization correction process 
including geometric correction of Voxel data. 
FIG.1Q is an example of a voxelization correction process 

including component geometry modification/correction and 
Voxel data geometric correction prior to pattern generation. 

FIG. 1R is an example of subdividing a bitmap for compo 
nent geometry modification/correction. 

FIG. 1S is an example of subdividing voxel data for com 
ponent geometry modification/correction. 

FIG. 1 TA is an example of a component prior to geometry 
modification/correction. 

FIG. 1TB is an example of a first subdivided pattern of the 
example component of FIG. 1TA. 

FIG. 1TC is an example of a second subdivided pattern of 
the example component of FIG. 1TA. 

FIGS. 2A-2C are examples of a work piece being con 
structed at various stages. 

FIG. 3 is an example of an imager calibration/correction 
setup. 

FIG. 4A shows calibration/correction of a pattern genera 
tOr. 

FIG. 4B shows calibration/correction of an alternative pat 
tern generator. 
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FIG. 4C shows two pattern generators providing their cali 
bration/correction patterns at the same time. 

FIG. 5A shows an example of a barrel distortion of a 
pattern generator. 

FIG. 5B shows an example of a pincushion distortion of a 
pattern generator. 
FIG.5C shows an emphasized example of a nonlinear and 

skewed distortion of a pattern generator. 
FIG. 6 shows two calibration/correction patterns being 

compensated. 
FIG. 7A is a process for separating an image for use with 

multiple pattern generators. 
FIG. 7B is an example of a multi-component image prior to 

separation and alignment for use with multiple pattern gen 
eratOrS. 

FIG. 7C is an example of a multi-component image after 
separation and alignment for use with multiple pattern gen 
eratOrS. 

FIG. 7D is an example of a two components being pro 
duced using a dual pattern generator system. 

FIG. 8A is an example of an alternative rapid manufacture 
machine for use with the systems and methods described 
herein. 

FIG. 8B is an example of an alternative pattern generator 
and imager configuration for use with the systems and meth 
ods described herein. 

FIG. 8C is an example of an alternative rapid manufacture 
machine that includes a movable film to provide a reactive 
material. 

FIG. 8D is an example of calibrating a camera for use with 
the machine of FIG. 8C. 

FIG. 8E is an example of calibrating a pattern generator for 
use with the machine of FIG. 8C. 

FIG. 8F is another example of an alternative rapid manu 
facture machine that includes a movable film to provide a 
reactive material. 
FIG.8G is an example of calibrating a camera for use with 

the machine of FIG. 8F 
FIG.8H is an example of calibrating a pattern generator for 

use with the machine of FIG. 8F. 
FIG. 9A is an example of a dual pattern generator system. 
FIG.9B is an example of a mounting configuration for dual 

pattern generators for use with the example of FIG.9A. 
FIG. 10A is an example of a single pattern generator sys 

tem having a mirror. 
FIG. 10B is an exploded view of the single pattern genera 

tor system of FIG. 10A. 
FIG. 10C is an example of a perforated support plate sys 

tem for use with the pattern generator systems described 
herein. 

FIG. 10CA is an example of an alternative slatted support 
plate system for use with the pattern generator systems 
described herein. 

FIG. 10CB is an example of an alternative support plate 
system having a Substantially unbroken Surface for use with 
the pattern generator Systems described herein. 

FIG. 11 is an alternative example of a single pattern gen 
erator system having a direct output. 

FIG. 12 is an example of a system having an upward 
projecting single-pattern generator. 

FIG. 13 shows the build process of the system of FIG. 12. 
FIG. 14A is an example of a removable imager being 

calibrated for use with an upward projecting single pattern 
generator system. 

FIG. 14B is an example of a removable imager being used 
to calibrate an upward projecting single pattern generator 
system. 
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4 
FIG. 15 is an example of an upward projecting multiple 

pattern generator System, where an imager is being cali 
brated. 

FIG. 15A is an example of the upward projecting multiple 
pattern generator system of FIG. 15, where dual pattern gen 
erators are being calibrated. 

FIG.16 is an example of voxelized construction process for 
use, in an example, with the systems of FIGS. 1A, 1H-1J, 
2A-2C, and 9A-11. 

FIG.17 is an example of voxelized construction process for 
use, in an example, with the systems of FIGS. 8A-8H, 
12-15A. 

DETAILED DESCRIPTION 

The Figures illustrate examples of a system and method for 
manufacturing. Based on the foregoing, it is to be generally 
understood that the nomenclature used herein is simply for 
convenience and the terms used to describe the invention 
should be given the broadest meaning by one of ordinary skill 
in the art. 
The system and methods described herein are generally 

applicable to additive manufacturing of components or parts 
(discussed herein generally as components or work pieces), 
but may be used beyond that scope for alternative applica 
tions. As shown the system may be used for increased accu 
racy in making components or parts, and may be used with 
single pattern generator (such as a DLP device) or multiple 
pattern generators. Moreover, the system allows for the 
manufacture of large components because multiple pattern 
generators may be used without the need for aligning the 
work piece with respect to the pattern generators, and also 
that geometric correction allows for consistent build quality 
over the entire build surface, including the extreme corners. 
The method and system generally includes geometric correc 
tion to yield the desired physical representation of the com 
ponent or work piece that is representative of the actual data 
in the original three-dimensional CAD model, or any 
approximation thereof. 
The system is generally described as being used for manu 

facturing and rapid prototyping, where a pattern generator 
(such as a DLP device) provides an image to a reactive mate 
rial for selective hardening. The system may use single or 
multiple pattern generators. However, the pattern generators 
typically have linear and nonlinear distortions that cause inac 
curacies in the resulting part. The inaccuracies may be surface 
defects or more serious flaws that may cause the part to be 
structurally defective. In general, an application of the system 
and method described herein may use a pattern generator to 
build a three-dimensional object by exposing a reactive mate 
rial (discussed below as e.g., a polymerizable material) to 
electromagnetic radiation. The depth of hardening of the 
reactive material may be controlled by the intensity of elec 
tromagnetic radiation from the pattern generator at a specific 
point on a building Surface (e.g., a specific point on the Sur 
face where the reactive material is exposed to the electromag 
netic radiation) and the speed at which a Support plate moving 
away from the building Surface. 
As discussed herein, a reactive material may be discussed 

in the general sense as a material that reacts with the electro 
magnetic radiation from a pattern generator. The reaction 
may typically be expressed as a solidification or partial Solidi 
fication of the reactive material. This reaction to solidification 
or partial Solidification may be used as the basis for construct 
ing the component or work piece. Examples of a reactive 
material may include a polymerizable material, a photopoly 
mer, a photo powder, a photo paste, or a photosensitive com 



US 8,666,142 B2 
5 

posite that contains any kind of ceramic based powder Such as 
aluminum oxide or Zirconium oxide or ytteria Stabilized Zir 
conium oxide, a curable silicone composition, silica based 
nano-particles or nano-composites. The reactive material 
may further include fillers. Moreover, the reactive material 
my take on a final form (e.g., after exposure to the electro 
magnetic radiation) that may vary from semi-solids, Solids, 
waxes, and crystalline solids. 
When discussing a photopolymerizable or solidifiable 

material, any material is meant, possibly comprising a resin 
and optionally further components, which is solidifiable by 
means of Supply of Stimulating energy Such as electromag 
netic radiation. Suitably, a material polymerizable by electro 
magnetic radiation (common wavelength in use to day 
include UV radiation and/or visible light) can be used as such 
material. In an example, a material comprising a resin con 
taining at least one ethylenically unsaturated compound (in 
cluding but nor limited to (meth)acrylate monomers and 
polymers) and/or at least one epoxy group may be used. 
Suitable other components of the solidifiable material 
include, for example, inorganic and/or organic fillers, color 
ing Substances, viscose-controlling agents, etc., but are not 
limited thereto. 
The pattern generator(s) may be configured in a number of 

ways. Many may be defined as controlling electromagnetic 
radiation to provide a desired pattern. The electromagnetic 
radiation may include actinic light, visible or invisible light, 
UV-radiation, IR-radiation, electron beam radiation, X-ray 
radiation, laser radiation, or the like. Moreover, while each 
type of electromagnetic radiation in the electromagnetic 
spectrum may be discussed generally, the disclosure is not 
limited to the specific examples provided. Those of skill in the 
art are aware that variations on the type of electromagnetic 
radiation and the methods of generating the electromagnetic 
radiation may be determined based on the needs of the appli 
cation. 

To provide precise and consistent manufacturing pro 
cesses, the pattern generator uses methods to compensate for 
the inaccuracies. These methods generally include manipu 
lating the pattern to compensate for the inaccuracy prior to 
generation of the pattern. A calibrated imager (e.g., a camera) 
may be used to view an uncompensated test pattern to deter 
mine the inaccuracies for a pattern generator. The uncompen 
sated test pattern may then be compared with the ideal (or 
expected) test pattern to generate a pattern correction map. 
This pattern correction map may include positional compen 
sation (e.g., to adjust linear and nonlinear distortions) and 
may also provide for intensity compensation. In general, the 
compensation may include XandY positional offsets for each 
pixel associated with a bitmap. The positional offsets are 
added to the original bitmap coordinates to generate the cor 
rected bitmap pattern. 

During operation, the system and methods described 
herein provide for monitoring and adjustment of the pattern 
generator(s) to provide an accurate output. Such monitoring 
and adjustment allows for continual compensation due to 
changes in the system alignment or components. The calibra 
tion/correction system and methods discussed herein may be 
applied to manufacturing systems that include Voxel data 
which include an intensity for each pixel or they may be 
applied to slice-data files orbitmaps that may be derived from 
slice-data files. Typical file types used to generate bitmaps 
include STL (Stereo Lithography) files or other CAD (Com 
puter Aided Drafting) files commonly translated for rapid 
prototyping systems into formats such as SLC, CLI slice data 
files or voxelized data files which may include data formats 
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6 
such as BMP, PNG, etc. However, any input type may be used 
and converted internally to create the patterns used by the 
pattern generators. 

Voxel data may be considered a collection or set of data that 
represents Volumetric pixels. The Voxel data may be orga 
nized into a Voxelized bitmap pattern that includes a grayscale 
value for each pixel and/or an exposure time. The voxelized 
bitmap may be considered an organized collection of indi 
vidual Voxels, each Voxel having its own depth that is inde 
pendent of the other voxels. Although the voxels may be 
organized into a bitmap, each Voxel is generally treated indi 
vidually and has its own curing depth (which can be deter 
mined by the exposure time and/or intensity value assigned to 
each Voxel) to determine each voxels geometry independent 
of any other Voxel data. The work piece may be formed using 
the voxel data where each voxel may be created in the reactive 
material by exposure to the build surface with a particular 
depth of cure (typically determined by the grayscale value 
and/or exposure time) to create the three-dimensional Voxel 
in the reactive material. Each Voxel may be generated indi 
vidually, in a group or Subset (e.g., more than one voxel), or as 
a whole of the Voxel data (e.g., all Voxels at once). 
The bitmap two-dimensional information may be a typical 

X/y location for a pixel (whether inherent to the file format or 
having specified locations). The grayscale value may be used 
to control the pattern generator's output to provide full inten 
sity, no output, or variations in between. Where an exposure 
time per pixel is provided, the pattern generator may reduce 
the amount of electromagnetic radiation that the reactive 
material is exposed to for each pixel according to the exposure 
time. For example, where a DLP(R) type pattern generator is 
used, the DLPR micro-mirror for a particular pixel or group 
of pixels may be positioned to direct the electromagnetic 
radiation away from the reactive material. Thus, the electro 
magnetic radiation is reflected away, but not necessarily com 
pletely, from the reactive material using the micro-mirror to 
reduce or eliminate exposure after the elapsed time. Alterna 
tively, the pattern generator may “turn off the light entirely 
for that pixel after the exposure time has elapsed. When using 
a voxelized construction process, each Voxel may have its 
own thickness (e.g., depth of cure) which is controlled by the 
grayscale value and/or the exposure time. 

In an example where a grayscale value is assigned to a pixel 
and a DLP(R) type pattern generator is used, the DLP(R) micro 
mirror may be moved so as to expose the pixel at the build 
Surface in an alternating manner to provide an overall gray 
scale value. Where a 50% grayscale is desired, the micro 
mirror may be moved so that the reactive material is exposed 
for 50% of the time, and the other 50% of the time the 
micro-mirror may be moved so as to reflect light away from 
the reactive material. 
An imager (e.g., a camera) may be used to correct the 

pattern generator(s) output and to provide feedback to the 
system. In some configurations, the imager may provide 
closed-loop control of compensation for the pattern genera 
tor(s). The imager itself may also be calibrated/corrected for 
linear and non-linear inaccuracies and for the imager's posi 
tion (e.g., off axis placement). A calibration template may be 
used initially to calibrate the imager so that Subsequent 
images are compensated to provide their true location. The 
focal distance of the imager may be chosen to be the same as 
the imager(s) so that Scaling and/or other translations and 
transformations may not be required. 

During operation, the imager may send images of the pat 
tern generator(s) output to a controller. The controller may 
then compensate the received image based on the imager's 
correction map (as discussed herein). The compensated 
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image may then be compared to the ideal output of the pattern 
generator (e.g., a test pattern with known position and fea 
tures) to determine a pattern generator correction mapping. 
The pattern generator correction mapping may then be used 
to adjust the patterns before generation to compensate for the 
pattern generator(s) linear and nonlinear inaccuracies. Such 
continued correction mapping may be performed before and/ 
or during manufacture of a part to improve and/or validate the 
precision and accuracy of pattern generators 102, 104. 

In general, as is discussed below with respect to image 
correction mapping and pattern correction mapping generally 
includes the use of a softwarex/y coordinate mapping system 
to modify an image or bitmap for positional inaccuracies 
from imager 106 and/or pattern generators 102, 104. The 
correction mapping may be a table of X/y coordinates that 
correspond to another pair of x/y coordinates that will adjust 
for the linear and nonlinear components of imager 106 and/or 
pattern generators 102, 104. Note that while the image cor 
rection mapping is generally shown and described herein as 
being external to the pattern generators, the systems and 
methods, in whole or in part, may also be integrated with the 
pattern generators. 

Typical sources of error in the imager and/or pattern gen 
erator may include mechanical misalignment of the compo 
nents or Supporting structure, misaligned lenses or mirrors, 
and malformed lenses or mirrors. Also, during operation, 
heating and/or cooling may cause components to move or 
expand, changing their position. In the case of optical com 
ponents, the position, shape, and size may change with heat 
ing and/or cooling. Such changes may impart geometric dis 
tortion (e.g., where an expected Straight line may be curved), 
such as distortion of a rectangular grid, barrel distortion, 
pincushion (pillow) distortion, etc. It is also possible that 
mirrors (or micro-mirrors as may be the case with DLP pat 
tern generators) may change shape or position to cause both 
linear and nonlinear distortions, which may be compensated 
for. 
As discussed below, the systems and methods described 

herein may be used with “downward”, “upward' and “side' 
projecting systems in continuous or non-continuous exposure 
modes (e.g., pattern generating modes), any of which may 
include additional optical elements such as a mirror or lenses. 
They may be used in a layer, slice, or Voxelized production 
process, among others, where the pattern generating system 
provides the electromagnetic radiation to react with (e.g., 
solidify or partially solidify) a reactive material or other mate 
rial to create the three-dimensional object. However, the sys 
tems and methods may be utilized with numerous types of 
general technologies including Voxelization processes, slic 
ing and layering processes. Moreover, the systems and meth 
ods described herein may also apply to layered construction 
processes using "upward” or “downward' methods that may 
use lithography (generally), FTI (Film Transfer Imaging), 
three-dimensional Printing technologies, SLS (Selective 
Laser Sintering) or SLA (Stereolithography Apparatus). 
Examples of pattern generators may include Digital Light 
Processing technology (DLP) from Texas Instruments(R or 
SXRDTM or LCD or LCOS or J-ILA from JVC, or LVT (Light 
Valve Technology), DMD (digital mirror device), or GLV 
(Grating Light Valve) technology, SLM (Spatial light modu 
lator), or any type of selective electromagnetic radiation or 
light modulation system, in addition to a scanned and/or 
Vector pattern generators (e.g., using a laser). 

The matching of technologies between the pattern genera 
tor and reactive material may be determined based on the 
compatibility of the respective technologies used (e.g., a reac 
tive UV photopolymer material and a UV pattern generator). 
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Typical reactive materials include photo-reactive (or photo 
curable) resins that may be in liquid, past, powder, or other 
form. Moreover, the systems and methods described herein 
are not tied to a particular pattern generator or imager tech 
nologies. 

