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parameter for the X coordinate to compensate for inaccura 
cies caused by deviation of a drop flight trajectory between 
forward and reverse motions of the printing head; modifying 
the databased on the X offset parameter and printing the layer 
of the three-dimensional object according to modified data. 
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DEVICE, SYSTEMAND METHOD FOR 
ACCURATE PRINTING OF THREE 

DIMENSIONAL OBJECTS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. The present patent application is a continuation 
application of patent application Ser. No. 1 1/730,443 filed 
Apr. 2, 2007, entitled “Device, System and Method for Accu 
rate Printing of Three Dimensional Objects” which is a con 
tinuation of patent application Ser. No. 1 1/433,513 filed on 
May 15, 2006, entitled “Device, System and Method for 
Accurate Printing of Three Dimensional Objects” which is 
now U.S. Pat. No. 7,209,797, registered Apr. 24, 2007, which 
is a divisional application of patent application Ser. No. 
10/336,032, filed Jan. 3, 2003, entitled “Device, System and 
Method for Accurate Printing of Three Dimensional 
Objects', now abandoned, which in turn claims priority from 
Provisional Application No. 60/344,038, filed Jan. 3, 2002, 
entitled "Accurate Printing of Three Dimensional Objects' 
and Provisional Application No. 60/430,362, filed Dec. 3, 
2002, entitled “Device, System and Method for Quality” all 
of which are incorporated in their entirety by reference 
herein. 

FIELD OF THE INVENTION 

0002 The present invention relates to the field of rapid 
prototyping (RP), and more particularly to methods of 
achieving high accuracy of dimensions and high quality in 
three-dimensional (3D) printing. 

BACKGROUND OF THE INVENTION 

0003 Rapid prototyping includes many techniques used 
to produce 3-D objects from computer data representing the 
3-D objects. The 3-D data may be referred to as Computer 
Object Data (COD); other 3-D data may be used. Some spe 
cific formats of COD data which may be used are STL data 
and CAD data; other formats may be used. A common 
example of COD is Computer Aided Design (CAD) data. The 
machine's controller converts the data to the form as required 
by the object building components of the machine. Most of 
the RP techniques use fluid or fluid-like interface material, 
which is solidified to produce the solid object. The interface 
material is usually referred to as build material (BM) or model 
material. Building the object is usually performed by produc 
ing thin layers corresponding to the data and solidifying the 
layers one upon the other. Solidifying the layers may be 
achieved in different ways, such as by cooling the layers, in 
case of using molten wax-like materials, by exposing the BM 
to electromagnetic irradiation of appropriate wave-length, in 
case of using a photopolymeras BM. or other methods. Such 
as chemical curing. 
0004 Various systems for computerized 3-D printing have 
been developed. For example a system from 3-D Systems, 
Inc. of California USA operates on the basis of stereolithog 
raphy (SL) where a focused ultraviolet laser is scanned over 
the top of a bath of photopolymerizable liquid polymer mate 
rial. Specified sections of the surface of the bath are polymer 
ized or cured by contact with the UV laser beam creating a 
solid plastic layer at or just below the surface of the material. 
The beam location and thus curing location may be controlled 
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by a printer controller or computer. One method of stere 
olithography is described in U.S. Pat. No. 6,126,884 issued 
Oct. 3, 2000 to Kerekes et al. 
0005. Another technique for building a 3-D model in lay 
ers is described by Cima et al., U.S. Pat. No. 5,387,380. A 
layer of powdered material is deposited followed by the 
deposit of binding material in selected parts of the powder 
deposit to form a layer of bound powder in these parts. These 
steps are repeated for Successive layers to form a desired 
component. 
0006. In one technique, the controller of the printer 
receives, for example, COD data and converts it to the format 
applicable for the printing process (for example, sliced COD 
data). The technique is typically based on dispensing typi 
cally two materials (other numbers may be used) from, typi 
cally, ink-jet heads. The materials are, for example, BM and 
support material (SM). The BM is dispensed at those loca 
tions the object is to be built. The SM is dispensed at other 
places, provided it is needed there. The BM and SM are 
typically dispensed simultaneously according to the com 
puter data. 
0007. The BM may be a specially formulated photopoly 
mer, which is typically cured by a source of electromagnetic 
irradiation, for example a flood or wide area of light, which is 
usually UV, but other wavelengths may be used. The SM is 
also typically a photopolymer, which is used to support the 
BM prior to, during and/or after building. The SM is so 
formulated as to be easily disposed of or removed at the 
conclusion of the object building process. 
0008. The size of the object actually built may differ from 
the size of the prototype model desired to be built, or from the 
size as defined by the input data. Even if the inaccuracy is 
minimal, the error may have serious consequences when, for 
example, two or more pieces are meant to fit together, and a 
minor difference in size may render a close, exact fit impos 
sible. An accuracy of for example, t0.2 mm may be accept 
able in the art of 3-D printing. Larger inaccuracies are less 
acceptable. 
0009. Such inaccuracies may result from various factors, 
Such as material shrinkage or inaccuracies in leveling layers 
of material. Various other aspects of 3-D printing may reduce 
quality of printed objects. If more than one material is used, 
materials may diffuse into each other. Materials may alter 
their shape after deposition due to, for example, thermal 
contraction, the tendency of materials to merge, or the chemi 
cal reaction of the interface materials to curing. Materials 
may not be deposited accurately due to, for example, defec 
tive or missing print head nozzles or the velocity of the print 
head. Other factors may cause object creation inaccuracies. 
0010. Therefore, there is a need for a device, system and 
method that reduces inaccuracies in three dimensional print 
ing. 

SUMMARY OF THE INVENTION 

0011. A system and method for building three dimen 
sional objects may adjust data used to build the objects to, for 
example, improve quality or correct for defects. A printer 
according to one embodiment may accept data representing 
the object and modify the data according to an adjustment 
parameter; the printer may build the object according to the 
parameter. The parameter may be user entered, calculated by 
the printer controller, or both. 
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0012. In one embodiment, a support pedestal may be built 
of deposited material before the object is built. 