FIG. 1A is an example of a self-calibrating/self-correcting 
rapid manufacture machine 100. A controller 120 interfaces 
with pattern generators 102, 104 and an imager 106 for self 
calibration at any time before, during, or after manufacture of 
a work piece 114. During regular operation, controller 120 
receives and sends patterns 132, 134 to pattern generators 
102,104 that selectively produce patterns 132,134 to produce 
a work piece 114 in a voxelized construction process. A 
Support plate 112 may be controlled to continuously move 
downwardly during the construction process, working in con 
cert with controller 120 and pattern generators 102, 104 to 
produce a solid uninterrupted component. Alternatively, Sup 
port plate 112 may be moved in steps to build a layered 
component where each layer is constructed of a predeter 
mined thickness determined by the distance of movement of 
Support plate 112 or amount of material applied (e.g., using an 
applicator) or deposited (e.g., using jetting) onto the Surface 
of the previously exposed (e.g., Solidified or partially solidi 
fied) layer. 

Controller 120 may be constructed as part of machine 100, 
portions with the machine 100, without direct connection the 
machine 100, or distributed elsewhere, connected via a com 
munication medium, Such as a network. Controller 120 may 
be, for example, a computing device (that may be an embed 
ded resource, external, or a distributed resource) and may be 
configured as a computer, a programmable logic device, a 
specialized processor, etc. 
A pair of pattern generators 102,104 are used to configure 

a building surface of a container of reactive material 118 into 
Solid form. Although a container may be shown in the draw 
ings as an example of how to hold reactive material 118 in a 
convenient manner, otherforms of reactive material may also 
be used that may not require a container, and may be applied 
as a film or layer, or may be jetted to form a film or layer. The 
reactive material may be in any form, including a liquid, a 
powder in a suspension, a paste, or other forms. 
A building Surface may be considered the Surface of reac 

tive material 118 onto which pattern generator 102, 104 may 
project the Voxel data (e.g., the Voxel data may include each 
independent voxel having an individual intensity value and/or 
individual exposure time). However, the building surface may 
also be characterized as the upper Surface of reactive material 
and a depth determined by the penetration of radiation from 
image generators 102,104 into reactive material 118. Thus, as 
discussed herein, the building Surface may include the Surface 
and/or the Surface including a thickness therethrough that 
may be a predetermined thickness or dynamic. Where there is 
a dynamic thickness to the building Surface, the thickness 
may be determined by the voxel location as to the thickness. 
For example, where a pattern generator outputs a pixel at a 
maximum intensity, the penetration through the Surface of 
reactive material 118 may be to a greater depth than another 
pixel at half of maximum intensity. Thus, at any given time, 
the building Surface may be the Surface only, or a thickness 
determined location by location depending on the desired 
pixel depth (e.g., a cuboid-shaped Voxel having a particular 
depth of cure). 

In this example, pattern generators 102, 104 may be con 
figured as Digital Light Projector (DLP) devices that include 
micro-mirrors to create patterns 132, 134. However, pattern 
generators 102, 104 are not limited to DLP devices and may 
be configured as electromagnetic devices, electron beam, 
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laser, or other generators capable of Solidifying or partially 
Solidifying a solidifiable material (e.g., producing an effect on 
a reactive material). The solidifiable material may be chosen 
based on the material properties for solidification, durability, 
resistance to environmental conditions, as well as construc 
tion performance parameters such as the responsiveness to 
solidify or partially solidify when exposed to a particular 
wavelength of electromagnetic radiation. For example, when 
reactive material 118 is chosen as a photopolymer, the pho 
topolymer may come in many forms including a photo pow 
der, paste or a photosensitive composite. Moreover, a com 
posite may include any kind of ceramic based powder Such as 
aluminum oxide or Zirconium oxide or ytteria Stabilized Zir 
conium oxide. The choice of reactive material may be based 
on the pattern generator technology and other factors. Gen 
erally, as discussed herein, the reactive material may be cho 
Sen as a photopolymer capable of Solidification or partial 
Solidification when exposed to electromagnetic radiation. 
However, other reactive materials are known and will be 
know to those of skill in the art. 

For example, the electromagnetic radiation may have an 
intensity range scaled from Zero (the minimum) to 255 (maxi 
mum). As discussed herein, the pattern generators may 
receive bitmaps having intensity values for each individual 
pixel (e.g., each pixel with intensity and/or exposure time 
may describe a voxel). However, bitmaps with intensity may 
not need to be used since each Voxel may be addressed indi 
vidually by the pattern generator. The bitmaps include “bits' 
or regions that collectively determine the pattern. These 
“bits' or regions (e.g., that make up the Voxelized bitmap) are 
typically defined as rectangular or square regions, but when 
each “bit” is treated as a voxel, the depth of cure (which 
determined the depth of the voxel) may be determined for 
each voxel independently of the other. 

Each bit may also have an intensity value associated with it. 
Thus, the Voxelized bitmap may cover a wide range of depths 
through the use of the independent grayscale value associated 
with each bit. Although the intensity may be used to deter 
mine the strength of the electromagnetic radiation (e.g., 
brightness or intensity when discussing visible or UV light, 
for example), the intensity may also be used to determine the 
length of time (e.g., exposure time) that the electromagnetic 
radiation is turned “on” for the pixel. Moreover, the intensity 
may also determine the intensity and “on” time for the pixel, 
where the intensity may remain constant over the “on” time, 
or the intensity may vary. 

While the intensity is typically expressed as an integer 
number (e.g., 0... 255), the intensity value may be compen 
sated or adjusted before being sent to the pattern generator, or 
may be compensated or adjusted at the pattern generator, or 
both. For example, where reactive material 118 has a mini 
mum intensity threshold for polymerization or partial-poly 
merization, the “off” or zero (0) value intensity (e.g., bright 
ness and/or “on” time) may be determined based on the 
reactive material threshold. In a typical case, a low level of 
brightness may correspond to a zero (0) intensity (see FIG. 
7D where the background field is illuminated but below the 
polymerization threshold of reactive material 118). 
The examples shown herein with respect to intensities are 

not to be limiting in scope. For example, intensity ranges of 0 
to 255 are convenient for examples when an 8-bit system is 
used to determine intensity. However, systems having more 
or less resolution for intensity may be used. Examples may 
include a 4 bit system or a 16 bit system. Further, the time the 
electromagnetic radiation may have a wide range, for 
example, 1 millisecond to 100 seconds. Note that the time 
range is merely an example and is not limiting as the “on 
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10 
time for the electromagnetic radiation may be dependent on 
the minimum Switching time of the pattern generator, the 
intensity of the electromagnetic radiation, the reactive mate 
rials minimum effective time & intensity of electromagnetic 
radiation, the speed of movement of Support plate 112, and 
other factors. 
The intensity and exposure time may be parameters for the 

bitmap, together or separately. For example, when a source 
142, 144 has a fixed intensity (such as a laser), the time the 
Source is “on” may be modulated to produce a total exposure 
value. Alternatively, where the time of exposure is a prede 
termined value, the intensity of source 142, 144 may be 
modified produce the desired total exposure value. 
As discussed herein, the term “total exposure' may be 

considered the intensity of the electromagnetic radiation mul 
tiplied by the time that the electromagnetic radiation is 
allowed to interact with the reactive material. When perform 
ing Voxelized construction, the total exposure determines the 
depth of cure for each voxel separately and independently of 
any other voxel. In an example, where the intensity is 250 and 
the time is 1 second, the exposure will be 250 times 1 second 
to effectuate a desired depth of cure for a specific voxel. The 
time and intensity to achieve a particular depth of cure is 
material dependent. Thus, the time and intensity determined 
to provide aparticular curing depth for a first reactive material 
may not be usable for a second reactive material. Thus, the 
depth of cure can be a function of at least the exposure time, 
the intensity of the electromagnetic radiation, and the prop 
erties of the reactive material. The combination of intensity 
and exposure time can be expressed independently (e.g., in 
data file or data structure) or they may be combined and 
expressed for each voxel as a grayscale value where the 
exposure time is predetermined. 

However, reactive material 118 may behave differently 
based on the intensity of electromagnetic radiation and/or the 
time. For example, a low level intensity may not be above a 
minimum threshold of the reactive material to become solidi 
fied or partially solidified. In this case, the amount of time 
(e.g., an infinite time) may not have the effect to make the 
reactive material solidified or partially solidified because the 
intensity is below the threshold. Alternatively, a higher inten 
sity may cause reactive material 118 to become solidified or 
partially solidified non-linearly faster. 

In general, Sources 142, 144 provide electromagnetic 
radiation to pattern generators 102,104, where the pattern is 
determined by patterns 132, 134. Sources 142, 144 may be 
separate or integrated with pattern generators 102, 104. 
Moreover, sources 142, 144 may be integrated with pattern 
generators 102, 104 where pattern generators 102, 104 
include emissive elements (e.g., LED, OLED, plasma, etc.) 
that include the source itself. 

Moreover, as discussed herein, Sources 142, 144 and pat 
tern generators 102, 104 may include electromagnetic radia 
tion generating devices. However, as each technology is dis 
cussed the disclosure is not limited to Such a technology, as 
one skilled in the art will know that the systems and methods 
discussed herein are applicable to numerous variations of 
pattern generator technology. For example, "light” or "elec 
tromagnetic radiation” may refer to visible or invisible light, 
and includes the use of actinic light (e.g., 420 nm) that may be 
efficient for the particular reactive material. Alternatively, 
actinic light need not be centered around 420 nm, and the 
frequency/wavelength of the actinic light may be selected 
(e.g., using UV or visible light) to be compatible with the 
chosen particular reactive material. In general, the discus 
sions related to “light' may be considered electromagnetic 
radiation having a wavelength of around 100 um to around 
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1000 um. However, as discussed herein, the electromagnetic 
radiation may also go beyond this general range and include 
the entire electromagnetic spectrum. 

Patterns 132, 134 may be bitmaps (digital information), 
physical masks (physical patterns), electronic masks (e.g., 
LCD or transmissive active masks), or other types of infor 
mation, media, or device(s) that define a pattern when used in 
conjunction with a pattern generator. Examples of pattern 
generators may include ultra violet (“UV) light pattern gen 
erators, liquid crystal display (LCD) pattern generators, 
liquid crystal on silicon (“LCoS), SXRD technology, J-ILA 
pattern generators, light emitting diode (LED) pattern gen 
erators, and digital light processing (“DLP) pattern genera 
tors. When patterns 132,134 are configured as digital bitmap 
information and pattern generators 102,104 are configured as 
DLP devices, the pattern is projected as electromagnetic 
radiation (e.g., light) from Sources 142, 144 that are selec 
tively reflected by micro-mirrors in pattern generators 102. 
104. Note that pattern generators 102, 104 may directly or 
indirectly generate the patterns to reactive material 118, e.g., 
using mirrors and/or lenses or other optical elements to 
modify the output path. 
An imager 106 may be used for initial alignment and 

adjustment of pattern generators 102, 104 or for real-time, or 
near real-time, adjustment. The methods of alignment and 
adjustment are described below in detail with respect to 
FIGS. 1B-1G. Imager 106 may also be used to verify align 
ment during a process run (as explained in detail below with 
respect to FIG.1F). In general, imager 106 may be configured 
to sense the output of pattern generators 102, 104. For 
example, when pattern generators 102, 104 are configured as 
optical devices, imager 106 may be configured as an optical 
sensor able to view the optical outputs of generators 102,104. 
Imager 106 is also a capturing device that provides controller 
120 with images. 

Imager 106 may be configured as a camera, such as a CCD 
camera, with an adjustable or fixed focal length. As discussed 
below, the focal length of imager 106 may be the same as the 
focal length of pattern generators 102,104 where focal length 
is appropriate (for example, where optical elements are part 
of the output of pattern generators 102, 104). Where focal 
lengths are used, the distance from the camera to the building 
Surface may be chosen as the focal length for the camera, and 
the distance from pattern generators 102, 104 to the building 
Surface may be chosen as the focal length for generators 102. 
104. 

In general, imager 106 may have a resolution twice that of 
pattern generators 102,104 to provide precise measurements. 
Accuracy may be necessary along the boundaries of pattern 
generators 102, 104 where sub-pixel measurements may be 
desirable to Verify the pixel positioning of pattern generators 
102, 104. Where less accuracy is desired, an imager having a 
lower resolution may be used. However, lower resolution 
imagers may not allow for minimizing overlap of patterns 
where multi-pattern generator systems are employed. 

Imager 106 senses emissions from pattern generators 102, 
104 that are reflected from the build surface. Although the 
word “imager is used, other types of sensing devices may 
also be used, such as detectors. When imager 106 is config 
ured as a camera, the image taken may correspond to the 
sensitivity of the imaging element to certain wavelengths, 
visible or invisible. The imaging element may, for example, 
be configured as a CCD, CMOS or other photo-detector. 
When pattern generators 102,104 are configured as non-light 
type devices, for example an electronbeam pattern generator, 
imager 106 may be configured as an electron beam detector. 
Alternatively, imager 106 may be configured as a camera and 
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a photo-paper (or an electron-sensitive Substance) may be 
used to detect the pattern developed from the electron or laser 
beam. Other components for pattern generators 102,104 and 
imager 106 may be configured to operate as laser systems and 
detectors. Alternatively, PSD (Position Sensing Detectors) 
may be used not only for imaging, but may be used to measure 
the response time of pattern generators 102, 104. Such infor 
mation may be relevant, for example, to determining or opti 
mizing the motion of Support plate 112 and the timing of 
pattern generators 102, 104 for exposure time. 
When a laser is used for pattern generators 102, 104, the 

image “traced by the laser(s) (e.g., in a raster or vector 
approach) and may be detected by imager 106 by placing 
photo-paper at the build surface. The photo-paper may be 
selected to be sensitive to the laser output and may change 
color or otherwise present an image detectable by imager 106 
when the pattern is generated. Thus, imager 106 may “read 
the image from the photo-paper to provide feedback from the 
pattern generator 102, 104 (e.g., laser or electron beam sys 
tems) for the correction methods discussed herein. 

Imager 106 generally has a field of vision or detection that 
is shown as imager region 108 in FIG. 1A. Imager region 108 
generally corresponds to the boundaries of a container 110 
that holds reactive material 118 and work piece 114. This is 
generally considered the field of view of imager 106 when 
imager 106 is configured as an optical camera. 

Patterns 152, 154 may be generated by controller 120, 
transferred to machine 100 from an external source or device 
(e.g., a network or storage device), or modified to a format 
suitable for pattern generators 102,104 (e.g., modification of 
a compressed file such as a TIFF file using CCIT type 4 
compression into a standard bitmap). In general, patterns 152, 
154 may be bi-tonal bitmap images, 'grayscale” (e.g., 
although not necessarily “grey” but that the data also include 
pixel intensity information), color, or color with intensity 
information. Other pattern formats may be available for use 
such as JPEG, DXF, BMP, PNG, SVG, etc., or other vector or 
pixel-defined image files (which may be based on industry 
standards or custom file types). 
Work piece 114 is shown here as an example of a design 

that is made by machine 100. The size, shape, or any other 
feature of work piece 114 is a function of patterns 132, 134, 
pattern generators 102,104, the interaction of pattern genera 
tors 102, 104 with reactive material 118, and the motion of 
support plate 112. For example, the arbitrary shape shown 
was produced through movement of support plate 112 down 
ward while pattern generators 102, 104 selectively harden 
reactive material 118. 

However, such a shape could also be constructed through 
discrete construction of layers by moving Support plate 112 a 
certain distance downward and then exposing reactive mate 
rial 118 for a predetermined time for using pattern generators 
102, 104. 

Container 110 holds reactive material 118 and may also 
provide structure to machine 100. The location of imager 106 
and pattern generators 102, 104 may be relative to machine 
100 as a rigid connection, or they may be separately mounted 
to other structures. 

In general, movable Support plate 112 is within container 
110 and may be moved upward and downward within reactive 
material 118. As movable support plate 112 progresses down 
ward, controller 120 provides patterns 132, 134 to pattern 
generators 102, 104. Patterns 132, 134 are then presented to 
reactive material 118 and a solidorsemi-solid workpiece 114 
is created. Movable support plate 112 continues downward 
and layers are built to construct work piece 114. 
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It is important to note that while dual pattern generators 
102, 104 are shown and describe herein, the processes for 
pattern adjustment may be applied to a single pattern genera 
tor or any number of pattern generators (1 . . . N). For 
example, a single pattern generator benefits from correction 
of linear and nonlinear distortion as well as multiple projec 
tOrS. 

Where imager 106 and pattern generators 102, 104 are 
optical in nature (e.g., imager 106 may be configured as a 
camera and pattern generators 102,104 may be configured as 
electromagnetic projectors), the focal length of imager 106 
may be fixed to the focal length of pattern generators 102. 
104. However, the focal lengths of both imager 106 is a 
camera and pattern generators 102, 104 may be adjustable to 
provide flexibility and fine-tuning adjustments. Where the 
focal lengths are different or adjustable, Scaling operations 
may be performed to compensate. 

FIG. 1AA is an example of a self-calibrating/self-correct 
ing rapid manufacture machine 100a where pattern genera 
tors 102, 104 are mounted downwardly for direct projection 
and the imager 106 is mounted to the side. As discussed 
above, the geometry and location of pattern generators 102. 
104 and imager 106 may be configured in other locations that 
are shown in the figures herein. The figures are exemplary and 
are not intended to limit the disclosure to only those configu 
rations shown. One of skill in the art will appreciate that 
numerous configurations are possible and that this disclosure 
need not be exhaustive. 

FIG. 1B is an example of an imager calibration method 
1100. In general, a known calibration template 310 is used to 
calibrate imager 106. Because the nature of calibration tem 
plate 310 is known in detail to controller 120, the image 
received from imager 106 may be adjusted and corrected for 
linear and non-linear inaccuracies. 

In step 1110, calibration template 310 is placed under 
imager 106. The distance of placement of calibration tem 
plate 310 is the focal length of imager 106 and of pattern 
generators 102, 104 (where imager 106 and pattern genera 
tors 102, 104 are optically based). As discussed herein, pat 
tern generators 102, 104 and imager 106 may have the same 
focal distance that matches the distance to calibration tem 
plate 310 (see FIG.3). Where focal distances are fixed to the 
same distance as calibration template 310, there is a reduced 
need for Scaling operations to be performed to compensate, 
and the reliability of the system may be increased. However, 
where focal distances are adjustable, Scaling operations may 
be performed to compensate. 

Calibration template 310 may be precision printed (e.g., 
using a laser printer or other high precision printing method) 
and includes a known pattern. For example, calibration tem 
plate 310 may be generated from a precisely defined pattern, 
and then printed using a high-resolution printer, Such as a 
laser printer that has the ability to image to Sub-pixel dimen 
sions of imager 106 and/or pattern generator 102, 104. 

In step 1120, an image of calibration template 310 is cap 
tured using imager 106 and transferred to controller 120. The 
image may be taken as a bitmap or other format (e.g., TIFF, 
GIF, JPEG, BMP, PNG, etc.) and may include pixel informa 
tion as black & white, grayscale, or color. Additional infor 
mation Such as the time and date of the image captured may 
also be stored as metadata for use by controller 120. The 
metadata for the current image may be used in relation to 
stored information to determine drift over time, or to provide 
real-time performance information relative to established 
norms based on historical data or a theoretical model of 
imager 106, and/or pattern generators 102,104, or the appa 
ratus as a whole. 
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In step 1130, controller 120 determines the differences 

between the image taken of calibration template 310 with 
respect to the known dimensions and pattern of calibration 
template 310. This process allows controller 120 to determine 
the variations between calibration template 310 and the image 
taken of calibration template 310. For example, the determi 
nation can be used to generate data regarding the differences 
in the expected image to the actual image taken by imager 
106. 

In an example to perform the determination, controller 120 
may read a file (e.g., stored in memory, disk, or a network file) 
that contains the exact dimensions and specification of cali 
bration template 310. 

Differencing may be a pixel-by-pixel comparison, or it 
may take into account feature analysis and comparison. For 
feature analysis, the corners of black & white squares may be 
used to generate a 2-dimensional grid for both calibration 
template 310 and the captured image. In another example, a 
starting-point may be determined to begin calculating pixel 
by-pixel comparisons to detect edges. In either event, com 
parison of calibration template 310 and the captured image 
may be performed to detect differences, where the lack 
thereof may be considered similarities. For example, if a 
portion of a captured image matches calibration template 310 
perfectly, then the difference may be zero. 

Prior to differencing, additional steps may occur. For 
example, rotation (e.g., 90 degrees) and Scaling may be 
applied, if desired. These steps would also be included in 
calibration/correction of imaging device 106 so that future 
images captured would have the same rotation and Scaling 
applied prior to mapping. 

In step 1140, an imager correction map is generated by 
mapping the differences of calibration template 310 and the 
captured image of step 1130. The mapping may provide a 
mesh mapping (e.g., particular data-points that represent the 
2-dimensional Surface) or a pixel-by-pixel mapping. Choice 
of the mapping method (e.g., mesh or pixel-by-pixel) may 
depend on the level of inaccuracy or distortion between the 
ideal calibration template and the captured image. Where 
large inaccuracies are determined in the differencing, a pixel 
by-pixel mapping approach may be appropriate. Where more 
acceptable differences are determined, a mesh mapping 
approach may be more appropriate. 

In general, calibration template 310 may include a printed 
checkerboard with a large number of black and white squares 
(e.g., over 500 squares). The corner of each square may be 
detected and captured for image processing where the coor 
dinates of each corner are related to real dimensions and 
locations (e.g., the printed location). The size and shape of 
each square may also be used as an input for the mapping 
procedure. The correction mapping may then be considered a 
reference map, where the ideal location and the actual loca 
tion are used to correct or “fix” the image. The correction 
mapping may then be used as a reference map to provide real 
coordinates (e.g., inches or millimeter) dimensions and loca 
tions for every pixel of the device (e.g., imager 106). 

In either event, a method for generating a mapping may be 
to create lookup tables for each x/y pair. Each particular “X” 
table entry may include anx ordinate for the ideal calibration 
template 310 mapping and a corresponding X ordinate corre 
sponding to the same pixel in the captured image. Similarly, 
each particular “y” table entry may include a “y” ordinate for 
the ideal calibration template 310 mapping and a correspond 
ingy' ordinate corresponding to the same pixel in the captured 
image. Thus, the tables provide a mapping of the ideal cali 
bration template to the captured image. When a pixel-by 
pixel mapping is chosen, each pixel in the imager is mapped 
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to an ideal set of coordinates (x/y) of the ideal calibration 
template 310. Where a mesh mapping is chosen, only a pre 
determined number coordinates 320,322 (e.g., at the corners 
of each square; see FIG. 3) may be used to generate a lookup 
table having a predetermined number of mapping points. 
Where a greater accuracy mesh is desired, intermediate points 
330,332 (see FIG.3) may also be taken to improve the mesh's 
accuracy. A determination of mapping type and accuracy may 
be determined using worst-case conditions and normal drift 
that may occur during operation (e.g., by thermal means) 
and/or other outside influences such as shock imparted to the 
device that may cause movement of components. 

For example, where the corner of a calibration box (e.g., 
the corner of the example checkerboard pattern discussed 
herein) is ideally located at pixel coordinates X=50 andY=50, 
and where the imager locates the same corner at imager pixel 
coordinates X=55 andY=40, the difference for the X ordinate 
is 5 and the difference for the Y ordinate is -10. When the 
correction mapping uses X and Y offset values assigned to 
each pixel, an entry in the imager correction map for pixel (50, 
50) is offset (5, -10) based on the differences in the expected 
pixel location and actual pixel location. In practice, each time 
an image is used from imager 106, each pixel may be adjusted 
for position by the offsets contained in the imager correction 
map. 

In step 1150, the imager correction map may be stored to 
controller 120, imager 106 (where persistent storage is avail 
able), or another device that communicates with machine 100 
or controller 106. In general, a correction map may be stored 
as a binary file, XML file, or other proprietary format that 
includes absolute coordinate mapping or the differences for 
each mapped point. The imager correction map is used below 
in further examples and may be recalled at machine startup, 
generated at startup, and/or updated during operation and 
stored if desired. 

FIG. 1C is an example of a pattern generator calibration/ 
correction method 1200. A calibration pattern is provided by 
controller 120 (or another source) and pattern generator 102, 
104 (separately) generate the pattern. Imager 106 is then used 
to determine the accuracy of the generated pattern, and thus, 
a precise image after calibration/correction in method 1100 is 
used to take images of generated patterns to avoid inaccura 
cies resulting from linear and nonlinear distortion of imager 
106. The generated pattern is then differenced with the ideal 
pattern to determine a pattern generator correction mapping 
for each pattern generator 102, 104. The pattern generator 
correction mapping may then be used to correct each bitmap 
or the Voxel data so that the pattern generators provide an 
undistorted pattern. The undistorted pattern may be consid 
ered a pattern that yields the desired physical representation 
of the component or work piece that is representative of the 
actual data in the original three-dimensional CAD model, or 
any approximation thereof. Pattern generator calibration/cor 
rection method 1200 may be performed for each pattern gen 
erator 102, 104 independently so that calibration images do 
not interfere with determining the correction mapping based 
on a captured image by imager 106. 

In step 1210, a pattern generator calibration pattern 412 or 
414 (see FIGS. 4A, 4B) may be provided as pattern 132 (see 
FIG. 4B where pattern generator 102 is to be calibrated/ 
corrected) or pattern 134 (see FIG. 4A where pattern genera 
tor 104 is to be calibrated/corrected). Calibration pattern 412 
(see FIG. 4B) may be provided as a checkerboard pattern 
similar to imager calibration pattern 310, but defining a 
smaller area. Pattern generator 102 then generates the pattern 
to be displayed on the surface of reactive material 118, or on 
a blank surface placed over reactive material 118. The focal 
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distance of pattern generator 102 to reactive material 118 (or 
the blank surface) should be about the same, or equal to, the 
focal distance used to calibrate/correct imager 106 with cali 
bration template 310. 

In step 1220, imager 106 captures the pattern generator 
calibration pattern 412, 414 and the image may be commu 
nicated to controller 120. However, other systems may be 
involved in the calibration/correction methods and compen 
sation methods, and as discussed herein, controller 120 is 
used to indicate a processor having processing methods that 
may be distributed to other components within or outside of 
machine 100. 

In step 1230, the image taken by imager 106 is adjusted 
using the imager correction mapping (discussed above with 
respect to FIG. 1B). The imager correction map adjusts for 
inaccuracies in the imaging device (e.g., optics or sensors) 
and the mechanical placement of imager 106. The resulting 
captured after imager calibration/correction represents a true 
image of the generated pattern. 

In step 1240, the adjusted image of the calibration pattern 
is differenced with the ideal calibration pattern to determine 
the differences in the expected image (based on the ideal 
pattern) to the actual image. Similar to the method used above 
in step 1130 (see FIG. 1B), the differencing may use a mesh 
approach or a pixel-by-pixel approach. Differencing may be a 
pixel-by-pixel comparison, or it may take into account feature 
analysis and comparison. For feature analysis, the corners of 
black & white squares may be used to generate a 2-dimen 
sional grid for both pattern generator calibration pattern 412 
or 414 and the captured image. In another example, a starting 
point may be determined to begin calculating pixel-by-pixel 
comparisons to detect edges. In either event, comparison of 
pattern generator calibration pattern 412 or 414 and the cap 
tured image may be performed to detect differences, where 
the lack thereof may be considered similarities. For example, 
if a portion of a captured image matches pattern generator 
calibration pattern 412 or 414, then the difference may be 
Zero. Prior to differencing, additional steps may occur. For 
example, rotation and scaling may be applied prior to map 
p1ng. 

In step 1250, a pattern generator correction map is gener 
ated using the differences determined in step 1240 by map 
ping the differences of pattern generator calibration pattern 
412,414 and the captured image of step 1240. The mapping 
may provide a mesh mapping (e.g., particular data-points that 
represent the 2-dimensional Surface) or a pixel-by-pixel map 
ping. Choice of the mapping method (e.g., mesh or pixel-by 
pixel) may depend on the level of inaccuracy or distortion 
between the ideal calibration template and the captured 
image. Where large inaccuracies are determined in the differ 
encing, a pixel-by-pixel mapping approach may be appropri 
ate. Where more acceptable differences are determined, a 
mesh approach may be more appropriate. 

Mesh-type Correction Map: 

Original Location Correction 
(XY) (AX/AY) 

(0, 0) (1,2) 
(0, 100) (2, -5) 
(100, 0) (0,2) 

(100, 100) (-2,-4) 

In the example of a mesh-type correction map above, the 
original bitmap location (0, 0) are one and two, respectively. 
Thus, the pixel located in the original bitmap at position (0, 0) 
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is shifted by one on the X axis, and two on the y axis. At point 
(0, 100) in the original bitmap, the point is shifted by two and 
minus five (x, y) respectively. At point (100, 0) in the original 
bitmap, the point is shifted by Zero and two (x,y) respectively. 
Finally, in the simplified correction map, the point (100, 100) 
in the original bitmap is shifted by minus two and minus four 
(x, y) respectively. 
The mesh-type correction map does not usually define an 

offset or correction value for each and every pixel. Typically, 
the mesh-type correction map allows for more points in areas 
that need tighter control over correction and less points where 
correction is stable, linear, or not necessary. The spacing of 
correction coordinates in the original bitmap does not need to 
be on a perfect “grid” pattern, nor does it require consistent 
spacing between mesh points. In general, the mesh-type cor 
rection map may use a fixed set of points or it may be dynamic 
based on the correction needs. 

Similar to the imager correction map above, the pattern 
generator correction map may use the corner of each square of 
the checker board for position detection. The coordinates of 
each corner are related to real dimensions and locations (e.g., 
what is considered the ideal location if there were no linear or 
nonlinear distortions). The size and shape of each square may 
also be used as an input for the mapping procedure. The 
correction mapping may then be considered a reference map. 
where the ideal location and the actual location are used to 
correct or “fix the image. The correction mapping may then 
be used as a reference map to provide real coordinates (e.g., 
inches or millimeter) dimensions and locations for every 
pixel of the device (e.g., pattern generators 102, 104). 

In either event, a method for generating a mapping may be 
to create lookup tables for each x/y pair. Each particular 
x-axis table entry may include an X ordinate for the ideal 
pattern generator calibration pattern 412,414 mapping and a 
corresponding X'-ordinate corresponding to the same pixel in 
the captured image. Similarly, each particular y-axis table 
entry may include ay-ordinate for the ideal pattern generator 
calibration pattern 412, 414 mapping and a corresponding 
y'-ordinate corresponding to the same pixel in the captured 
image. Thus, the tables provide a mapping of the ideal cali 
bration template to the captured image. When a pixel-by 
pixel mapping is chosen, each pixel in the imager is mapped 
to an ideal set of coordinates (X/y) of the ideal pattern gen 
erator calibration pattern 412,414. Where a mesh mapping is 
chosen, only some of the coordinates (e.g., at the corners of 
each square; see FIGS. 4A 4B) may be input to a lookup table 
for mapping. Where a greater accuracy mesh is desired, inter 
mediate points may also be taken to improve the mesh's 
accuracy. A determination of mapping type and accuracy may 
be determined using worst-case conditions and normal drift 
that may occur during operation (e.g., by thermal means) 
and/or other outside influences such as shock imparted to the 
device that may cause movement of components. 

In an example, where the corner of a calibration box (e.g., 
the corner of the example ideal pattern generator calibration 
patterns 412,414 discussed herein) is ideally located at pixel 
coordinates X=150 and Y-200, and where the imager locates 
the same corner at imager pixel coordinates X=140 and 
Y=208, the difference for the X ordinate is -10 and the 
difference for the Y ordinate is 8. When the correction map 
ping uses X and Y offset values assigned to each pixel, an 
entry in the pattern generator correction map for pixel (150, 
200) is offset (-10, 8) based on the differences in the expected 
pixel location and actual pixel location. In practice, each time 
a bitmap is corrected for the pattern generator 102,104, each 
pixel may be adjusted for position by the offsets contained in 
the imager correction map. 
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In an example where a Voxelized construction process is 

used, both the position and the intensity (e.g., a grayscale 
value) may be adjusted to correct for linear and nonlinear 
distortions. Such intensity compensation is also useful for 
achieving Sub-pixel features during the build process. For 
example, in Voxelized construction, grayscale values may be 
used where facets of the design (e.g., the component or part to 
be constructed as described for example by an STL file) 
volumetrically intersect with a voxel volume. Typically, a 
build envelope for voxelized construction may be determined 
to be a collection of voxels which may be cuboid shaped. The 
dimension of the voxel cuboid to make up the build envelope 
may first be determined by the largest volume a voxel may 
occupy. The largest voxel Volume may be determined to be a 
volume described by a number of parameters including the 
area of the pattern generator's single pixel size at the build 
plane, the reactive materials properties (e.g., related to depth 
of cure per time and intensity), the predetermined exposure 
time, and the full intensity of electromagnetic radiation from 
a pattern generator, and the type of electromagnetic radiation. 
The maximum Voxel depth may be considered the maximum 
depth of cure in the reactive material given the aforemen 
tioned parameters. The build envelope may then be consid 
ered an arrangement of Voxels having the maximum Voxel 
depth. Each voxels intensity in the build envelope may then 
be determined as the volume intersection of the work piece 
(e.g., using the STL file) within each voxel cuboid. For 
example, where the workpiece occupies 50% of the voxel, the 
intensity value for that voxel may be determined to be 50%. 
Where the workpiece occupies 100% of the voxel, the inten 
sity value for that voxel may be determined to be 100%. Note, 
however, that the percent intensity value assigned to a voxel is 
material dependent, and that there may not be a linear relation 
between them (e.g., the intensity values for 50% depth of cure 
may be different for each reactive material). A detailed 
example of Voxelized correction including intensity modifi 
cation is shown below with respect to FIGS. 1MA-1MG. As 
discussed herein a voxel data may be expressed as a bitmap 
with intensities assigned for each pixel in the bitmap, the 
intensity providing variable depth of cure for each voxel. 
The partial-pixel locations can be used in the construction 

process to achieve Sub-pixel features, particularly on edges or 
outer boundaries. To accomplish this, the intensity (e.g., gray 
scale) of a border pixel may be adjusted based on the sub 
pixel position. When manipulating Sub-pixel positions using 
the image generator correction map, the grayscale of the pixel 
may be adjusted accordingly. 