1. BRIEF DESCRIPTION OF THE DRAWINGS 

0013 FIG.1a is a schematic isometric view of a portion of 
a three dimensional modeling device according to an embodi 
ment of the present invention. 
0014 FIG. 1b is a block diagram of a three dimensional 
modeling device according to an embodiment of the present 
invention. 
0015 FIGS. 2A and 2B depict a printing head assembly 
and the order of a printing head assembly relative to a tray 
according to one embodiment of the present invention. 
0016 FIG.3 is a schematic side view of the inkjet head of 
a three dimensional modeling device, dispensed layers and a 
roller, according to an embodiment of the present invention. 
0017 FIG. 4A is a schematic side view of a part built from 
BM and SM, according to an embodiment of the present 
invention. 

0018 FIG. 4B is a schematic side view of diffusion of BM 
into SM, according to an embodiment of the present inven 
tion. 
0019 FIG. 5 depicts a sample adjustment amount for dif 
ferent measurements of the thickness of the Support construc 
tion near line, according to one embodiment of the present 
invention. 

0020 FIG. 6A is a schematic side view of a part built from 
BM, according to an embodiment of the present invention. 
0021 FIG. 6B is a schematic side view of a part built from 
BM after being cured, according to an embodiment of the 
present invention. 
0022 FIG. 7A is a side view of the initial space between 
the leveling device and the tray or table, according to an 
embodiment of the present invention. 
0023 FIG. 7B is a side view of the leveling device relative 
to layers of material dispensed beneath the height at which the 
material first comes into contact with the leveling device, 
according to an embodiment of the present invention. 
0024 FIG.7C is a side view of the leveling device relative 
to the tray, according to an embodiment of the present inven 
tion. 
0025 FIG.7D is a side view of a pedestal and object being 

built, according to an embodiment of the present invention. 
0026 FIG. 8 depicts an adjustment function N according 
to one embodiment. 
0027 FIGS. 9a, 9b and 9c depict the path of drops when 
various offsets are used, according to an embodiment of the 
present invention. 
0028 FIG. 10A and FIG. 10B depict patterns of print head 
movement according to various embodiments of the present 
invention. 
0029 FIG. 11 depicts a series of steps according to one 
embodiment of the present invention. 

2. DETAILED DESCRIPTION 

0030 Various aspects of the present invention are 
described herein. For purposes of explanation, specific con 
figurations and details are set forth in order to provide a 
thorough understanding of the present invention. However, it 
will also be apparent to one skilled in the art that the present 
invention may be practiced without the specific details pre 
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sented herein. Furthermore, well known features may be 
omitted or simplified in order not to obscure the present 
invention. 

0031 U.S. Pat. No. 6,259,962 assigned to the assignee of 
the present application and incorporated herein by reference, 
describes, interalia, an apparatus and method for 3-D model 
printing. One embodiment includes a printing head having a 
plurality of nozzles through which interface materials are 
dispensed and a dispenser connected to the printing head for 
selectively dispensing interface material in layers onto a 
printing tray. Electromagnetic radiation, for example, may be 
used for curing. The location of depositing and the amount 
and/or type of interface material to be deposited may be 
controlled by the apparatus controller using, for example, 
CAD data. Various embodiments of the present invention 
may be used with the embodiments described in U.S. Pat. No. 
6.259,962; however, the present invention may be used in 
conjunction with 3-D printers having other configurations 
and other methods of operation. 
0032. In various embodiments of the present invention, in 
order to limit inaccuracies in rapid prototyping (for example, 
to +0.2 mm), modifications may be introduced to the COD 
data. Such modifications may take into consideration, for 
example, printing process parameters such as the temperature 
of the printing cell, layer thickness, type of interface materi 
als, machine construction, repeatable motion errors, the type 
of ventilation in the printing cell, and/or other information. 
Modifications may also be made according to embodiments 
of the present invention to improve the quality of the final 
printed product. 
0033 FIG.1a is a schematic isometric view of a portion of 
a three dimensional modeling device according to an embodi 
ment of the present invention. Referring to FIG.1a, a portion 
of three dimensional printer 1 is depicted. Three dimensional 
printer 1 may be structured and may operate similarly to 
embodiments described in U.S. Pat. No. 6,259,962; however, 
the three dimensional printer 1 may be structured and may 
operate similarly to 3-D printers having other configurations 
and other methods of operation. 
0034. Three dimensional printer 1 prints a solid object 2 
on the table or machine tray 4. The tray 4 is typically movable 
along the Z-axis. Each step in the Z direction typically con 
forms to a single layer 6. Only a few layers are shown for 
clarity. In an alternate embodiment the tray 4 need not be 
moveable in the Z axis. Printing head 8 (typically an inkjet 
head, but other dispensing heads may be used) is typically 
movable along the Y-axis, along rail 10. Printing head 8 
typically includes a plurality of nozzles. The nozzles may be 
arranged in a pattern, such as a line or a rectangular or square 
grid. In alternate embodiments, only one nozzle may be used. 
Rail 10 is typically movable along the X-axis on longitudinal 
rails 11 and 12. Thus printing head 8 is movable in the X-Y 
plane, to dispense, typically, BM and SM simultaneously, its 
location and dispensing location being controlled by the con 
troller for the printer 1 (e.g., controller 62 of FIG. 1b). In an 
alternate embodiment, the printing head 8 may be moveable 
in a different manner, using different equipment. Further, 
more than one printing head may be used, whether simulta 
neously, separately or consecutively. Furthermore, material 
may be dispensed in a different manner, Such as not simulta 
neously, not by an ink-jet head, with more than two types of 
material, or by different printing heads or ink-jet heads for 
each type of material. 
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0035. Note that while the “Z” direction typically refers to 
relative vertical positions, “X” and “Y” directions are relative 
terms, and may be interchangeable across different embodi 
ments. The same relativity applies to terms such as “forward 
and “backward.” 