In step 1260, the pattern generator calibration/correction 
map may be stored to controller 120, pattern generator 102. 
104 (where persistent storage is available), or another device 
that communicates with machine 100 or controller 106. In 
general, a calibration map may be stored as a binary file, XML 
file, or other proprietary format that includes absolute coor 
dinate mapping or the differences for each mapped point. The 
imager correction map is used below in further examples and 
may be recalled at machine startup, generated at startup, 
and/or updated during operation and stored if desired. 

FIG. 1D is an example of a pattern adjustment method 
1300. In general, machine 100 may be used to form (e.g., 
create) three-dimensional objects from a set of predetermined 
patterns that define the shape of the object. The set of prede 
termined patterns may be generated by a user, automatically 
(e.g., by computer), or by controller 120 given some other 
description of the three-dimensional object such as a faceted 
description. 
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In step 1310, ideal patterns are received by controller 120. 
The ideal patterns may be bitmaps, Voxelized bitmaps, etc. 
The ideal patterns describe the three-dimensional object that 
is to be produced. 

In step 1320, the ideal patterns are modified by the pattern 
generator calibration/correction maps determined in method 
1200. Controller 120 outputs corrected patterns 132, 134 to 
pattern generators 102, 104. The modification may include 
simple translation or it may include a complete two-dimen 
sional mapping of the image to compensate for geometric 
distortion of the pattern generator. Examples of geometric 
distortion are shown below with respect to FIGS.5A-5C and 
may include both linear and non-linear distortion. The modi 
fication of the ideal patterns removes such distortion when 
finally output by a pattern generator. 

In general, imager calibration pattern 310 is defined overa 
larger region so that the extents of imager calibration pattern 
310 are within the calibrated region. Otherwise, the extremes 
of imager region 116 may be outside the calibrated region and 
would be un-calibrated/un-corrected. However, it is also pos 
sible to define a smaller calibration/correction region than the 
imager region 116 and use extrapolation to provide calibra 
tion/correction of pattern generator region beyond the imager 
calibration region. 

In step 1330, pattern generators 102, 104 generate the 
corrected patterns to reactive material 118. When method 
1300 is successively performed, each pattern 132, 134 is 
modified to correct for geometric distortion of pattern gen 
erators 102, 104. 

FIG.1E is an example of a workpiece construction method 
1400. In step 1100, imager calibration/correction method 
1100 is performed to calibrate/correct imager 106 (see FIG. 
1B). In step 1200, pattern generator calibration/correction 
method 1200 is performed to calibrate/correction pattern gen 
erators 102, 104 (see FIG. 1C). In step 1300, pattern adjust 
ment method 1300 is performed with each pattern 132,134 to 
generate the work piece 114 (see FIG. 1A). 

FIG.1F is an example of a workpiece construction method 
1500 showing an on-the-fly calibration/correction method to 
generate a work piece 114. Here, at certain times, the pattern 
generator calibration/correction method 1300 may be per 
formed to adjust for run-time changes in the system, for 
example heating, that may change the pattern generators 
102, 104 output. In general a first plurality of patterns is 
modified and generated, then a calibration/correction of pat 
tern generator 102, 104 is performed, and a second plurality 
of patterns is modified and generated. The periodic or prede 
termined re-calibration/correction of pattern generator 102. 
104 allows machine 100 to maintain calibration and accuracy 
during operation. 

In step 1100, imager calibration/correction method 1100 is 
performed to calibrate/correct imager 106 (see FIG. 1B). 

In step 1200, pattern generator calibration/correction 
method 1200 is performed to calibrate/correct pattern gen 
erators 102, 104 (see FIG. 1C). 

In step 1300, pattern adjustment method 1300 is performed 
with each pattern 132, 134 to generate a portion of the work 
piece 114 (see FIG. 1A). 

In step 1510, controller 120 determines if a predetermined 
number of patterns (N) have been generated. If so, control 
proceeds to step 1300 where pattern generators 102, 104 are 
re-calibrated. To perform the re-calibration without affecting 
work piece 114, a wavelength of electromagnetic radiation 
may be used (e.g., a 'red' light in the electromagnetic spec 
trum) that does not cause reactive material 118 to change State 
or polymerize. In this way, pattern generators 102, 104 may 
be maintained as calibrated over the course of operation. 
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FIG. 1G is an example of an on-the-fly calibration/correc 

tion method 1600 with an end-loop function. Calibration/ 
correction method 1600 may be used with the examples 
shown herein, including but not limited to, those shown in 
FIGS. 1A, 1H, and 8A-11. When used, for example, during a 
continuous build process (described in detail below with 
respect to FIGS. 1H-1J) the pattern generator(s) may be re 
calibrated and corrected during the build process. Such re 
calibration of the correction maps may be useful where heat 
ing or other variables during use may cause changes that may 
require an updated correction map. 

In step 1100, imager calibration/correction method 1100 is 
performed to calibrate imager 106 (see FIG. 1B). 

In step 1200, pattern generator calibration/correction 
method 1200 is performed to calibrate pattern generators 102. 
104 (see FIG. 1C). 

In step 1300, pattern adjustment method 1300 is performed 
with each pattern 132, 134 to generate a portion of the work 
piece 114 (see FIG. 1A). 

In step 1610, controller 120 determines if all patterns 132, 
134 have been performed. If so, method 1600 ends. 

In step 1620, controller 120 determines if a predetermined 
number of patterns (N) have been generated. If so, control 
proceeds to step 1300 where pattern generators 102, 104 are 
re-calibrated. To perform the re-calibration without affecting 
work piece 114, a wavelength of electromagnetic radiation 
may be used (e.g., a 'red' light in the electromagnetic spec 
trum) that does not cause reactive material 118 to change State 
or polymerize. In this way, pattern generators 102, 104 may 
be maintained as calibrated/corrected over the course of 
operation. 
The structure in FIG. 1H schematically shows, in cross 

section, an example of the device of the invention for a rapid 
prototyping process on the basis of photo-solidification by 
means of electromagnetic pattern exposure using a pattern 
generator 1, wherein below the pattern generator 1, an active 
material 3 is provided in a container 7 with a level of the 
surface 5 of the active material 3. Here, the surface 5 of the 
active material 3 forms the Surface of the projected image and 
thus defines the building surface. A support plate 8 moveable 
in vertical direction is provided in the container and thus 
within the liquid material. The position of support plate 8 in 
the Z direction is known at any time (e.g., by open-loop or 
closed-loop control) and may be controlled via the control 
unit 11, by an encoder, and/or by the use of a motor (M) 2. In 
this example, the fill level of the material during the building 
process is kept constant. The fill level and thus the position of 
surface 5 in the Z direction can be determined by a fill level 
sensor 6 and may be re-adjusted via a reservoir 10 containing 
additional reactive material 3, or a volume compensator (not 
shown) may be used to adjust the position of surface 5. The 
Volume compensator may be a bar or other object that is 
moved in and out of the reactive material to displace Volume, 
and thus, adjust the position of surface 5. 
The support plate 8 (with the object generated) is continu 

ously moved down from the material surface, wherein the 
hardening depth of the selectively electromagnetically radi 
ated reactive material can be controlled by the moving speed 
of support plate 8 and/or the intensity of the electromagnetic 
radiation provided. A cooling element 4 can be moved hori 
Zontally across or above the surface 5 to displace heated 
reactive material 3. Because electromagnetic radiation is used 
to solidify or partially solidify reactive material 3, the exo 
thermic nature of the electromagnetic radiation allows heat to 
develop at surface 5, which may cause reactive material 3 to 
expand locally at Surface 5. Thus, cooling element 4 may be 
swept across Surface 5 occasionally during a continuous gen 
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eration process (e.g., a continuous build process) or a layer 
based non-continuous generation process. The timing of use 
for cooling element 4 may be determined by the amount of 
electromagnetic radiation projected on the build surface 5 
during a period of time, including the time since the cooling 
element 4 was last used. 

In this example, the Support plate is moved during the 
whole building process continuously away from the building 
Surface with a constant or a variable speed. Here, the change 
of the moving speed influences the depth of curing of the 
reactive material 3 and thus can be specifically controlled/ 
adjusted during the building process, e.g. in order to achieve 
an over-exposure or Sub-exposure in a part of the construc 
tion. By lowering the generated object on the Support plate 
away from the building surface below the material surface, 
new and fresh material which is not yet polymerized onto the 
object flows from the outside and fills the lowered portion. 

FIG. 1J illustrates a highly variable, yet very simple tech 
nique for producing a three-dimensional object layer-inde 
pendently or without layers. Analogous to FIGS. 1H and 1I, 
Support plate 8 may be configured to move down (away from 
the building surface 5) and the three-dimensional object 9 
may be continuously generated thereon. Sections 1', 2',3' and 
4' respectively denote particular construction sections of the 
three-dimensional object 9. Each construction section 2',3', 4' 
may comprise a plurality of voxel data sets that determine the 
geometry of three-dimensional object 9. 
As an example, a portion 12 of the three-dimensional 

object 9 under construction can be seen as voxel data 13 in a 
side view. Voxel data 13 may comprise a plurality of voxels 14 
that have different depths. The depths of each voxel 14 may be 
dependent on the grayscale value used during generation or 
the time of exposure. As shown the Voxel data may include 
Voxels that are not organized in a flat manner to as to provide 
stress relief to three-dimensional object 9 as it is being con 
structed, and to provide increased structural integrity. Where 
Some voxels 14 may appear to protrude upwardly and down 
wardly, they may actually interleave with other Voxels (e.g., 
below and above) to form the desired geometry for three 
dimensional object 9. Such voxelization construction tech 
niques may be Superior to layer-based techniques in that the 
Surface regions may be Smoother and more accurate, the 
geometric accuracy of three-dimensional object 9 may be 
increased (due to reduced internal stresses when using vari 
able depth of cure and interleaving), as well as providing 
increased structural integrity (e.g., using interleaving). More 
over, as shown in the Voxel data 13, the interior Voxels (e.g., 
interior to three-dimensional object 9) may have reduced 
depth (e.g., reduced intensity) because this may be where the 
maximum shrinkage of the reactive material occurs (note that 
shrinkage, if any, is material dependent based on the type of 
reactive material used with or without fillers etc.). 
A relatively low number of voxel data sets may be required 

for sections 1'. 3' of the three-dimensional object 9 where 
circumferences practically remain unaltered, whereas a rela 
tively higher number of voxel data sets may be required for 
sections 2', 4' where circumferences do change. The moving 
speed of the Support plate can also be selectively adjusted to 
the respective sections, in order to generate sections practi 
cally free of layers. For example, a relatively high moving 
speed can be chosen for structurally simple sections 1' 3", 
whereas however a relatively low moving speed can be cho 
Sen for structurally complicated sections 2',4'. 

Referring now to FIGS. 1H-1J, in general, it was surpris 
ingly found that—contrary to the conventional Stereolithog 
raphy technique—a complete layer-wise generation of the 
three-dimension object can be dispensed with; it was found 
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that a layer-independent operation can be carried out and that 
a device can be correspondingly arranged. Conventional pro 
cesses and devices may be improved by the examples shown 
herein, and the Subsequently described features can be pro 
vided, or the respectively mentioned advantages can be 
achieved alone, alternatively or in combination: During a 
continuous (uninterrupted) exposure operation, i.e. during at 
least one electromagnetic radiation phase and preferably dur 
ing the whole building process of the three-dimensional 
object, the distance between a support plate for the three 
dimensional object and the building Surface can be varied 
continuously, i.e. without interruption. 

Thereby, it is not required that the reactive material solidi 
fies in a process with multiple discrete steps and respectively 
with layer-formation to be performed per step. If, due to 
possible electromagnetic radiation interruptions, some slight 
interface layer formation would still occur, such an interface 
formation can be minimized to a low number or even totally 
eliminated. Further, the building process may be accelerated 
by performing a continuous build process rather than a layer 
based build process. It is further possible to dispense with a 
generation of sliced image data. The continuous change of the 
said distance can be realized depending on the desired 
embodiment, by moving the Support plate away from the 
building Surface, and/or by moving the construction Surface 
or the fill level of the photopolymerizable material away from 
the support plate. The latter can be carried out in the case of an 
irradiation from above the support plate by lifting the building 
surface or by raising the fill level of the photopolymerizable 
material relative to the Support plate. A moving away of the 
Support plate from a pre-set building Surface is preferred 
according to the examples shown in FIGS. 1 H-1.J. 
When the said distance is continuously changed during an 

irradiation operation and preferably during the whole build 
ing process of the three-dimensional object, structure steps in 
the main building direction (typically the vertical Z-direc 
tion)—different from the conventional layer-wise process— 
can be reduced and advantageously minimized, or may even 
be adjusted to a continuous gradation down to an absence of 
structure steps. Unlike the conventional layer-wise process, 
distinct structure steps in Z defined by predetermined layers 
are not required. Rather, structure steps in the Z-building 
direction can be flexibly controlled depending on building 
conditions, and optionally can be variably adjusted or may 
even be realized in the form of a continuously gradual struc 
ture. 

The three-dimensional object is allowed to solidify or grow 
in the main building direction (typically in the Z-direction) 
without interrupting the Supply of electromagnetic radiation 
respectively during an irradiation phase and optionally during 
the whole building process. The corresponding continuous 
growth of solidifiable material in the main building (Z) direc 
tion during an irradiation phase may thus proceed at an extent 
exceeding a usual hardening depth which was applied in the 
conventional layer-wise solidification and which is predeter 
mined by the used Supply of electromagnetic radiation and/or 
by a used polymerizable material. 
By the layer-independent continuous operation, it is even 

possible to specifically influence and to control a current 
hardening depth of the photopolymerizable material. An 
adjustment of the speed of the Support plate Supporting the 
object to be generated moving away from the building Sur 
face, and an adjustment of the irradiation intensity of pixels 
(grey value or color value), respectively alone or in combina 
tion, are particular means for controlling the hardening depth. 
The system according to the examples shown in FIGS. 

1H-1J allows the provision of a three-dimensional object, 
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which has been formed by electromagnetic radiation of a 
reactive material using a continuous construction method, but 
without separately polymerized structure elements that might 
be formed from layers, dots or strands of the photopolymer 
izable material. Unlike the conventional stereolithography or 
other conventional free-form building techniques such as 
selective laser sintering, ballistic particle production, fusion 
deposition modeling, three-dimensional printing, three-di 
mensional plotting or other rapid prototyping processes, 
three-dimensional objects having no separate layers or indi 
vidual material strands or dots can be provided through the 
uninterrupted continuous build process avoiding formation of 
layer lines or visible cross-sections in the Z direction. The 
technique is particularly suitable for providing a three-dimen 
sional object which comprise different sectional areas in the 
direction of continuous material construction. 

FIG. 1K is an example of a generalized correction map 
generation system 160 for use with the systems and methods 
described herein. A captured raw image 162 from imager 106 
may be provided to controller 120. Raw image 162 may then 
be corrected using the imager correction map (see FIG. 1B 
steps 1140,1150) to produce a corrected image 164. Note that 
when correction map generation system 160 is used to cali 
brate imager 106 alone, the imager correction map is not used 
because the raw picture from imager 106 is differenced with 
the ideal pattern (e.g., an ideal representation of calibration 
template 310). A differencing method 167 (e.g., step 1130 of 
FIG. 1B: Step 1240 of FIG. 1C) may then be used to compare 
an ideal pattern 166 with corrected image 164. The difference 
is then stored as a correction map 168. 

FIG.1L is an example of pixel-based geometric correction. 
The geometric correction may be applied to voxelized con 
struction methods and/or slice-based construction methods. 
For example, a pixel (1000, 500) in a coordinate system 
generally described as (X,Y) coordinates may be referenced 
in an original bitmap 172. A correction map 174 (e.g., a 
generalized correction map that may apply to imager 106 or 
pattern generators 102, 104) may contain offsets or delta 
values for both X and Y directions. In this example, the 
correction offsets are (-10, 10). To apply the pixel-based 
geometric correction, the pixel’s original coordinates (from 
original bitmap 172) are added with the correction offsets 
from correction map 174 to produce the correction bitmap 
176 coordinates. In this example, the corrected X axis ordi 
nate is 1000+(-10)=990. The corrected Y axis ordinate is 
500+10. Thus, the corrected bitmap coordinate for the origi 
nal pixel (1000, 500) is determined to be (990,510). 

In general, for FIGS. 1MA-1MF a geometric correction 
may be applied to a Voxel data (that includes intensity infor 
mation) to generate a corrected Voxel data. Such correction 
provides finer detail features than the pixel-based correction 
of FIG. 1L. The geometric correction may be applied to 
Voxelized construction methods discussed herein. 

FIG. 1MA is an example of an original voxel data set 180 
having intensity information for each voxel. Four voxels 
{G21, G22. G23, G24} are shown as having intensities 210, 
30, 210, 255 respectively. The voxels have a central point C 
shown in the diagram at the center of the pixels. Original 
voxel data set 180 may be provided (as discussed below with 
respect to FIG. 1N) in numerous formats that may be applied 
to voxelized construction methods. 
FIG.1MB is an example of a boundary determination for a 

component using the intensity information from each Voxel. 
Using the voxel intensity information, the direction of the 
component and the outer boundary can be determined. For 
example, where there are numerous full intensity Voxels (e.g., 
an intensity of 255 on a 0-255 scale) these sections may be 
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deemed to be part of the inner body portion of the component. 
Similarly, where there are voxels with less than full intensity, 
these voxels may be deemed as voxels that may define the 
boundary of the component (e.g., the inner/outer features or 
the inner/outer Surface of the component). Using the gray 
scale information from original voxel data set 180, the bound 
ary can be determined. In general, the grayscale may be 
defined as the depth of cure of an individual voxel that is used 
to create the component. Where voxel G24 is at full intensity 
(255) defining the component body (e.g., an inner body por 
tion that is not aboundary voxel), the direction of the part may 
be determined in relation to the non-full intensity voxels G21, 
G22, G23. 

In general, when using a voxelized construction process, 
the intensity of a voxel corresponds to the volume that the 
component will occupy in the Voxel Volume at a predeter 
mined depth. The intensity of the Voxel (corresponding to a 
curing depth for that voxel) may thus be related to the cuboid 
shaped volume (e.g., of the voxel) that the work piece will 
occupy. Given the direction of the components inner body 
(e.g., as indicated and determined for example by full inten 
sity voxels G24), the volume of voxels G21, G22, G23 deter 
mine the boundary of the workpiece because they have less 
than-full Volumes (e.g., less than 255 intensity). 
The intensity of a component boundary Voxel (when using 

a voxelized construction process) may correspond to the Vol 
ume that the component will occupy in the Voxel’s Volume. 
Given the direction of the component (e.g., as indicated and 
determined for example by full intensity pixel G24) the vol 
ume of pixels G21, G22. G23 by their intensities determine 
the boundary of the component. In this way, the original Voxel 
data set allows for reconstruction of the component within the 
Voxel data set for later use in the geometric correction meth 
ods. 

FIG. 1MC is an example of a boundary offset determina 
tion from a central point C to the voxels. To determine the 
distance from central point C to the boundary of the compo 
nent, the angle of the component boundary is found with 
reference to the ideal X axis. The reference angle C. (alpha) is 
taken from the X axis to the component boundary. An original 
distance R is the distance normal from the component bound 
ary to the central point C. Original distance R will be used 
later to provide the origin for correction offset applied for the 
component boundary position. 

FIG. 1 MD a position shift is applied to determine a cor 
rected central point C. Corrected central point C" is deter 
mined by the integer portion of a correction offset value for 
the X and Y axis. For example, where the correction value for 
the X axis is 10.5, the corrected central point C will be shifted 
the integer portion 10 along the X axis, and where the correc 
tion value for the Y axis is -5.25 the new central point along 
the Y axis will be shifted the integer portion-5. Thus, relative 
to the original central point C, the corrected central point C 
will be offset by (10,-5) from the original location. 

FIG. 1ME is an example of applying a correction offset to 
the boundary of the component to a corrected Voxel location. 
As discussed herein, the methods for correction of linear and 
nonlinear distortions may be integer-based (e.g., full Voxel) or 
real-based (e.g., where Voxelized construction is performed). 
When using Voxelized construction, the grayscale value for 

each voxel may also be determined to provide the detail, and 
in particular, the surface detail of the component. The frac 
tional portions of the correction values for X and Y may be 
used to determine the location of the component boundary 
and then the grayscale values for the Voxels may be deter 
mined. For example, once the corrected central point C" is 
determined based on the integer values of the correction map. 
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the fractional portions of the correction values may be used to 
determine the location of the component boundary within the 
corrected Voxel region. 

Keeping with the prior example, the correction offsets are 
(10.5, -5.25) along the X and Y axes respectively. The end of 5 
original distance R from corrected central point C" is the 
starting location for Voxelized correction of the component 
boundary. The fractional portion of the Y correction value is 
-0.25, and is applied as an offset to the end of original dis 
tance R. Then the fractional portion of the X axis (0.5) is 
applied further applied to give a corrected distance R' to the 
component boundary. The reference angle C. (alpha) is the 
same angle from the X axis as from the original VOXel data set 
boundary determination to the component boundary. 

FIGS. 1MF and 1MG are an example of a corrected inten 
sity determination for the corrected Voxel location using the 
component boundary. Since the new component boundary 
has been corrected with respect to the corrected voxel loca 
tions (G21', G22, G23, G24), the grayscale value for each 
corrected voxel may be determined. The area covered by the 
component boundary is shown in FIG. 1MF with respect to 
the component direction, which remains the same as in the 
original voxel data set (for example as determined in FIG. 
1MB). 

FIG. 1MG shows the final grayscale values for the cor 
rected voxels {G21', G22', G23', G24' as being {50, 0, 50, 
190} respectively based on the area covered by the compo 
nent at the boundary. Thus, the original bitmap may be cor 
rected for each voxel and/or each intersection of Voxel (e.g., 
central point C) and the intensity for the corrected voxels 
determined. The system may then send the corrected voxel 
data set to pattern generators 102,104 at the appropriate time. 

In general, for FIGS.1MAB-1MFBa geometric correction 
may be applied to a bitmap that has an “on” or “off value for 
each pixel, to generate a corrected bitmap. The geometric 
correction may be applied to bitmaps typically used in slice 
based construction methods. 

FIG. 1MAB is an example of an original bitmap 180" 
having an “on” or “off value for each pixel. Four pixels 
{G21, G22. G23, G24} are shown as being on, off on, on} 
or 1, 0, 1, 1} respectively. The pixels have a central point C 
shown in the diagram at the center of the pixels. Original 
bitmap 180' may be provided (as discussed below with 
respect to FIG. 1N) in numerous formats that may be applied 
to slice-based construction methods. 

In general, the determination of whether a pixel in the 
bitmap is “on” or “off” may depend on the area that the 
component covers (with respect to each pixel of the bitmap) 
and a threshold value for coverage. The area covered may be 
determined by the intersection of the component boundary 
with the pixel area. Where a threshold value is 40% of the 
pixel, if the two-dimensional area of the component within 
the pixel is greater than or equal to 40%, then the pixel will be 
turned “on”. If the two-dimensional area of the component 
within the pixel is less than 40%, then the pixel will be turned 
“off. Those of skill in the art may also allow for the threshold 
to be set to any value, including 30%, 50%, 70%, etc. More 
over, the threshold value may change depending on the geom 
etry of the component (e.g., angled regions vs. flat regions vs. 
Vertical regions), or the location of the pixel. 
FIG.1MBB is an example of a boundary determination for 

a workpiece using the pixels from the bitmap. Using the pixel 
intensity information, the direction of the component and the 
outer boundary can be determined. For example, where there 
are numerous pixels in the “on” state, these sections may be 
deemed to be part of the inner body portion of the component. 
Similarly, where the pixels are “off, these pixels may be 
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deemed as pixels that are outside the boundary of the com 
ponent (e.g., the inner/outer features or the inner/outer Sur 
face of the component). Using the “on” and “off information 
of each pixel from original bitmap 180", the boundary can be 
determined. Where pixel G24 is at “on” (1) defining the 
component body (e.g., an inner body portion that is not out 
side the boundary), the direction of the part may be deter 
mined in relation to the “off pixel(s) G22. Here, using the 
original bitmap’s pixel information, and possibly the bit 
maps threshold value (e.g., the area that the component occu 
pies in the slice-date for each bit that causes the bit to be “on” 
the boundary of the part may be reconstructed for later use in 
the geometric correction methods. 

In an example using the original bitmap’s pixel informa 
tion, the boundary of the part may be reconstructed for later 
use in the geometric correction method. Moreover, using the 
bitmaps threshold value (in this example 40%), the boundary 
of the component may be reconstructed in a relatively accu 
rate manner for later correction. For example, in FIG.1MBB, 
the boundary is determined to be a smooth surface, rather than 
follow the jagged edge that would otherwise be determined 
by pixels G21 and G23. The component boundary may be 
estimated as being nearly through the center of each outer 
boundary pixel (e.g., G21 and G23) and may also be influ 
enced by neighboring pixels to estimate a smooth surface. 
Here, the component boundary is estimated through nearly 
the middle of pixels G21, G23 because the “on” threshold for 
each pixel is 40%. Other methods may be applied, however, 
using boundary estimation (rather than using the original 
jagged edge determined by the original bitmap pixels) may 
provide for improved results using the geometric correction 
methods. 
FIG.1MCB is an example of a boundary offset determina 

tion from a central point to the pixels. To determine the 
distance from central point C to the boundary of the compo 
nent, the angle of the component boundary is found with 
reference to the ideal X axis. The reference angle C. (alpha) is 
taken from the X axis to the component boundary. An original 
distance R is the distance normal from the component bound 
ary to the central point C. Original distance R will be used 
later to provide the origin for correction offset applied for the 
component boundary position. 

FIG. 1MDB a position shift is applied to determine a cor 
rected central point. Corrected central point C" is determined 
by the integer portion of a correction offset value for the X and 
Yaxis. For example, where the correction value for the X axis 
is 10.5, the corrected central point C will be shifted the 
integer portion 10 along the X axis, and where the correction 
value for the Y axis is -5.25 the new central point along the Y 
axis will be shifted the integer portion-5. Thus, relative to the 
original central point C, the corrected central point C will be 
offset by (10,-5) from the original location. 
FIG.1MEB is an example of applying a correction offset to 

the boundary of the component to a corrected pixel location. 
As discussed herein, the methods for correction of linear and 
nonlinear distortions may be integer-based (e.g., full pixel) or 
real-based (e.g., where sub-pixel correction is performed). 
When using real-based or sub-pixel bitmap correction for 
slice-based construction methods, the fractional portions of 
the correction values for X and Y may be used to determine 
the location of the component boundary and then the “on” or 
“off determination for each pixel may be made. For example, 
once the corrected central point C" is determined based on the 
integer values of the correction map, the fractional portions of 
the correction values may be used to determine the location of 
the component boundary within the corrected pixel region. 



US 8,666,142 B2 
27 

Keeping with the prior example, the correction offsets are 
(10.5, -5.25) along the X and Y axes respectively. The end of 
original distance R from corrected central point C" is the 
starting location for Sub-pixel correction of the component 
boundary. The fractional portion of the Y correction value is 
-0.25, and is applied as an offset to the end of original dis 
tance R. Then the fractional portion of the X axis (0.5) is 
applied further applied to give a corrected distance R' to the 
component boundary. The reference angle C. (alpha) is the 
same angle from the X axis as from the original bitmap 
boundary determination to the component boundary. 

FIGS. 1MFB and 1MGB are an example of a corrected bit 
value determination for the corrected pixel location using the 
estimated component boundary. Since the new estimated 
component boundary has been corrected with respect to the 
corrected pixels (G21', G22, G23', G24), the “on” and “off 
determination for each corrected pixel may be done. The area 
covered by the component boundary is shown in FIG.1MFB 
with respect to the component direction, which remains the 
same as in the original bitmap (for example as determined in 
FIG. 1MBB). 
As discussed earlier, the pixel threshold may be 40%. Thus, 

the “on” or “off value may now be determined using the 
estimated component boundary. As discussed above, where 
the threshold is 40%, where the two-dimensional area of the 
component within the pixel is greater than or equal to 40%, 
then the pixel will be turned “on”. If the two-dimensional area 
of the component within the pixel is less than 40%, then the 
pixel will be turned “off. As shown, the estimated compo 
nent boundary does not cover more than the threshold (40%) 
for pixels G21', G22, G23". However, the estimated compo 
nent boundary does cover more than the threshold (40%) for 
G24'. 

FIG. 1 MGB shows the final “on and “off values for the 
corrected pixels (G21', G22, G23', G24' as being {0, 0, 0, 1} 
respectively based on the area covered by the component at 
the boundary. Thus, the original bitmap may be corrected for 
each pixel and/or each intersection of pixels (e.g., central 
point C) and the value for the corrected pixels determined. 
The system may then send the corrected bitmap to pattern 
generators 102, 104 at the appropriate time. 

FIG. 1N is an example of a bitmap correction and manu 
facturing method including processing of raw data defining 
the component to be manufactured. The method may be per 
formed at controller 120 or on other machines capable of 
processing the information, or both. Moreover, the timing of 
each step may be before or during the construction process. 
For example, the CAD model may be processed into a surface 
geometry file (e.g., a STL file that approximates the compo 
nent Surface) before any information is sent to the manufac 
turing machine. Similarly, the correction methods may be 
applied on or off of the construction mechanism. Moreover, 
the correction methods may be employed before construction 
or during construction (e.g., real time, near real time, or 
periodic update—see FIGS. 1F and 1G). 

At step 191, a CAD model or other type of file describing 
the component to be produced may be defined. The CAD 
model may be a file (e.g., a DWG, DXF, CATIA, or propri 
etary format, etc.) that defines the component. The file may 
store information about the boundaries of the component and 
may or may not include a definition of the Surfaces. 
At step 192, the surface geometry of the component may be 

defined by converting the CAD model into an STL file, or 
other file, that represents the component Surface as an 
approximation of the CAD model surface. For example with 
a widely known STL file format, the surface geometry of a 
three-dimensional object is determined by polygons. Typi 
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cally the approximation to the CAD model surface may be 
determined by the size and/or number of polygons used. 
At Step 193, the Surface geometry of the component (e.g., 

using the STL file) may be sliced into layers to generate slice 
data representative of the three-dimensional model (or mod 
els where multiple three-dimensional models may be fabri 
cated in the same buildenvelope). The layers may be of a fixed 
thickness (e.g., when used with the system described below 
with respect to FIG. 8A) or the thickness may be dynamically 
determined based on the features of the layer (e.g., such as the 
boundary angles as described above with respect to FIG. 1J 
and/or when a voxelized construction process is used). 
At step 194, the slices are converted to bitmaps that include 

“on” and “off information for each pixel. The bitmaps may 
be representative of each slice with data for each pixel defin 
ing inner and outer contours (boundaries) as well as the inte 
rior of the cross section (interior pixels) representative of the 
three-dimensional model at a specific Surface. For example, 
when the boundaries are determined, the interior pixels may 
be “filled with “on” pixels to make up the solid body of the 
three-dimensional model between the contours. This may be 
necessary depending upon the three-dimensional model used 
and Surface geometry method used (e.g., STL) because the 
inner portions may not be defined. In many common Surface 
geometry description files, only the outer boundaries are 
defined. Thus the inner solid body may need to be filled-in on 
the bitmap prior to generation. In general, the outer boundary 
pixels may be determined by the amount of coverage of the 
Surface geometry with the area of the pixel, depending on the 
location of the slice. For example, where a pixel area thresh 
old is set at 50%, where the surface geometry of the work 
piece covers 50% or more of a pixel’s area, the pixel is turned 
“on” in the bitmap. Similarly, where the surface geometry of 
the workpiece covers less than 50% of a pixels area, the pixel 
is turned “off” in the bitmap. 
At step 195, the bitmap is corrected for linear and non 

linear distortion, for example based on the correction meth 
ods described hereinto provide a corrected output to a pattern 
generator. The position of each pixel may be corrected and the 
“on”/"off value for each pixel may be determined to provide 
an image minimizing any distortions of the construction sys 
tem. 

At step 196, the corrected bitmap is projected using the 
pattern generator. The corrected bitmap has been adjusted for 
linear and nonlinear distortion of the pattern generator So that 
when projected, the ideal pattern is generated on the build 
Surface. Thus, the accuracy, quality, and Surface of the com 
ponent is improved. 

FIG. 1C) is an example of a bitmap geometric correction 
and manufacturing method including component geometry 
modification/correction and creating slice-type data. In gen 
eral, the steps 191, 192, 193, 194, and 195 are generally as 
they are described above with respect to FIG. 1N. 

At step 197, a geometry modification/correction method 
may be applied to the STL file (or other file type that approxi 
mates the CAD model) prior to slicing in step 193. In general, 
geometry modification/correction may include determining 
internal stresses and shrinkage during manufacture that may 
cause the workpiece to curl or distortin an undesired manner. 
To correct this, the geometry of the workpiece may be modi 
fied/corrected prior to generation so that the final workpiece 
closely approximates the CAD model. For example, static or 
dynamic finite element analysis (FEA) or finite element 
methods (FEM) may be applied to the STL file representation 
of the work piece (or the original three-dimensional CAD 
model(s)) to determine where internal stresses and/or shrink 
age of the reactive material may cause the work piece(s) to 
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curl or distort. The STL file(s) or three-dimensional CAD 
model(s) representing the work piece(s) may then be modi 
fied to reduce or eliminate internal stresses and/or shrinkage. 
While the corrected STL file(s) or corrected three-dimen 
sional CAD model(s) file may not approximate the CAD 
model when viewed directly, the corrected STL file will better 
approximate the CAD model after construction of the work 
piece. 