0036 FIG. 1b is a block diagram of a three dimensional 
modeling device according to an embodiment of the present 
invention. Referring to FIG. 1b, three dimensional printer 1 
includes, a printing head 8 having, typically, a plurality of 
ink-jet nozzles 52, through which one or more interface mate 
rial(s) 54 are dispensed, and a curing unit 56 for curing the 
interface material(s) 54 to form the object 2, resting on Sup 
port surface or tray 4. The interface material(s) 54 are pref 
erably photopolymers, such as DI 7090 Clear Coat, manufac 
tured by Marabuwerke Gmbh & Co., Tamm, Germany. 
Preferably, the photopolymer contains material curable by 
electromagnetic irradiation, such as ultra violet (UV), visible 
or infra red (IR) radiation. For example, material based on 
reactive acrylates is suitable for UV curing or hardening by 
the application of UV radiation from curing unit 56. The 
object 2 is built up in layers such as layers 6 (only a few layers 
are shown for clarity). The 3-D printing system 1 includes a 
dispenser 60, and a controller 62 coupled to components such 
as curing unit 56 and printing head 8. Other materials may be 
used, and other methods of curing may be used. 
0037. A print head positioning unit 51 moves the print 
head according to commands from a controller 62. Print head 
positioning unit 51 may include, for example, motors, servos, 
guide rails, etc. 
0038 Controller 62 typically accepts COD representing 
an object 2, such as CAD data in STL format (other data may 
be accepted, in other formats) and converts Such data to 
instructions for the various units within the printing system 1 
to build the object 2. Before converting the data to command 
instruction, controller 62 may adjust the COD data according 
to the various embodiments described herein. 
0039 Controller 62 typically accepts data representing an 
object 2. Such as CAD data (other data may be accepted, in 
other formats) and converts such data to instructions for the 
various units within the printing system 1 to create the object 
2. Controller 62 may, for example, create an intermediate set 
of data such as COD data or STL data, or other data. Such 
intermediate data may be adjusted according to the various 
embodiments described herein. Typically, controller 62 alters 
data Such as intermediate data or instructions sent to the 
various components of the printer 1 using, for example, an 
adjustment parameter. Such adjustment parameter may be, 
for example, an amount (such as a number or pixels, a dis 
tance, a percentage or scale, etc.) which is used to modify one 
or more dimensions of the object 2 or movement distances or 
positions of the print head. For example, the adjustment 
parameter may be added to, Subtracted to, or be used to 
multiply or divide various dimensions. The adjustment 
parameter may include more than one parameter and may 
include various instructions or details, such as "skip?omit' or 
head displacement instructions. The adjustment parameter 
may include data collected from sensors or user input (e.g., 
from a technician, factory personnel, or possibly an end user), 
or may include constants, or may be calculated by controller 
62. A user may input data including, for example, inaccuracy 
data which may be used by the controller 62 to calculate an 
adjustment parameter. The parameter may be, for example, 
fixed in the printer, user entered, and/or calculated by the 
printer. 
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0040 Controller 62 may include a processor 64, a memory 
66 and software or operating instructions 68. Processor 64 
may include conventional devices, such as a central process 
ing unit, a microprocessor, a “computer on a chip', a micro 
controller, etc. Memory 66 may include conventional devices 
such as RAM, ROM, or other storage devices, and may 
include mass storage, such as CD-ROM or a hard disk. Con 
troller 62 may be included within or may include a computing 
device Such as a personal computer or workStation. Controller 
62 may be of other configurations, and may include other 
components. 
0041. It should be understood that the term “ink-jet 
nozzles' is used in the context of this application for conve 
nience to include nozzles similar to ink-jet nozzles, known in 
the art, but is not restricted to nozzles for ejecting ink and also 
includes nozzles for ejecting interface material for the build 
ing of 3-D models. 
0042. The dispenser 60, which contains interface material 
54, is suitably connected to printing head 8. In one embodi 
ment Support Surface ortray 4 can be selectively positioned in 
one or more of the X, Y or Z axes by a positioning apparatus 
(not shown). Alternately, the printing head 8 may be moved in 
the Z axis. 

0043. In one embodiment, material is dispensed using an 
ink-jet printing head (e.g., printing head 8). The printing head 
typically moves in a fixed pattern over the top layer of the 
object. Various patterns may be used, typically involving 
moving back and forth over the top layer and moving incre 
mentally in one direction at the end of each (or at the end of a 
series) of passes. For example, in one pattern, the head may 
move back and forth in the X direction, forward then reverse, 
then move a small amount in the Y direction before another 
set of passes. Other patterns may be used. Such as a point-to 
point pattern according to the CAD data. A “forward direc 
tion without a corresponding “backward direction may be 
used. 