FIG. 1 P is an example of a voxelization correction process 
including geometric correction of voxel data. The steps 191 
and 192 are generally as they are described above with respect 
to FIG. N. 

In step 550, a voxelization process is applied to the STL file 
data (or other approximation of the CAD model). Voxeliza 
tion typically includes a four step process which estimates the 
interference volume of a three-dimensional component for all 
raster volume elements (voxels) of a rasterized build enve 
lope. 
The first step in voxelization includes determining the 

build envelope as a plurality of voxel data set. Each voxel data 
set includes a number of cube-shaped or cuboid-shaped vol 
ume elements (voxels) to describe the voxel data set. The 
voxel data set may be considered a set of data where each 
Voxel is a cube-shaped or cuboid-shaped Volume that may be 
individually determined and addressed (e.g., by the pattern 
generator). 
The second step in Voxelization is to place the three-dimen 

sional model (in this case an STL file approximation of the 
CAD model) inside the build envelope raster. 
The third step in Voxelization is to estimate the interference 

for every Voxel data set and all triangles (e.g., represented in 
the STL file) which have an interference with the voxel data 
set. The Volume interference may be calculated using a pro 
jection approach. 

The fourth, and last step, in Voxelization is to express the 
volume interference for each voxel in a range of 0 and 255 
(e.g., when 8-bit gray Scaling is used) where 0 corresponds to 
0% interference, and 255 corresponds to 100% interference. 

In step 552, voxel data may be determined by the voxel 
ization process of step 550 and may be stored as grayscale 
bitmaps. Each Voxel data set (e.g., a bitmap including inten 
sity values for each individual pixel relating to depth of cure) 
represents a voxel data set of the approximated CAD model. 

In step 554, the voxel data sets are corrected for geometric 
distortion of the desired pattern generator(s), as discussed 
herein, for example with respect to FIGS. 1MA-1MG. 

In step 556, the corrected voxel data sets are generated to 
produce the work piece. 
FIG.1Q is an example of a voxelization correction process 

including component geometry modification/correction and 
Voxel data geometric correction prior to pattern generation. 
Here, step 197 of correcting the STL file (discussed above 
with respect to FIG. 10) is performed before the step 550 (the 
voxelization process). The remaining steps, 550, 552, 554, 
556 are discussed above with respect to FIG. 1 P. 

FIG. 1R is an example of subdividing a bitmap for compo 
nent geometry modification/correction. In an example, the 
bitmap may be received after geometric correction and Sub 
divided into two sub-bitmaps. However, the bitmaps may also 
be subdivided prior to geometric correction and the sequence 
may be a design choice. Here, however, the subdivision of the 
bitmap is shown after geometric correction which may be 
more efficient than applying geometric correction to each 
Sub-bitmap. 

Subdivision of bitmaps may be appropriate in Some cases 
as a method to reduce internal stresses and shrinkage during 
manufacture. As described below in FIGS. 1 TA-1TC, the 
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subdivided bitmaps may be generated at different times to 
allow for shrinkage prior to fully connecting the portion of the 
work piece described by the bitmap prior to subdivision. 

In step 195, a bitmap may be geometrically corrected as 
discussed above with respect to FIG. 1N. 

In step 560, the geometrically corrected bitmap may be 
subdivided into a first bitmap 562 and a second bitmap 564. 
The method for subdividing the bitmap may include, for 
example, determining the outer border or boundary of the 
work piece and including this in the first bitmap. Moreover, 
the first bitmap may include Substantial portions of the main 
body or inner solid body of the workpiece, but having uncon 
nected portions that allow for shrinkage. 
The second bitmap 564 may include each of the uncon 

nected portions of first bitmap 562 and may also have addi 
tional regions beyond the unconnected portions so that the 
shrunk reactive material determined by first bitmap 562 is 
connected with. That is to say, second bitmap 564 may have 
additional regions as being exposed to account for a shrinkage 
gaps between the ideal bitmaps and the shrunk material. 

In step 196, the corrected subdivided bitmaps 562, 564 are 
projected using the pattern generator. The corrected bitmaps 
have been adjusted for linear and nonlinear distortion of the 
pattern generator so that when projected, the ideal pattern is 
generated on the build surface. Moreover, the subdivided 
bitmaps allow for construction of work pieces that may oth 
erwise curl or distort due to their shape and shrinkage of 
reactive material during the construction process. 

FIG. 1S is an example of subdividing a voxel data set for 
component geometry modification/correction. In an 
example, the Voxel data set may be received after geometric 
correction and subdivided into two sub-voxel data sets. How 
ever, the voxel data set may also be subdivided prior to geo 
metric correction and the sequence may be a design choice. 
Here, however, the subdivision of the voxel data set is shown 
after geometric correction which may be more efficient than 
applying geometric correction to each Sub-Voxel data set. 

Subdivision of the voxel data set may be appropriate in 
Some cases as a method to reduce internal stresses and shrink 
age during manufacture. As described below in FIGS. 1TA 
1TC, the subdivided voxel data sets may be generated at 
different times to allow for shrinkage prior to fully connecting 
the portion of the work piece described by the voxel data set 
prior to subdivision. 

In step 554, a voxel data set may be geometrically corrected 
as discussed above with respect to FIG. 1MA-1MG. 

In step 580, the geometrically corrected voxel data set may 
be subdivided into a first voxel data subset 582 and a second 
voxel data subset 584. The method for subdividing the voxel 
data set may include, for example, determining the outer 
border or boundary of the work piece and including this in 
first voxel data subset 582. Moreover, first voxel data subset 
582 may include substantial portions of the main body or 
inner Solid body of the work piece, but having unconnected 
portions that allow for shrinkage. 

Second voxel data subset 584 may include each of the 
unconnected portions of first voxel data subset 582 and may 
also have additional regions beyond the unconnected portions 
so that the shrunk reactive material determined by first voxel 
data subset 582 is connected with. E.g., second voxel data 
Subset 584 may have additional regions as being exposed to 
account for a shrinkage gaps between the ideal bitmaps and 
the shrunk material. 

In step 556, the corrected subdivided voxel data sets 582, 
584 are projected using the pattern generator. The corrected 
Voxel data sets have been adjusted for linear and nonlinear 
distortion of the pattern generator so that when projected, the 



US 8,666,142 B2 
31 

ideal pattern is generated on the build surface. Moreover, the 
subdivided voxel data sets allow for construction of work 
pieces that may otherwise curl or distort due to their shape and 
shrinkage of reactive material during the construction pro 
CCSS, 

FIG. 1TA is an example of a top view of a bitmap or voxel 
data set prior to subdivision of the bitmap (discussed above 
with respect to FIG. 1R) or voxel data set (discussed above 
with respect to FIG. 1S). The FIG. 1TA-1TC are not intended 
to analogize bitmaps (typically having a predetermined thick 
ness and binary “on” or “off values per pixel) and voxel data 
sets (typically having variable depth of cure based on inten 
sity values), rather the figures provide a broad understanding 
of how a bitmap or voxel data set, when viewed as a top 
Surface (e.g., for clarity here ignoring the per-voxel depth 
aspect) may be subdivided. 
The main body of the bitmap or voxel data set may be a 

rectangle, as shown here, if seen in cross-section. Note that 
the cross-section seen here is not representative of all build 
processes discussed herein. For example, the Voxelized or 
continuous build processes have various depths associated 
with each voxel. If the bitmap or voxel data set shown in FIG. 
1TA were produced at a single moment in time, the reactive 
material may shrink, causing the outer boundaries of the 
bitmap or voxel data set to be smaller than the desired model 
represented by the bitmap or voxel data set. Thus, subdividing 
construction of the bitmap or voxel data set may be used to 
minimize shrinkage. 

FIG. 1TB is an example of a first subdivided pattern of the 
example component of FIG. 1TA. The pattern may include 
the outer boundary of the bitmap or voxel data set, and a 
substantial portion of the main body (e.g., the inner solid mass 
of the bitmap or voxel dataset). However, the main body is not 
fully connected. As shown, the main body of the first subdi 
vided pattern may include fingers, or large portions of the 
inner body that are allowed to shrink after exposure to elec 
tromagnetic radiation. The shrinkage may include a time 
from, for example, one to five seconds, during and/or after 
exposure to electromagnetic radiation to allow for Solidifica 
tion or partial Solidification, and the resulting shrinkage, if 
any. 

FIG. 1TC is an example of a second subdivided pattern of 
the example component of FIG. 1TA. The second subdivided 
pattern may be used to expose the reactive material in the 
unexposed region of the main body to complete the bitmap or 
voxel data set. Because the first subdivided pattern has pre 
shrunk, the second Subdivided pattern fully connects the main 
body of the bitmap or voxel data set to form a solid and 
structurally sound bitmap or voxel data set, but with reduced 
deformation due to shrinkage or the reactive material. 

FIGS. 2A-2C are examples of a work piece 114 being 
constructed. In FIG.2A a first portion of workpiece is created 
by patterns 132,134 and pattern generators 102,104. In FIG. 
2B a second portion further completes work piece 114. In 
FIG. 2C a third portion further completes work piece 114. 
Although shown in portions, the construction of work piece 
114 may be a continuous process where movable Support 
plate 112 is lowered within reactive material 118 and multiple 
patterns 132, 134 are used to construct a continuous object 
that becomes work piece 114. 

FIG. 3 is an example of an imager calibration/correction 
setup 300. A calibration template 310 is placed within imager 
region 108 to be viewed by imager 106. The distance from 
imager 106 may be fixed at the focal length of imager 106 
(e.g., where imager 106 is optically-based technology, the 
focal length may be accounted for) and the focal lengths of 
pattern generators 102,104 (shown in FIG. 1A; where pattern 
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generators 102, 104 use optically-based technology). An 
imager view 108 shows the optical path between imager 106 
and imager region 116. A fixed focallength imager region 116 
may be considered the outer perimeter of sensitivity for 
imager 106, and as shown calibration template 310 lies within 
imager region 116 so that the entirety of calibration template 
310 may be detected. Calibration template 310 may be con 
figured as squares (such as in a checkerboard pattern) or it 
may configured as a grid, dots, fiducials, or a combination of 
these or other patterns. 
An outer perimeter 340 of calibration template 310 may 

serve as the outer extent of pattern generators 102, 104 to 
maintain accuracy. As discussed herein, where pattern gen 
erators 102, 104 utilize a region within outer perimeter 340, 
the entirety of their patterns may be compensated for. If 
pattern generators 102, 104 utilize any region beyond outer 
perimeter 340, other methods of compensation may be used 
(e.g., extrapolation). However, the accuracy may not be posi 
tively verified beyond outer perimeter 340. 

FIG. 4A shows calibration/correction of pattern generator 
104. Pattern generator 104 outputs a pattern generator cali 
bration pattern 414 that may be within outer perimeter 340, 
and within imager region 116. As discussed above, where 
outer perimeter 340 is smaller than calibration pattern 414, 
inaccuracy may result because not all points of calibration 
pattern 414 may be mapped for calibration/correction. How 
ever, to an extent, if a portion of calibration pattern 414 were 
beyond outer perimeter 340, extrapolation or other methods 
may be used to calibrate/correction the image. 

FIG. 4B shows calibration/correction of pattern generator 
102. Pattern generator 102 outputs a pattern generator cali 
bration pattern 412 that may be within outer perimeter 340, 
and within imager region 116. As discussed above, where 
outer perimeter 340 is smaller than calibration pattern 412, 
inaccuracy may result because not all points of calibration 
pattern 412 can be mapped for calibration/correction. How 
ever, to an extent, if a portion of calibration pattern 412 were 
beyond outer perimeter 340, extrapolation or other methods 
may be used to calibrate/correct the image. 

FIG. 4C shows both pattern generators 102,104 providing 
their calibration patterns 412,414 at the same time. While the 
methods described above primarily contemplate that each 
pattern generator 102,104 is calibrated separately, they could 
be calibrated at the same time where distinctive patterns or 
different wavelengths of electromagnetic radiation may allow 
for detection of each of their calibration patterns 412,414 by 
imager 106 at the same time. 
As an example, where pattern generator 102 projects in red 

and pattern generator 104 projects in green (assuming both 
red and green are not wavelengths that cause reactive material 
118 to harden), then imager 106 may be able to receive and 
separate the color regions so that controller 120 may sepa 
rately calibrate each pattern generator 102, 104 but their 
calibration patterns 612, 614 are projected at the same time. 
By calibrating multiple pattern generators simultaneously, 
the time for calibration is reduced, and the speed of the system 
is increased. A thin line of shared pixels (e.g., see 726/736 of 
FIG. 7A below) may be an overlapping region provided by 
pattern generators 102, 104. A potential overlap region 420 
shows where image generators 102,104 have the capability to 
image the region depending upon the calibration setup. 
Potential overlap region 420 is discussed below in detail with 
respect to FIG. 7A as overlap portions 724, 734,728, 738. 
FIG.5A shows an example of a barrel distortion commonly 

associated with optical systems that may occur with imager 
106 and/or pattern generators 102, 104. The above methods 
may be used to correct for such distortion. FIG. 5B shows an 
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example of a pincushion distortion commonly associated 
with optical systems that may occur with imager 106 and/or 
pattern generators 102, 104. Pincushion distortion may also 
be called, for example “pillow' distortion. The above meth 
ods may be used to correct for such distortion. FIG.5C shows 
an emphasized example of a nonlinear and skewed distortion 
commonly associated with optical systems that may occur 
with imager 106 and/or pattern generators 102, 104. The 
above methods may be used to correct and/or reduce the 
influence of Such geometric distortions. 

FIG. 6 shows calibration patterns 612, 614 being generated 
(e.g., from pattern generators 102, 104) as uncompensated 
patterns. Using the methods described above for pattern cor 
rection 620 (e.g., see method 1300 above in FIG. 1D), for 
each calibration pattern 612, 614, an adjusted combined 
image 630 is provided that removes distortion from the sys 
tem. 

In general, pattern generator calibration patterns 612, 614 
are located within the extents of outer perimeter 340 (the 
calibrated region associated with imager 106). Although both 
calibration patterns 612, 614 are shown here to demonstrate 
exaggerated pincushion distortion, their imaging regions are 
overlapping along their common border, and allow for the 
calibration/correction methods described herein to adjust 
their patterns accordingly. The outer boundary of each cali 
bration patterns 612, 614 are located within outer perimeter 
340 and thus, can be viewed by imager 106. Imager 106, 
having been calibrated separately (e.g., by imager calibration 
method 1100; see FIG. 1B) provides precise and compen 
sated information to controller 120 regarding the patterns 
generated. In order to transform the pincushioned output of 
pattern generators 102,104 to a more usable output, pattern 
correction methods 620 (e.g., see above FIGS. 1C-1G) are 
used to compensate the patterns 132, 134 prior to generation 
by pattern generators 102, 104. 

The outer extents 640 of calibration patterns 612, 614 may 
not be physically modified to correct for the distortion (here 
primarily shown as pincushion distortion). However, the pat 
tern itself may be modified/corrected so that the patterns 
generated are usable even with distortion in the pattern gen 
erator 102, 104 system. A corrected partial image 630 lies 
within outer extents 640 and shows how a regular (undis 
torted) pattern may be generated using correction methods 
620, even though the pattern generators 102, 104 include 
distortion features. 

FIG. 7A is a process for dividing an image for use with 
multiple pattern generators 102, 104 and the image manipu 
lation to combine the generated images to form an arbitrary 
workpiece (such as workpiece 114 in FIG. 1A). A full image 
710 may be represented as a bitmap having an image pattern 
712 contained therein. Image pattern 712 may be represented 
by a single “bit, grayscale, or color. In general, image pattern 
712 may represent a portion of the three-dimensional object 
that the machine 100 is intending to form. In providing cor 
rection of geometric distortion, and by aligning multiple pat 
tern generators 102,104 with corrected pattern outputs, com 
ponents may be formed without defects along boundary 
regions of each pattern generators 102, 104. 