0044. In one embodiment, the printing head 8 moves for 
ward in the X-Y direction, depositing the materials in the 
course of its passage over the printing tray or printing area, in 
the predetermined configuration. This forward passage of the 
printing head 8 is followed by curing of the deposited material 
by a source of electromagnetic radiation. In the reverse pas 
sage of the printing head 8, back to its starting point for the 
layer just deposited (point 0 on the X-Y axes), an additional 
deposition of interface materials is carried out, according to 
predetermined configuration. In the reverse passage of the 
printing head 8, the second part of the layer may be straight 
ened by a roller, which follows in the path of the printing head 
8 in its reverse movement, and then the thus straightened layer 
is cured by, for example, by a source of electromagnetic 
radiation. FIGS. 2A and 2B depict a printing head assembly 
and the order of a printing head assembly relative to a tray 
according to one embodiment of the present invention. Refer 
ring to FIGS. 2A and 2B, printing head assembly 70 includes 
printing head 8, one or more curing unit(s) 56, and a leveling 
device (in this case, a roller) 13. In one embodiment, the 
order, from left to right, is curing unit 56, printing head 8, 
leveling device 13, and curing unit 56. 
0045. Once the printing head 8 has returned to the 0 posi 
tion (starting point) in the X-Y axes, the printing tray 4 is 
lowered in the Z axis to a predetermined height. Alternately, 
the printing head 8 itself may be moved. 
0046. Other material dispensing methods may be used. 
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0047 FIG.3 is a schematic side view of the inkjet head of 
a three dimensional modeling device, dispensed layers and a 
roller, according to an embodiment of the present invention. 
Referring to FIG. 3, the thickness Tcl 14, dispensed by the 
printing head 8 may be greater than the final thickness 
required, or the thickness as defined or required by the CAD 
or COD data. A typically rotating roller 13, attached to the 
printing head 8, is so placed to trim the interface materials 
used (in this case BM and SM fluids, although other materials 
may be used) to their final thickness Tr15. The leveling roller 
13 turns in the direction 17, but may be moved in different 
manners. The height of tray 4 is controlled in Such a way that 
the roller 13 is in touch with BM and SM only when the head 
and roller assembly (including, for example, roller 13, print 
ing head 8, and other components, not shown) moves in 
direction 16. The roller 13 levels the upper level and, for 
example, may collect the Surplus interface materials to a 
surplus bin (not shown). Embodiments of a leveling device 
that may be used with the system and method of the present 
invention are described in International Application WO 
01/53105, published Jul. 26, 2001 and entitled “SYSTEM 
AND METHOD FOR THREE DIMENSIONAL MODEL 
PRINTING.' assigned to the present assignee and incorpo 
rated herein by reference in its entirety. Other leveling devices 
may be used. 
0048. The typical 3D printing process introduces inaccu 
racy of, for example, +0.3% of the part length, plus +0.15 mm 
of edge, while typical requirements of accuracy in rapid pro 
totyping are +0.1% of the part length, plus +0.05 mm. Other 
parameters or tolerances may be used. In certain embodi 
ments of the present invention, various phenomena which 
affect the accuracy of the printed objectare evaluated, and the 
COD is modified accordingly, or directions sent to the printer 
or printer components are modified, so as to compensate for 
the adverse effects So as to achieve more accurate objects. 
0049. In one embodiment, modifications are introduced to 
the COD (or other data or instructions) to take into consider 
ation process parameters, interface material parameters and 
machine construction, or possibly other parameters. 
0050. Various embodiments may use combinations of 
various modification strategies, such as bulk modifications, 
Surface modifications and/or Z start modifications, or other 
modification strategies, such as those designed to increase 
quality and/or decrease imperfections resulting from aspects 
of the build process or materials used. Other modifications 
may be performed, on other aspects of the data. Modifications 
in print data or print methods may be performed to increase 
overall quality. 
0051 Bulk modifications may be, for example, scale-ad 
justments in the X,Y and/or Z axes in order to compensate for 
dimensional (or size) inaccuracies in the final printed object, 
for example due to contraction of interface material (and thus 
general reduction in size of the model) during its cooling from 
printing temperature to room temperature. Adjustments in 
scale may differ among the axes. For example, adjustments to 
the Z axes may be smaller than for the X and/or Y axes, as 
printing of layers of interface material one on top of the other 
may in itself compensate for possible thermal influences and 
resultant shrinkage or contraction in the Z direction. 
0052 Selective surface modifications may refer to, for 
example, modifications made at the Surfaces of the model 
being printed in order to compensate for inaccuracies. For 
example, where a Support construction is dispensed adjacent 
to a model construction, diffusion of building material (BM) 
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or modeling material and support material (SM) from the two 
constructions into one another may cause slight enlargement 
of the final object. An opposite phenomenon may occur for 
example where the Surface of the model is not adjacent to a 
Support construction, but in contact with the air, after curing 
or during cooling. The Surface line of the object may retreat to 
an extent due surface tension phenomena. Other types of 
selective Surface modifications may be performed. 
0053 Z start modifications may refer to, for example, 
compensation for differences in layer height in, typically, the 
lower layers. Other types of Z start modifications may be 
performed. 
0054. In one embodiment, an adjustment parameter may 
be calculated based on errors resulting from the materials 
used to build the object, e.g., shrinkage, diffusion of materi 
als, materials flowing after deposition, etc. 

Bulk Modifications 

0055 “Bulk modifications” in the CODorother data (such 
as instructions sent to printer components) may be used to 
compensate for dimensional changes due to, for example, 
temperature change of the object from printing temperature to 
room temperature, material curing, or mechanical inaccuracy 
of the printer. One embodiment includes a scale modification. 
For example, when a contraction of 0.25% is expected during 
printing due to part cooling, the scale modification to the data 
is a “stretch' or enlargement by 0.25%. Other tolerances or 
amounts may be used. The correction is typically performed 
in all three dimensions, but need not be. The scale factor may 
differ from one axis to another (X,Y,Z), some axes possibly 
having no correction in certain embodiments or under certain 
conditions, and is typically dependent on the print interface 
materials and the process parameters or other parameters. In 
one embodiment, the Z-axis requires a smaller scale modifi 
cation than X and Y-axes since part of the thermal contraction 
is automatically compensated by the process of printing one 
layer on another. The controller 62 may use or calculate an 
adjustment parameter which may include, for example, a 
mode change, a scale modification, a stretch or shrinkage 
parameter, Scale or percentage or adjustment to the various 
dimensions. Other adjustment parameters may be used. 

Selective Surface Modifications 

0056. The model as printed may deviate from the intended 
model and the data due to, for example, changes in dimen 
sions of the model due to factors directly affecting the mod 
el's Surfacefs. For example, materials may diffuse into one 
another, causing, for example, an enlargement of the model at 
the surface. Direct contact of the model surface with air may 
cause defects and deviations. 

0057. In one embodiment, “Selective Surface Modifica 
tions' may be performed by introducing Surface modifica 
tions to the COD or other data. FIG. 4A is a schematic side 
view of a part built from BM and SM according to one 
embodiment of the present invention. FIG. 4B is a schematic 
side view of diffusion of BM into SM in the support structure 
according to one embodiment of the present invention. Refer 
ring to FIG. 4A, a part of the object 2 resting on tray 4 is built 
by dispensing BM 20 to a line limit 22. In order to hold the 
BM20 in place, support construction 24 is built left of line 22, 
and therefore SM is dispensed to the same line limit 22, thus 
BM 20 and SM 24 are in contact along line 22. Due to, for 
example, diffusion of BM 20 into SM 24, a thin layer of 
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diffused BM 28 is produced, as shown in FIG. 4B. It may 
appear as if limit line 22 has moved to a new position 26. The 
layer 28, when cured, enlarges object 2 by the amount T. The 
thickness of the layer 28 is dependent, for example, on the 
print materials and on the thickness of the Support construc 
tion near line 22, and is of a predictable value. In order to 
prevent the respective change in the object dimensions, COD 
may be modified by offsetting the dimensions of the object by, 
for example, the amount -T in regions where BM 20 is in 
direct contact with SM 24. Other data modification may be 
performed, in accordance with embodiments of the present 
invention. FIG. 5 depicts a sample adjustment amount T for 
different measurements of the thickness of the support con 
struction near line 22, according to one embodiment. Of 
course other values may be used. 
0058 Other inaccuracies may be produced by, for 
example, SM diffusion, or other phenomenon, and Such inac 
curacies may be corrected by various embodiments of the 
present invention. 
0059 Another phenomenon is shown in FIGS. 6A and 6B. 
FIG. 6A is a schematic side view of a part built from BM, 
according to an embodiment of the present invention. FIG. 6B 
is a schematic side view of a part built from BM after being 
cured, according to an embodiment of the present invention. 
Referring to FIGS. 6A and 6B, a part of the object 2 resting on 
tray 4 is built by dispensing BM 30 to the limit line 32. In the 
example shown, beyond the limit line 32 no SM is dispensed, 
so that the BM 30 is in contact with air. Due to, for example, 
surface tension phenomena in the liquid or due to curing 
effects, the Surface in contact with air may retreat when being 
cured. Thus, a new limit line 34 is formed, as shown in FIG. 
6B. The amount of retreat depends on, inter alia, the type of 
interface materials. 

0060. The data (COD, STL or other data) may be modified 
(for example, by controller 62) in order to compensate for the 
Surface enlargement or shrinkage offset at the model Surface 
in the X-Y directions. Generally, the correction (or offset) 
depends on whether the model Surface is adjacent to Support 
material or air. It also may depend on the Support thickness 
near the model surface, or other factors. The offset may be 
continuously changed from that corresponding to air at very 
Small Support thickness, to that corresponding to support of 
thicknesses larger than, for example, 3 mm. 
0061 The required compensation may be achieved by, for 
example, "rubbing out a thin layer from, typically, all the 
object's 2 surfaces (typically except for horizontal Surfaces). 
In one embodiment, the thickness of the rubbed or removed 
layer is such that the thickness of the intersection of the layer 
with any of the printed slice cross-sections is a predetermined 
value. This value may be designated by “offset'. Offset may 
differ from regions where the object 2 is surrounded by SM or 
by air (the controller 62 may determine what surrounds the 
object 2 where from, for example, CAD, COD, STL or other 
data) and may depend on the type of printed model, Support 
materials and on process parameters or other parameters or 
data. Offsetting may harm details of small size and therefore 
for small details the smaller the size of a detail, the smaller the 
offset. 

0062. A user may input data regarding a retreat amount, an 
amount for compensation, etc., or such amounts may be 
determined by, for example, controller 62. The controller 62 
may use or calculate an adjustment parameter which may 
include, for example, adjustment dimensions, a layer to be 
reduced, an offset, etc. Such adjustment parameter may be 
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calculated based on diffusion characteristics of materials 
used, or may be based on the type of materials used. The 
adjustment parameter for a section of the object may be 
calculated based on whether or not support material is to be 
dispensed adjacent to that section of object. Other adjustment 
parameters may be used, and an adjustment parameter may be 
based on and may include multiple different types of infor 
mation. 

Z Start Modification 

0063 FIG. 7A is a side view of the initial space 44 between 
the leveling device 13 and the tray or table, according to an 
embodiment of the present invention. FIG. 7B is a side view 
of the leveling device 13 relative to layers of material dis 
pensed beneath the height h 42 at which the material first 
comes into contact with the leveling device, according to an 
embodiment of the present invention. FIG. 7C is a side view 
of the leveling device relative to tray 4, where tray 4 typically 
moves down along the Z axis (each Zadjustment Tr shown by 
a dotted line), according to an embodiment of the present 
invention. FIG. 7D is a side view of a pedestal built up to h 
height and beyond, where the leveling device first comes into 
contact with the interface material, and indicating the differ 
ence in depth of the layers leveled by the leveling device 
(leveled layers of pedestal shown above h height with leveled 
layers 6 of model 2 above the pedestal 40), according to an 
embodiment of the present invention. 
0064. While the leveling device is typically a roller 13, 
other leveling devices, such as blades or scrapers, may be 
used. In the 3-D printer the layers 6 are typically dispensed 
one on top of the other, as shown in FIG. 1A. Before a new 
layer is dispensed, the tray 4 typically moves down along 
Z-axis, as may be seen in FIG. 7C. Other methods of Z-axis 
adjustment may be used, such as moving the printing head 8. 
Each increment in Z direction typically corresponds to the 
final layer thickness Tr 15 (FIG. 7C). The actual dispensed 
layer thickness Tod 14 (shown in FIG.7B), may be thicker than 
the final thickness required. This extra thickness provides 
Surplus interface material for leveling the upper layer prior to 
curing. 
0065 Z direction inaccuracies may be due to, for example, 
an initial distance in Z direction of the leveling apparatus 
(e.g., rotating roller 13) from the printing tray or table 4. 
Leveling may be required for compensation for, for example, 
weak nozzles, slow fluidity etc. Leveling may be achieved in 
one embodiment by using rotating roller 13; other leveling 
devices may be used. The final layer thickness Tr15 (FIG.7C) 
typically corresponds to the Z step between adjacent slice 
plans of the sliced COD. In order to assure no friction of the 
leveling roller 13 with the tray, the roller is typically initially 
located at a specified spaced 44 from the tray, and therefore 
is not in contact with the first few layers of interface material 
during the build process. The consequence may be that the 
initial layers are thicker than desired. 
0066 Referring now to FIG. 7B, h 42 denotes the height 
from the tray 4 to the level at which the roller 13 is in touch 
with the dispensed interface material. Td is the thickness of 
dispensed layer before leveling and n is the number of layers 
deposited. 
0067. In FIG.7C, Tris the step size of tray 4 movement in 
the Z direction from slice to slice (e.g., the thickness of each 
layer 6 after being leveled). A slice is denoted I, where the first 
slice is i=1, the second i=2 and so on up to i=n. H42 denotes 
the height from the tray 4 to the level at which the roller 13 is 
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in touch with the dispensed interface material. Thus as may be 
seen in FIGS. 7B and 7C, the following relations can be 
described (other relationships may be used in other embodi 
ments): 