For multiple pattern generator systems (102, 104; see FIG. 
1A), image pattern 712 may be broken into two image por 
tions; image pattern 712" (i.e., a first Sub-image), image pat 
tern 712" (i.e., a second Sub-image), each being provided 
separately to pattern generators (102, 104). The division of 
image pattern 712 provides that there are overlap portions 
728, 738 between the two patterns to provide for adjustment 
of the images using the methods described herein to remove 
distortion. Of note is that typically the entirety of overlap 
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portions 728,738 are not generated by pattern generators 102. 
104. The overlap pixel regions 726, 736 (e.g., a commonly 
overlapping region of pixels) are used to provide a seamless 
region between the two patterns. However, overlap pixel 
regions 726, 736 may be adjusted from one pixel to any 
number of pixels to generate any width of overlap portions 
728, 738. Due to the potential for over-exposure of reactive 
material 118, a reduced number of pixels for overlap pixel 
region 726,736 account for the sensitivity of reactive material 
118. Alternatively, the intensity of the pixels from pattern 
generators 102,104 that account for overlap pixel region 726, 
736 may be reduced in intensity (e.g., 50% from each pattern 
generator 102,104) to reduce over-exposure of reactive mate 
rial 118 at overlap portions 728, 738. 
Used overlap regions 724, 734 may be generated by either 

pattern generator 102, 104, since they cover the same area. 
However, they are typically only generated by only one of 
pattern generator 102,104 to avoid wide scale overexposure. 
If desired, both pattern generators 102, 104 could generate 
overlap regions 724, 734 and to avoid over exposure, could 
each reduce the intensity of output so that the combined 
intensity is standard. As shown here, overlap region 724 is 
generated by pattern generator 104 and overlap region 734 is 
generated by pattern generator 102. Unused overlap portions 
728, 738 are available for pattern generation if, for example, 
correction mapping is changed during manufacture. Thus, 
overlap portions 728, 738 may be considered as providing 
adjustability to the system. 

Overlap pixel region 726, 736 (shown here as a line of 
pixels) is shown as the actual row of pixels that overlap 
between image patterns 712, 712". In general, overlap pixel 
region 736 may be a single pixel wide overlap between image 
pattern 712" and image pattern 712", or overlap pixel region 
736 may be multiple pixels wide for a guaranteed overlap. 
Potential overlap regions 728,738 allow for on-the-fly adjust 
ments to image patterns 712, 712" during use that may be 
desirable to adjust for heat and other changes to the system 
that may introduce distortion. If either of pattern generators 
102, 104 change alignment during use, the areas of potential 
overlap regions 728, 738 may be used to further adjust the 
projected image to maintain alignment. Thus, overlap pixel 
regions 726, 736 may be moved within potential overlap 
regions 728, 723 and 724, 734 during operation. 

It is also possible to use multiple scan lines (e.g., vertical 
pixel lines as shown here by overlap pixel regions 726, 736. 
However, depending on the type of reactive material 118, 
over-exposure may be reduced by minimizing the overlap. 

FIG. 7B is an example of a multi-component image 750 
prior to separation and alignment for use with multiple pat 
tern generators. The number of components (in this case a 
number of individual mouth guards) may be produced at a 
single production run. 

FIG. 7C is an example of a multi-component image 760 
after separation and alignment for use with multiple pattern 
generators. The image is separated into two parts, each part 
having portions of each component (e.g., mouth guards) 
crossing the boundary between the separated images. Here, 
for example, portions of the separated images are at a full 
intensity within region 724, 734 up to overlap pixel regions 
726,736 and fade to no intensity toward overlap portions 728, 
738. The fading effect (e.g., shownhere between 736 and 738: 
and 726 and 728) use a linear interpolation algorithm to 
reduce intensity such that when overlapped, the combined 
intensity is the same as the original image 750. 

FIG. 7D is an example of a two components being pro 
duced on a build Surface using a dual pattern generator sys 
tem. A first component 772 is being produced in the field 780 
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of a first pattern generator but also in part is being produced in 
an overlapping region 790 (i.e., between 728/736 and 726/ 
728). A second component 774 is being produced in the field 
782 of a second pattern generator but also in part is being 
produced in overlapping region 790. 
As shown in FIG. 8A, an “upwardly” projecting system 

may use one or more pattern generators 102, 104 and one or 
more cameras 106. One of skill in the art will appreciate that 
the systems and methods disclosed herein also apply to a 
variety of imaging and manufacturing systems. One example 
is the manufacturing system described in U.S. patent appli 
cation Ser. No. 1 1/856,455, the entire contents of which are 
incorporated by reference in its entirety. Another example 
may include the V-FlashTM apparatus produced by 3D Sys 
tems of Rock Hill, S.C., and/or SLA or selective sintering 
manufacture processes. Those skilled in the art will also 
appreciate that the pattern generators may be positioned as 
direct projection or side projection with 45 degree mirrors to 
accomplish “upward” projection. Although shown as a single 
pattern generator system, mirror systems may also be used 
with multiple pattern generators, where the mirror could be a 
single mirror for use with multiple pattern generators or each 
pattern generator may have its own mirror, or a combination 
thereof. Using mirrors, pattern generators 102, 104 may be 
mounted at other locations and the mirrors may redirect the 
electromagnetic radiation finally upwardly. 
The system includes a reactive material 118, in liquid, 

powder, paste, or other form, that may be configured as a 
photopolymer. The photopolymer may be laid, the thickness 
normalized, and transported to a moveable platform/support 
plate 112. Pattern generators 102, 104 then interact with 
reactive material 118 to form a three-dimensional object or 
work piece 114. During operation, Support plate 112 may 
move upwardly as workpiece 114 is built layer by layer using 
pattern generators 102,104 to define the shape of workpiece 
114. 

In general, pattern generators 102, 104 project through a 
transparent material 810 (e.g., glass) to cure reactive material 
118. The reactive material may be transported by a shuttle 
mechanism 816 (or the equivalent) from a depositing region 
812 to a curing region 814. In depositing region 812, shuttle 
816 a movable belt 820 (also transparent) may be positioned 
to clean the surface of the belt 820 to remove excess reactive 
material 118. Then a deposition mechanism 822 may provide 
a layer of reactive material 118 onto belt 820. Shuttle 816 may 
then move to the exposure position 814 where reactive mate 
rial 118 is moved into contact with the work piece 114 for 
curing. Pattern generators 102, 104 may then generate the 
slice-pattern from a bitmap or other descriptive file that is 
corrected for linear and/or non-linear distortions. 

In general, pattern generators 102, 104 may be configured 
in an “upwardly' direction of exposure to reactive material 
118. Moreover, the system may include a single pattern gen 
erator 102 that is upwardly projecting, or multiple pattern 
generators. Additionally, the system may include camera 106. 
or may not include a camera at all. Where no camera 106 is 
installed, the system may be calibrated, for example in the 
factory, or a camera may be attached periodically to perform 
routine calibration to bring the system back in-line if any 
geometric correction is necessary. A shown in FIG. 8A, pat 
tern generator 118 projects patterns through transparent 
material 810 to solidify or partially solidify reactive material 
118. Thus, the calibration and correction systems described 
herein may also take into account inaccuracies or distortions 
that transparent material 810 may introduce. An example may 
be a linear or nonlinear distortion due to the transparent 
material 810, inconsistency of transparent material 810, 
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mounting angle of transparent material 810 or other features 
of transparent material 810 that may introduce geometric 
distortion. 
As shown in FIG.8B, the system may also include multiple 

pattern generators 102 (for simplicity all are identified by 
element number 102). Moreover, multiple cameras 106 may 
be used to view the output of pattern generators 102 to provide 
for correction and modification of the patterns to compensate 
for, minimize, or reduce geometric distortion and reduce 
potential defects of workpiece 114, or to improve the surface 
smoothness of work piece 114. 

FIG. 8C is an example of an alternative rapid manufacture 
machine that includes a movable film 832 to provide reactive 
material 118. Rollers 833 may rotate to move film 832 from 
under pattern generator 102. Here, pattern generator 102 
includes a source 838 and an SLM 837 (Spatial light modu 
lator) to determine the pattern. Alternatively, SLM 837 may 
be configured as a selective collimator. In general, the elec 
tromagnetic radiation travels from pattern generator 102 and 
through film 832 to reach reactive material 118. Film 832 may 
be configured as a transparent material or semi-transparent 
material, and as discussed herein, the transparency or semi 
transparency is not limited to visible light, but rather typically 
the electromagnetic radiation produced by the pattern gen 
eratOr. 

A roller 835 picks up reactive material 118 from within a 
cartridge 836 and applies it to film 832. The thickness of 
reactive material 118 on film 832 may be nearly the same 
thickness as the slice to be generated (when using a slice 
based construction method) or the thickness of reactive mate 
rial 118 may be thicker than the slice to be generated. One of 
ordinary skill in the art will appreciate that the thickness of 
reactive material 118 when applied to film 832 may be a 
constant predetermined thickness, or it may be variable 
depending on a number of factors including the thickness of 
the single slice to be generated. 
FIG.8D is an example of calibrating a camera for use with 

the machine of FIG. 8C. As discussed herein, imager 106 may 
be placed on support plate 112 and calibration template 310 
may be positioned at the build surface. Imager 106 may then 
be used with the methods discussed herein to calibrate and 
correct imager 106 to provide accurate information to con 
troller 120 (not shown). Imager 118 may “see' calibration 
template 310 by the use of ambient light, or other light 
Sources, which may or may not be the same as electromag 
netic radiation provided by pattern generator 102. 

FIG. 8E is an example of calibrating a pattern generator for 
use with the machine of FIG. 8C. Maintaining imager 106 at 
Support plate 112, pattern generator 102 may be used to 
provide a calibration pattern. The calibration pattern may 
then be captured by imager 106 and the geometric correction 
methods discussed herein may be applied. 

FIG. 8F is another example of an alternative rapid manu 
facture machine that includes a movable film to provide a 
reactive material. A film 832, which may be transparent or 
semi-transparent to the type of electromagnetic radiation pro 
vided by pattern generator 102, may be pulled in and out of a 
cassette that holds reactive material 118 in a container 867. 
Rollers 864, 866 within the cassette may be used to provide 
tension for film 832 while it is moved in and out. When film 
832 is pulled out of the cassette (as is shown in FIG. 8F), a 
puller 868 provides tension to film 832 so that it is dimen 
sionally stable. Puller 868 may also be attached to the 
machine generally, and detachable from film 832. When a 
cassette is loaded, puller 868 may be moved to the cassette 
and grab film 832 and extend it outwardly for use, in addition 
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to placing film 832 under tension to locate reactive material 
118 properly when applied to film 832. 
When pulled in to the cassette, e.g., by roller 866 which 

may be controlled by controller 120, the reactive material 
may be removed from the film. Then, when pulled out of the 
cassette by puller 868, the film is applied at container 867 and 
the thickness may be determined by adjuster 869. Reactive 
material 118 may be provided as a liquid, paste, etc. as dis 
cussed herein. Adjuster 869 may be controlled by controller 
120 to provide a constant thickness (e.g., useful when using a 
slice-based construction method with constant thickness 
slices) or the thickness may be adjusted based on the desired 
thickness of the next slice to be constructed. However, the 
typical thickness of reactive material 118 on film 832 is about 
a minimum of the same thickness a the next slice to be 
constructed, or alternatively, a the thickness of reactive mate 
rial 118 may be greater than the thickness of the next slice to 
be constructed. 

In this example, Support plate 112 may be configured as a 
reusable build platform or a disposable build platform. Sup 
port plate 112 may attach to a movable structure 1222 by 
mechanical attachment or by vacuum. Other methods of 
attachment may also be used that allow for the convenient 
attachment and detachment by the user to remove workpiece 
114 when the build process is complete. 
FIG.8G is an example of calibrating a camera for use with 

the machine of FIG.8F. As discussed herein, imager 106 may 
be placed on support plate 112 and calibration template 310 
may be positioned at the build surface. Imager 106 may then 
be used with the methods discussed herein to calibrate and 
correct imager 106 to provide accurate information to con 
troller 120. 
FIG.8H is an example of calibrating a pattern generator for 

use with the machine of FIG. 8F. Maintaining imager 106 at 
Support plate 112, pattern generator 102 may be used to 
provide a calibration pattern. The calibration pattern may 
then be captured by imager 106 and the geometric correction 
methods discussed herein may be applied. 

FIG. 9A is an example of a dual pattern generator system 
900. First pattern generator 102 and second pattern generator 
104 are attached to a mounting plate 910 which is above the 
support plate 112. Controller 120 may be mounted to the back 
side of system 900 to control the system in whole or in part. 
Container 110 may be carried on wheels to allow easy 
removal and access. Imager 106 may be mounted to any 
region of system 900 so that the build surface is with view and 
given that the location does not block the output of first 
pattern generator 102 and second pattern generator 104 to 
support plate 112. 
FIG.9B is an example of a mounting configuration for dual 

pattern generators for use with the example of FIG.9A. First 
pattern generator 102 and second pattern generator 104 may 
be mounted in a side-by-side configuration on mounting plate 
910. Where first pattern generator 102 and second pattern 
generator 104 have a fixed focal distance, the general over 
lapping area of their projected images may be determined by 
their spacing relative to mounting plate 910. In general, the 
build surface (discussed above with respect to FIG. 1A) is at 
the focal distance of first pattern generator 102 and second 
pattern generator 104. 

FIGS. 10A and 10B are an example of a single pattern 
generator system having a mirror 920. First pattern generator 
102 projects horizontally and mirror 920 is in the image path 
to redirect the projection downward to the build surface. 
Imager 106 may be mounted to any region of the system so 
that the build surface is with view and given that the location 
does not block the output of first pattern generator 102. Con 
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tainer 110 (which may also be called a vat) may be mounted 
on wheels for easy user access to the reactive material. A 
lifting mechanism 992 lifts container 110 such that the top 
surface of the reactive material is at the proper build surface 
distance from imager 102, where the typical distance is the 
focal distance of imager 102. Lifting mechanism 992 and 
container 110 may further include a reactive material volume 
compensation system that provides that the level of the reac 
tive material is located at the ideal or near-ideal distance from 
pattern generator 102 which may be accomplished by volume 
compensation and/or the lifting mechanism. Sensors may be 
used to detect the position of the build surface, or the dis 
placement of the build Surface, where the sensor technology 
may include laser, optical, and/or ultrasound. 

Although shown as a single pattern generator system, mir 
ror systems may also be used with multiple pattern genera 
tors, where the mirror could be a single mirror for use with 
multiple pattern generators or each pattern generator may 
have its own mirror, or a combination thereof. 

FIG. 10C is an example of a support plate system for use 
with the pattern generator systems described herein. FIG. 
10C also relates to the other examples as shown herein, 
including but not limited to, FIGS. 1A, 1H-1J,9A, 10A, 10B, 
and FIGS. 11-15A. A servo motor 932 rotates a lead Screw 
and Support plate 112 may include a nut engaging the lead 
screw. The nut may further be configured as a precision nut 
having pre-loaded balls to maintain precision throughout the 
range of movement. Typical systems may sometimes be 
called “ball screw assemblies”, “roller screws”, “lead screw 
assemblies', 'worm gear Screw jacks, etc. An encoder may 
be used to determine the rotational position of the lead screw 
so as to send position feedback to controller 120. It is impor 
tant to note that while a servo-motor configuration is shown, 
other systems may also be used to impart constant motion to 
Support plate 112. For example, stepper motors (which may 
use full-stepping, micro-stepping, etc.) may be used, and also 
linear drive motors, or other motion devices capable of mov 
ing support plate 112 in a controlled fashion. Guide rails 934, 
936 allow support plate 112 to move in the Z direction with 
minimal twist or wobble. Support plate 112 may be config 
ured as a “perforated platform as shown in FIG. 10C that 
includes holes therethrough. The holes may allow for reactive 
material 118 to freely flow through support plate 112 when it 
is lowered and raised. However, support plate 112 may be 
configured to have slats as shown as Support plate 112a of 
FIG. 10CA that allow for the flow of reactive material. Alter 
natively, Support plate 112 may be configured as having a 
Substantially unbroken Surface as shown in Support plate 
112b of FIG. 10CB. However, other configurations for Sup 
port plate 112 may also be used, such as where Support plate 
112 includes a pattern of holes or other geometry there 
through to allow the flow of reactive material 118. 

FIG. 11 is an alternative example of a single pattern gen 
erator system having a direct output. Here, first pattern gen 
erator 102 is mounted so as to provide direct projection onto 
the building surface and imager 106 is mounted to view the 
building Surface, while not interfering with the generated 
images. 

FIGS. 12 and 13 are an example of a system 1200 having an 
upward projecting single-pattern generator 102. System 1200 
includes a liquid or semi-liquid bath of reactive material 118. 
The “upward' projecting nature of system 1200 is similar to 
that described above in FIG. 8A, in that the pattern 152 output 
from pattern generator 102 may be directed from below the 
reactive material 118 for curing. The pattern 152 may be 
projected through a transparent plate 1210 attached to the 
machine body (which protects the machine’s inner mecha 
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nism and/or optics), and may further be projected through a 
bottom transparent plate 1212 that is adjacent to the building 
surface 1240. Building surface 1240 is at the upper surface of 
bottom transparent plate 1212 which holds reactive material 
118 along with surrounding walls 1214 as a “bath'. A Z-axis 
motion system 1220 moves support plate support plate 112 
upwards during the build process and may be similar to the 
system of FIG. 10C in operation, but with the direction of 
travel during build being reversed. 