hi-Trxi+d for i=1,2,... n. 

Ifnis the slice number which is the first to touch the roller, the 
following two equations hold for i=n: 

Where: d=the space between the leveling roller device 13 and 
the machine tray 4 prior to printing, n number of unleveled 
layers, Tod-thickness of dispensed layer before leveling, and 
Tr-step size of the tray 4 movement in the Z direction from 
slice to slice (e.g., the thickness of each layer 6 after being 
leveled). 
0068 According to one embodiment of the system and 
method according to the present invention, a device forms a 
pedestal of support construction 40 (FIG.7D), typically to the 
height hat which the base of the leveling device (e.g., a roller) 
13 comes into contact with the deposited material. The height 
of the pedestal 40 may in one embodiment of the present 
invention exceed heighth, according to the requirements of 
the model being built. The printer 1 commences printing of 
the object 2 on top of the thus-constructed pedestal. Thus the 
leveling device 13 makes contact with all layers and is able to 
level all to a consistent thickness, starting from the first laid 
layer of modeling construction. Alternately, the printer 1 may 
adjust the space between adjacent slice planes of the initial 
(bottom) layers in the sliced COD according to the expected 
unleveled thickness. Other types of Z start modifications may 
be performed. 
0069. According to one embodiment, the height of the 
pedestal 40 is such that the leveling roller 13 is in complete 
touch with at least the last dispensed layer of the pedestal 40. 
The pedestal 40 height is typically chosen as being equal or 
larger thanh of the expression above. The support pedestal 40 
is added into the CODas, for example, a Z-offset. The struc 
ture of the pedestal 40 may generally differ from normal 
Support structures, and may differ from that shown. 
0070 According to one embodiment, for the area below 
where the leveling device is first active, the object data may be 
"sliced' and converted into layers based on the larger, un 
leveled thickness (e.g., Ta), rather than the smaller, leveled 
thickness (e.g. Tr). When the object data is converted from, 
e.g., CAD data, an initial, lower, set of layers may be thicker 
than an upper set of layers. Thus, when printing, the tray 4 
may be moved according to the larger amount. Such compu 
tation and tray movement may be factored into the adjustment 
parameter. 
0071. According to another embodiment, an adjustment to 
the COD or other data may be introduced by, for example, 
determining the space (Td) between adjacent slice planes of 
the initial layers in the sliced COD. from the bottom of the 
object 2 to heighth. The space between the rest of the slice 
planes is typically left equal to Tr. The number of layers 
having a thickness of unleveled dispensed layers is typically 
n (see above). 
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0072. In one embodiment, the adjustment parameter 
includes instructions to use a large step between the layers 
when adjusting layer data corresponding to the lower part of 
the object in, for example, the Z direction according to, for 
example, the tray step movement from layer to layer and the 
average thickness of the injected material, up to a certain 
height. The adjustment parameter may include instructions to 
produce a first layer thickness (by, for example, moving the 
tray 4 in a first step distance) between the slices when prepar 
ing the sliced printable data in the lower part of the object. 
This is performed up to a certain height. A second layer 
thickness is used above that height. Typically, the first thick 
ness is Substantially equal to the average thickness of the 
deposited material in a slice before leveling, and the second 
thickness is substantially equal to the tray 4 step movement 
from slice to slice, or to the layer thickness with leveling. 
0073. The controller 62 may use or calculate an adjust 
ment parameter which may include, for example, a Z-offset, 
various adjustments to dimensions, a number of start layers, 
an initial space between a leveling apparatus and a Support 
tray, etc. An adjustment parameter may include instructions 
for contracting a set of lower layers, for example according to 
the tray step movement from layer to layer and the average 
thickness of the injected material, up to certain height. Other 
adjustment parameters or methods of calculating Such param 
eters may be used. In alternate embodiments, the initial layers 
need not be made of Support material. 

Vertical Thin Walls, Pins, or Other Structures 

0074. When printing models with thin walls or pin-like 
parts, or other thin or narrow structures, the top layers, e.g., 
the interface materials laid at the top of such thin walls or 
pin-like parts, may take on a rounded shape. Where thin and 
thick sections are intended to have equal height, the thin 
sections may be built higher than the thick sections. Such 
rounding or height errors may occur to an extent at the top 
surface of all models, as the jetted interface material may be 
in liquid form having Surface tension phenomena, and may 
therefore not adopt 90° edges easily. In thin walls, rounding 
of the two opposing edges may overlap each other, causing 
the height of the wall in a slice to protruding slightly above the 
slice plane. The leveling device may collide ("knock”) with 
Such a protrusion when leveling the slice, possibly causing 
breakage to the object being built. 
0075. In one embodiment of the present invention, when 
designing configuration or computing data for thin walls or 
pins, or other thin structures, vacant pixels or areas (areas 
where material is not deposited) in the X-Y axes may be 
configured in the interior or center of vertical thin walls or 
pins (optimally 1 to 4 pixels wide, although other numbers 
may be used) to allow for spread of excess interface materials 
into the vacant areas, and thus lessen rounding or the 
rounded accumulation of materials at the top surface of the 
layers of interface material. A “thin” portion may be a portion 
where, for example, the intersection of the wall with XY 
plane forms a thin line. 
0076. In one embodiment, a function N (wall thickness) 
may be used by the controller 62 to calculate the area or the 
number of pixels, if any, to leave vacant from a central area of 
a thin structure. FIG. 8 depicts an adjustment function N 
according to one embodiment; other functions may be used. 
Referring to FIG. 8, depending on the thickness of the struc 
ture, a certain number of pixels N may be omitted. Typically, 
N expresses a width; the length is as appropriate, given the 
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structure (e.g., wall, pin, etc.). In the embodiment shown, 
pixel size is 21 micrometers. Other pixel sizes may be used, 
and the omitted material may be expressed as an area rather 
than a number of pixels. The controller may recognize (from 
the data, e.g.) thin objects such as walls and pins, and modify 
the data so that the COD includes the required vacant pixels or 
areas, or introduce the vacant pixels in other data, Such as 
when preparing the sliced COD. 
0077. In one embodiment controller 62 may for example 
modify or adjust COD or sliced COD data to compensate for 
inaccuracies caused by the rounding of interface material in 
the center of each layer comprising thin walls or pins or other 
very narrow objects. 
0078. The controller 62 may alternatively modify or adjust 
COD or sliced COD data to compensate, for example, for a 
number of non-printed pixels or other data. The controller 62 
may modify or adjust COD or sliced COD data which may 
include, for example, adjustments to dimensions, or pixels or 
areas to be omitted or left vacant, or other data or instructions. 
The adjustment parameter may be calculated in order to pre 
vent rounding of an edge of the object. Other adjustment 
parameters may be used to effect such corrections. 

Drop Flight Angle 

0079 Dripping of interface material may occur at, for 
example, vertical walls of the model, especially when the 
walls are perpendicular to the X motion of the print head 8. 
The flight of drops that is not perpendicular to the tray 4 may 
be responsible of this phenomenon. Although the drop is 
typically injected perpendicularly to the tray 4, the flight 
direction of the drop may not be perpendicular to the tray 4 
because of, for example, the X motion of the print head 8 
during printing. 
0080 Adjustment in, for example, the X direction 
between the forward and reverse motions of the printing head 
8 may correct for errors such as dripping of interface material 
at the edge walls of the model 2. The adjustment may reduce 
deviation of the drop flight trajectory, for example deviations 
out of the edge point of the model wall. Proper adjustment 
may be achieved, for example, by adding a position offset 
(back offset) which adjusts X position where the droplets 
land on the model 2. In a printing situation where drops are 
intended land over the same pixel or position of the model 2 
in both forward and backward movements, the offset may 
adjust the print head 8 position when injecting the respective 
drops during forward and backward movements. Note as with 
'X' and 'Y', forward and backward are relative terms, and 
may be interchangeable across different embodiments. FIGS. 
9A, 9B and 9C depict the path of drops when various offsets 
are used, according to an embodiment of the present inven 
tion. Referring to FIG.9A, when a drop is dispensed in either 
the forward or backward direction, with the head position 
being the same, the two drops continue in, respectively, the 
forward or backward direction until landing on the slice 
plane, but not landing on the same spotas desired per the data. 
Referring to FIG.9B, when an offset is added to the position 
at which the drop is dispensed, its landing position on the 
surface of the object 2 may be altered in a way that the drops 
land on the theoretical edge 200 of the object in the slice 
plane. Due to rounding of the model edge (see “Vertical Thin 
Walls, Pins, or Other Structures above), the model edge 202 
may retreat from the theoretical edge 200, and therefore some 
droplets may miss the object 2, causing dripping on the object 
wall or, possibly, a phantom wall at the bottom of the model. 
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Referring to FIG. 9C, the proper offset results in, for a given 
edge pixel 204, the landing position of a drop 206 during both 
its forward and backward pass being Substantially the same 
on the actual wall's edge 202. 
I0081. Offsets to compensate for the drop flightangle or the 
velocity of the print head may be in the form of, for example, 
a position adjustment or a timing (e.g., release time) adjust 
ment. Offsets may be in the form of a whole or fraction of a 
pixel, as is suitable with the data format used. Offsets may be 
adjusted or calculated based on, for example, the speed of the 
print head, the distance between the head and the surface of 
the object, or other parameters. Offsets may be used with 
embodiments where the head movement is not a “back and 
forth' method or where drops are not dispensed to the same 
position from more than one different direction. 
I0082 FIG. 11 depicts a series of steps according to one 
embodiment of the present invention. Steps may be omitted or 
modified, and other steps or series of steps may be used. 
I0083) Referring to FIG. 11, in step 100, a three dimen 
sional printer accepts data representing a three dimensional 
object. 
I0084. In step 110, the printer may accept data affecting a 
modification to the object data. For example, the printer may 
accept a material type, a set of nozzles, a user request, a 
modification parameter, etc. Alternately, Such data affecting a 
modification may be “built in or stored in software in the 
printer, and thus step 110 may not require “accepting data. 
The data accepted may include an indication of mode from a 
USC. 