FIG. 13 shows the build process of the system of FIG. 12 
where pattern generator 102 projects pattern 152, the pattern 
at build surface 1240 being shown as pattern 1230. Pattern 
1230 may include gray Scaling for each Voxel, shown here 
where the outer Voxels are of maximum depth (e.g., the depth 
being determined by the intensity as expressed by a grayscale 
value) and the inner Voxels having a less than maximum 
grayscale value, which relates a less than maximum depth of 
the voxel. 

During the build process, bottom transparent plate 1212 
and surrounding walls 1214 (which may also be called a 
polymerization tray) may tilt to allow separation of the work 
piece 114 (shown in FIG. 12) from bottom transparent plate 
1212 (which may also be coated with a material that prevents 
or reduces sticking of cured reactive material). During the 
construction process, Support plate 112 (e.g., the build plat 
form) may be moved upwardly to a distance determined by 
the next voxel data sets maximum Voxel depth (e.g., the 
distance of upward movement will be the distance of the 
deepest voxel in the next voxel data set to be generated). The 
tiling process also allows fresh reactive material 118 (e.g., 
un-cured or non-polymerized reactive material) to flow under 
workpiece 114 before the next voxel data set is formed (e.g., 
forming may be where reactive material 118 is solidified or 
partially solidified when exposed to electromagnetic radia 
tion). The process repeats until the work piece(s) are com 
pleted. 

Imager 106 may be mounted under transparent plate 1210 
so that the pattern may be visible when projected to build 
surface 1240. Using imager 106, the calibration and correc 
tion systems and methods described herein may also be 
applied to the “upward” projecting system 1200. The calibra 
tion and correction methods may also include correction for 
pattern generator 102, as well as other elements such as 
transparent plate 1210 and bottom transparent plate 1212, 
which may be compensated for. The pattern 152 may be 
viewed by imager 106 as it is being projected onto build 
surface 1240 with a reactive material in place (e.g., for real 
time or near real-time correction), or imager 106 may view a 
calibration pattern as reflected from a paper or other material 
placed at build surface 1240. Moreover, imager 106 may be 
calibrated by placing a calibration template 310 at build sur 
face 1240 and performing the method 1100 as described in 
FIG. 1B. Note that when placing imager 106 below the build 
plane, as is shown in FIG. 12, distortion from transparent 
plate 1210 and bottom transparent plate 1212 may not provide 
ideal results when calibrating imager 106, or pattern genera 
tor 102 because additional distortion may be imparted by 
transparent plate 1210 and bottom transparent plate 1212 on 
the return path of the pattern to imager 106. Thus, an alterna 
tive calibration method and system is shown below in FIGS. 
14A-14B. 

FIG. 14A is an example of a removable imager 106 being 
calibrated for use with an upward projecting single pattern 
generator system 102. Imager 106 may be mounted to Support 
plate 112 in a removable manner, Such as using a clip. When 
calibrating imager 106, calibration template 310 may be 
placed on top of transparent plate 1212 with the calibration 
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image “up” so that it is visible to imager 106. Support plate 
112 may be moved to a position where the distance from 
calibrating imager 106 to calibration template 310 is the same 
as the focal distance of calibrating imager 106, which may 
also be same distance (or substantially the distance) to build 
surface 1240. The thickness of calibration template 310 may 
be configured as a thin material (e.g., paper). Alternatively, if 
a thicker material is used, the thickness may be taken into 
account because the captured image may not be precisely at 
build surface 1240, but may be shifted upward by the thick 
ness of calibration template 310. One method to adjust for the 
thickness of calibration template 310 is though calculations 
when determining the calibration map. Another method may 
be to adjust support plate 112 downward by the thickness of 
calibration template when calibrating pattern generator 112. 
Using the methods and systems discussed herein (e.g., FIG. 
1B) may then be used to generate an imager calibration map. 

FIG. 14B is an example of a removable imager being used 
to calibrate an upward projecting single pattern generator 
system. The calibration pattern (e.g., similar to pattern 412 of 
FIG. 4B) may be generated from pattern generator 102 
through transparent plate 1210 and bottom transparent plate 
1212. Imager 106 may then view the calibration pattern at 
build surface 1240. The methods and systems discussed 
herein (e.g., FIG. 1C) may then be used to generate a pattern 
generator calibration map. 

FIG. 15 is an example of an upward projecting multiple 
pattern generator system 1550, where imager 106 is being 
calibrated. Imager 106 may be mounted to support plate 112 
in a removable manner, such as using a clip. When calibrating 
imager 106, calibration template 310 may be placed on top of 
transparent plate 1212 with the calibration image 'up' so that 
it is visible to imager 106. Support plate 112 may be moved to 
a position where the distance from calibrating imager 106 to 
calibration template 310 is the same as the focal distance of 
calibrating imager 106, which may also be same distance (or 
substantially the distance) to build surface 1240. The thick 
ness of calibration template 310 may be configured as a thin 
material (e.g., paper). Alternatively, if a thicker material is 
used, the thickness may be taken into account because the 
captured image may not be precisely at build Surface 1240, 
but may be shifted upward by the thickness of calibration 
template 310. One method to adjust for the thickness of 
calibration template 310 is though calculations when deter 
mining the calibration map. Another method may be to adjust 
support plate 112 downward by the thickness of calibration 
template when calibrating pattern generator 112. Using the 
methods and systems discussed herein (e.g., FIG. 1B) may 
then be used to generate an imager calibration map. 

FIG. 15A is an example of upward projecting multiple 
pattern generator system 1550 of FIG. 15, where dual pattern 
generators 102, 104 are being calibrated. Similar to system 
1200 discussed above in FIGS. 12-14B, multiple pattern gen 
erator system 1550 may include pattern generators 102, 104 
and project directly upwardly, or pattern generators 102, 104 
may project horizontally and include a mirror to allow the 
electromagnetic radiation to project upwardly (not shown but 
similar to the mirror system 920 shown in FIG. 10A). One of 
skill in the art will appreciate that any of the examples shown 
herein with a single pattern generator 102, or multiple pattern 
generators 102, 104 (or more) may include additional ele 
ments (e.g., a mirror) in the path of the electromagnetic radia 
tion that may change the direction of the electromagnetic 
radiation and allow for the mounting of pattern generators as 
direct projection devices or non-direct projection devices. 
As shown, pattern generators 102, 104 are projecting cali 

bration patterns to be viewed by imager 106. The calibration 
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patterns from generators 102, 104 may be projected at the 
same time (e.g., where imager 106 can distinguish between 
them) or they may be projected separately. The calibration 
patterns (e.g., similar to pattern 414 of FIG. 4A and pattern 
412 of FIG. 4B) may be generated from pattern generators 
102,104 through transparent plate 1210 and bottom transpar 
ent plate 1212. Imager 106 may then view the calibration 
patterns at build surface 1240. The methods and systems 
discussed herein (e.g., FIG. 1C) may then be used to generate 
a pattern generator calibration maps for each of pattern gen 
erators 102, 104. 

FIG.16 is an example of voxelized construction process for 
use, in an example, with the "downward” projecting systems 
of FIGS. 1A, 1H-1J, 2A-2C, and 9A-11. A cooling element 
1712 (with or without an attached vacuum pump) may be 
moved over the reactive material 118 at predetermined times 
to displace the reactive material that has expanded due to 
heating (e.g., when the electromagnetic radiation provided by 
the pattern generator heats up the reactive material). The 
motion of cooling element 1712 may be controlled by con 
troller 120 (see FIG. 1A) and may, for example, be moved 
after a predetermined number of exposures have been gener 
ated, an amount of electromagnetic radiation has been pro 
vided by pattern generator 102, or other factors. In any event, 
cooling element 1712 does not need to be moved with every 
sequence of VOXel generation (e.g., using pattern generator 
102) and may not need to be moved until multiple sequences 
of Voxels has been generated, if at all. 

During the movement of cooling element 1712, support 
plate 112 continues to move downwardly, creating wedge 
shaped regions of reactive material. When pattern generator 
102 is used to create the voxels in reactive material 118, the 
maximum Voxel depth may be determined by the maximum 
depth of reactive material (e.g., determined by the lower 
portion 1732 of the wedge). Controller 120 (not shown) may 
control or communicate with controllers that command pat 
tern generator 102, cooling element 1712, and movement of 
support plate 112. Thus, controller 120 (or other controllers) 
may have the ability to dynamically determine the maximum 
voxel depth and build envelope based on the shape of the 
reactive material (e.g., a wedge shape) and adjust each VOX 
el's depth of cure appropriately (e.g., using intensity values 
and/or exposure time). 
As shown, the continuous build process allows for non 

planar construction of work piece 114. The speed of down 
ward movement of support plate 112 may be controlled by 
controller 120 to speed-up or slow-down during movement of 
cooling element 1712, or the speed of support plate 112 may 
remain constant. In general, the speed of Support plate 112 
may be controlled to remain in constant motion while patterns 
are generated (e.g., by pattern generator 102) and during 
movement of cooling element 1712. 
As shown, three wedge shaped voxel data sets (1720, 1722, 

1724) have already been generated and portions of reactive 
material 118 have been cured or polymerized to create work 
piece 114. The current portion 1730 of reactive material wait 
ing to be cured is shown in additional detail. As shown, 
current portion 1730 may include a staggered pattern of gen 
erated voxels where some voxels have an increased depth of 
cure, which in this instance would contact the prior generated 
portion 1724. The voxels that are generated short of the prior 
generated portion 1724 may include gaps (1770 (exagger 
ated)) beneath them to provide for internal stress relief of 
workpiece 114. Moreover, as shown, the voxel depth may be 
adjusted individually for each voxel to compensate for the 
wedge-shape of reactive material. 
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FIG. 17 is an example of voxelized construction process 

1760 for use, in an example, with the “upwardly” projecting 
systems of FIGS. 8A-8H, 12-15A. Showing the result of 
multiple Voxel exposures to construct workpiece 114, Voxels 
1772, 1774 may have a full depth of cure are show at an outer 
feature of work piece 114. Voxels comprising the main body 
1776 (e.g., inner portions of the work piece) may include 
Voxels having a full depth of cure, or it may include Voxels 
having less than a full depth of cure, as desired. For example, 
some voxels in main boxy 1776 may have less than a full 
depth of cure to allow for reduced internal stresses and/or curl 
(e.g., due to shrinkage of the reactive material). 

Pattern generator 102 may be considered an “upward' 
projecting pattern generator wherein the reactive material 118 
is positioned under work piece 114 (e.g., as a powder, a paste, 
or a composite). When workpiece 114 moves upwardly, fresh 
reactive material (e.g., un-cured or non-polymerized reactive 
material) may be positioned under work piece 114. This may 
be by flowing (e.g., when a liquid reactive material is used in 
a bath—see FIGS. 12-15A) or this may be by positioning a 
liquid, or for example the film-type positioning of a paste, 
powder, or liquid (e.g., see FIGS. 8A-8H). 

Each Voxel may then be created by curing or polymerizing 
the reactive material at selective locations and at selective 
depths (e.g., voxel depth). In a method to reduce "curling or 
relieving internal stresses of work piece 114, each voxel may 
be controlled independently for its depth of cure (e.g., a 
voxel-by-voxel depth of cure method). For example, a first 
Voxel 1762 may be exposed to generate a voxel having maxi 
mum voxel depth (e.g., where the intensity may be 255 on a 
0-255 intensity scale). A second voxel 1764 may be exposed 
having a less than maximum voxel depth (e.g., the intensity 
may be 200). A third voxel 1766 may have an even less voxel 
depth (e.g., the intensity may be 100) which is less than the 
depth of second voxel 1764. As another example, a collection 
of voxels 1782 is shown having an alternating voxel depth 
pattern that may be used to reduce internal stresses. 
The process repeats after workpiece 114 is moved upward 

again and fresh reactive material is located under work piece 
114 for the next voxelized construction process cycle. A gap 
1770 (exaggerated) left between the prior voxel 1778 and 
voxel 1766 may allow the reactive material to shrink without 
distorting work piece 114. Some reactive material 1780 may 
not have been exposed to the minimum electromagnetic 
radiation necessary to cause curing or polymerization. 
The present invention has been described with reference to 

certain exemplary embodiments thereof. However, it will be 
readily apparent to those skilled in the art that it is possible to 
embody the invention in specific forms other than those of the 
exemplary embodiments described above. This may be done 
without departing from the spirit of the invention. The exem 
plary embodiments are merely illustrative and should not be 
considered restrictive in any way. The scope of the invention 
is defined by the appended claims and their equivalents, rather 
than by the preceding description. 
What is claimed is: 
1. A method, comprising: 
generating a predetermined pattern generator calibration 

pattern; 
receiving an image of said generated predetermined pat 

tern generator calibration pattern; 
determining the difference of said predetermined pattern 

generator calibration pattern and said image: 
generating a pattern correction map for said pattern gen 

erator based on said difference; 
receiving a predetermined object pattern representing a 

portion of a three-dimensional object; 
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modifying said predetermined object pattern to correct for 
geometric distortion of a pattern generator; and 

generating the modified pattern using said pattern genera 
tor, said generated pattern interacting with a reactive 
material to form said portion of said three-dimensional 
object defined by said predetermined object pattern, 
wherein the step of modifying said pattern utilizes said 
correction map. 

2. The method of claim 1, further comprising: storing said 
pattern correction map. 

3. A method comprising: 
receiving an imager calibration image of a predetermined 

imager calibration pattern; 
determining the difference of said predetermined imager 

calibration pattern and said imager calibration image: 
generating an imager correction map for said imager based 

on said imager difference: 
receiving a predetermined object pattern representing a 

portion of a three-dimensional object; 
modifying said predetermined object pattern to correct for 

geometric distortion of a pattern generator utilizing said 
correction map; and 

generating the modified pattern using said pattern genera 
tor, said generated pattern interacting with a reactive 
material to form said portion of said three-dimensional 
object defined by said predetermined object pattern. 

4. The method of claim3, further comprising: 
storing said imager correction map. 
5. A method comprising: 
receiving a predetermined object pattern representing a 

portion of a three-dimensional object; 
modifying said predetermined object pattern to correct for 

geometric distortion of a pattern generator; 
generating the modified pattern using said pattern genera 

tor, said generated pattern interacting with a reactive 
material to form said portion of said three-dimensional 
object defined by said predetermined object pattern; 

generating a first plurality of modified patterns defining a 
first plurality of portions of said three-dimensional 
object; 

generating a predetermined pattern generation calibration 
pattern of a form substantially non-interacting with said 
reactive material; 

receiving an image of said generated predetermined pat 
tern generator calibration pattern; 

determining the difference of said predetermined pattern 
generator calibration pattern and said image: 

generating a pattern correction map for said pattern gen 
erator based on said difference, wherein the step of 
modifying said pattern utilizes said correction map; and 
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generating a second plurality of modified patterns defining 

a second plurality of portions of said three-dimensional 
object. 

6. The method of claim 1, further comprising: 
performing the steps of receiving, modifying, and gener 

ating for a plurality of pattern generators. 
7. The method of claim 1, wherein the predetermined 

object pattern comprises a voxelized bitmap pattern. 
8. The method of claim 7, wherein the voxelized bitmap 

pattern corresponds to a plurality of voxels, and the step of 
modifying said predetermined object pattern comprises 
modifying both a location along a build surface and a gray 
Scale value for at least a portion of the voxels comprising the 
voxelized bitmap pattern. 

9. The method of claim 7, wherein the voxelized bitmap 
pattern comprises a plurality of gray scale values correspond 
ing to respective voxel locations on a build surface. 

10. The method of claim 1, wherein the reactive material is 
a solidifiable material that solidifies in response to stimulat 
ing energy, and the generated pattern comprises the stimulat 
ing energy. 

11. The method of claim 1, wherein the generated pattern 
corresponds to a plurality of gray scale values. 

12. A method, comprising: 
providing a predetermined set of voxel data representing a 

portion of a three-dimensional object; 
modifying the predetermined set of voxel data to correct 

for geometric distortion of a pattern generator; and 
generating a pattern using a pattern generator based on the 

modified set of voxel data, said generated pattern inter 
acting with a reactive material at a build surface to form 
said portion of a three-dimensional object. 

13. The method of claim 12, wherein the predetermined set 
of Voxel data comprises a plurality of voxels, each voxel 
corresponding to a location along the build surface and a gray 
Scale value, and the modified set of voxel data comprises a 
plurality of Voxels, each voxel corresponding to a location 
along the build surface and a gray scale value. 

14. The method of claim 12, further comprising: 
generating a predetermined pattern generator calibration 

pattern; 
receiving an image of said generated predetermined pat 

tern generator calibration pattern; 
determining the difference of said predetermined pattern 

generator calibration pattern and said image; and 
generating a pattern correction map for said pattern gen 

erator based on said difference, wherein the step of 
modifying said pattern utilizes said correction map. 
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