I0085. In step 120, the printer may calculate an adjustment 
parameter based on the data received in step 110. The adjust 
ment parameter may be, for example, a simple number or set 
of numbers, a set of instructions, or other data. Alternately, the 
adjustment parameter may be taken from data input or stored 
in step 110, without calculation or modification. 
I0086. In step 130, the printerprints the object according to 
the data accepted or stored in steps 100 and 110 and according 
to the adjustment parameter. Typically, the printer lays down 
one or more materials according to Such data and parameters. 
The printer may cause Such material to Solidify—for 
example, the material may be cured. An adjustment param 
eter may be created or modified during printing. 
I0087. The controller 62 may use or calculate an adjust 
ment parameter which may include, for example, a map of 
nozzles, instructions for a print head shift, alterations to print 
head movement, offsets to print data, adjustments or instruc 
tions relating to print quality or print effects, alterations in the 
way that the input data is converted to print data, etc. An 
adjustment parameter may provide instructions to adjust the 
position of certain drops relative to drops dispensed in lower 
layers. A print head may be moved relative to the surface of 
the object (typically in a Z direction) by, for example, one of 
moving the print head or moving the object, and the adjust 
ment parameter may provide instructions to adjust movement 
in one or more of the X, Y and Z directions. The adjustment 
parameter may adjust the position of drops based on move 
ment of the drops between drop dispensing and the drops 
contacting the object surface. An adjustment parameter may 
provide instructions for the dispensing of a number of initial 
layers, on which the object may be built. Adjustment param 
eters may have other formats and include other data. An 
adjustment parameter may be created or modified after the 
start of printing. 
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0088 Typically, for bulk modifications, selective surface 
modifications, or any of the other modifications discussed 
herein, controller 62, operating based on software 68, modi 
fies the data that is sent to the printer components, or modifies 
data used to generate the instructions sent to the printer com 
ponents (e.g., COD data or STL data, or other data). Control 
ler 62 may accept input data such as a shrinkage scale or 
percentage, a number of initial layers of SM, a Z start value, 
a thickness to remove from a removed layer, or other values, 
as appropriate. The controller 62 may accept a mode from a 
user, such as a quality mode or corrective mode; methods and 
systems for accepting user data to electronic devices are well 
known. The controller 62 may accept such data from a user or 
automatically, via sensors that may record, for example, the 
type of material used, temperature levels, malfunctioning 
noZZles, etc. The input data may be, for example, a user 
selection to include certain compensations in the calcula 
tions, a mode change, etc. Memory 66 may store Such data, 
Such as user selection or a map of nozzles. 
0089 Alternately, such data need not be “accepted' and 
appropriate data may be stored by, for example, memory 66. 
E.g., an adjustment parameter may be stored in printer 1 more 
or less permanently. 
0090. An adjustment parameter may be based on and may 
include different types of information 
0091. While the invention has been described with respect 
to a limited number of embodiments, it will be appreciated 
that many variations, modifications and other applications of 
the invention may be made which are within the scope and 
spirit of the invention. 
0092. Embodiments of the present invention may include 
apparatuses for performing the calculations and operations 
herein. Such apparatuses may be specially constructed for the 
desired purposes or may comprise general purpose computers 
selectively activated or reconfigured by a computer program 
stored in the computers. Such computer programs may be 
stored in a computer readable storage medium, Such as, but is 
not limited to, any type of disk including floppy disks, optical 
disks, CD-ROMs, magnetic-optical disks, read-only memo 
ries (ROMs), random access memories (RAMs), electrically 
programmable read-only memories (EPROMs), electrically 
erasable and programmable read only memories (EE 
PROMs), magnetic or optical cards, or any other type of 
media Suitable for storing electronic instructions. 
0093 Calculation or data manipulation processes pre 
sented herein are not inherently related to any particular com 
puter or other apparatus. Various general purpose systems 
may be used with programs in accordance with the teachings 
herein, or it may prove convenient to construct a more spe 
cialized apparatus to perform the desired method. The desired 
structure for a variety of these systems appears from the 
description herein. In addition, such calculation or data 
manipulation processes embodiments are not limited to any 
particular programming language. It will be appreciated that 
a variety of programming languages may be used to imple 
ment the teachings of the invention as described herein. 
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Unless specifically stated otherwise, as apparent from the 
discussions herein, it is appreciated that throughout the speci 
fication discussions utilizing terms such as "estimating. 
“processing”, “computing', 'calculating”, “determining”. or 
the like, typically refer to the action and/or processes of a 
computer or computing system, or similar electronic comput 
ing device (e.g., a “computer on a chip' or ASIC), that 
manipulate and/or transform data represented as physical, 
Such as electronic, quantities within the computing system's 
registers and/or memories into other data similarly repre 
sented as physical quantities within the computing system's 
memories, registers or other Such information storage, trans 
mission or display devices. 
What is claimed is: 
1. A method for building a three-dimensional object by 

depositing drops of material from a printing head onto a 
printing Surface, layer upon layer, the method comprising: 

providing data representing a layer of a three-dimensional 
object, the data comprising X and Y coordinates, 
wherein X represents the direction of motion of the 
printing head; 

applying an X offset parameter for the X coordinate to 
compensate for inaccuracies caused by deviation of a 
drop flight trajectory between forward and reverse 
motions of the printing head; 

modifying the databased on the X offset parameter; and 
printing the layer of the three-dimensional object accord 

ing to modified data. 
2. The method according to claim 1, wherein the X offset 

parameter is a position adjustment. 
3. The method according to claim 1, wherein the X offset 

parameter is a timing adjustment. 
4. The method according to claim 1, wherein the X offset 

parameter is calculated Such that drops land on the same 
intended pixel position in both forward and reverse motion. 

5. The method of claim 1, wherein the X offset parameter 
is calculated Such that drops intended to land on a theoretical 
edge of the three-dimensional object would land on an actual 
edge of the object. 

6. The method of claim 1, wherein printing according to the 
modified data prevents dripping of drops on walls of the 
three-dimensional object. 

7. The method of claim 1, wherein printing according to the 
modified data prevents the drops from missing an edge of the 
three-dimensional object. 

8. The method of claim 1, wherein the X offset parameter 
is of one or more pixels. 

9. The method of claim 1, wherein the X offset parameter 
is in a form of a fraction of a pixel. 

10. The method of claim 1 comprising: 
adjusting the X offset parameter based on the speed of the 

printing head. 
11. The method of claim 1 comprising: 
adjusting the X offset parameter based on the distance 

between the printing head and the layer. 
c c c c c 


