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METHOD AND APPARATUS FOR PRINTING 
OF THREE-DIMIENSIONAL OBJECTS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a Divisional application of U.S. 
patent application Ser. No. 10/537,458, filed Jun. 3, 2005, 
which is a National Phase Application of PCT International 
Application No. PCT/IL2003/001024, International Filing 
Date Dec. 3, 2003, entitled “PROCESS OF AND APPARA 
TUS FORTHREE-DIMENSIONAL PRINTING”, which in 
turn claims priority from U.S. Provisional Patent Application, 
60/430,362, filed Dec. 3, 2002, which are all incorporated by 
reference herein in their entirety 

FIELD OF THE INVENTION 

0002 The present invention relates to apparatuses and 
methods useful in three-dimensional object printing. Specifi 
cally, embodiments of the present invention relate to systems, 
methods, and apparatuses for helping to improve the quality 
of printed three-dimensional objects. 

BACKGROUND OF THE INVENTION 

0003. Three-dimensional (3D) printing is a process used 
for the printing of three-dimensional objects, for example by 
printing or building parts of Such objects in layers. Such 3D 
objects may be used, for example, for prototype parts. 
0004 Various systems have been developed for three-di 
mensional printing, wherein material for object printing is 
deposited in consecutive layers according to a pre-deter 
mined, configuration or in selected arrays as defined by, for 
example, a Computer Aided Design (CAD) system connected 
to the printing systems. Such materials may include materials 
for constructing an object and materials used for constructing 
Support structures for an object. 
0005 According to some apparatuses, systems and meth 
ods for 3-D printing, predetermined or preprogrammed con 
figurations and designs using, for example, CAD software, 
may aim at obtaining as accurate a final product as possible. 
However, each printed product or model is different, whether 
in shape, design, size, bulk, composition and so on, and these 
differences may be affected by different factors during the 
printing process, such as heat, chemical reactions of the pho 
topolymer material to curing, internal strains (e.g., within the 
object) due to strains such as, for example shrinkage of the 
materials during curing and/or cooling, environmental influ 
ences within the printing apparatus, for example temperature 
fluctuations etc. Adverse effects may take on different forms 
Such as various deformations in the finished product. In addi 
tion, the quality of the finished product may be affected by 
these and other factors. 

SUMMARY 

0006 Embodiments of the present invention provide 
apparatuses and methods for controlling the quality of print 
ing in three-dimensional object-printing systems. A printing 
system, according to some embodiments of the present inven 
tion, may include a printing apparatus to print three-dimen 
sional objects; a controller that may prepare the digital data 
that characterizes the 3-D object for printing, and control the 
operation of the printing apparatus; and a printing tray with a 
selected adhesion characteristic. The adhesion characteristic 
may be, for example, a high adhesion coating for high adhe 
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sion to the object’s building material(s). The Surface coating 
of the tray may be, for example, an anodized aluminum coat 
ing, which may include, for example, pores containing a 
material that acts to adhere to the printed objects. The pores 
may, for example, be filled with water. Alternatively, the 
printing tray may be pretreated with water. 
0007 According to some embodiments of the present 
invention the printing system may include a printing appara 
tus to print three-dimensional objects; a controller pro 
grammed to control the printing apparatus; and a printing tray 
with a thermal expansion coefficient similar to that of an 
object to be built. The printing tray may include organic 
material and/or may include material whose thermal expan 
sion coefficient may be substantially similar to that of the 
objects being printed. 
0008 According to some embodiments of the present 
invention, a printing apparatus for three-dimensional printing 
may be provided that may include a printing head (e.g., an ink 
jet head or another Suitable material deposit system or dis 
penser) to deposit material for a three-dimensional object; a 
printing tray to Support the objects being printed by the appa 
ratus; and a temperature control unit to control the tempera 
ture in the apparatus. The temperature control unit may 
include, for example, a heating Source or mechanism and a 
cooling source or mechanism. The temperature control unit 
may be integrated into the printing tray. For example, the 
printing tray may include cooling tunnels and/or heating ele 
ments and/or temperature sensors. 
0009. According to some embodiments of the present 
invention a printing apparatus for three-dimensional printing 
may include a printing head, a printing tray, and a blowing 
unit to cool layers of an object after printing. In other embodi 
ments such a printing apparatus may include a sucking unit to 
cool layers of an object after printing. 
0010. According to some embodiments of the present 
invention the printing apparatus for three-dimensional print 
ing may include a printing Sub-system or other Suitable con 
tainer which may be insulated for, for example, temperature 
control. The cell may include a temperature control unit. The 
temperature control unit may include a heating Source or 
mechanism and/or a cooling source or mechanism. Heating of 
the cell, for example, may be brought about by the tray, which 
may be heated by heating elements. The printing Sub-system 
may include material that may be reflective in the IR wave 
length region. The printing Sub-system may include at least 
one insulation structure. The printing Sub-system may 
include an upper heating element, radiation source, lamp, or 
other suitable heat source, to control the temperature of the 
printing Sub-system and/or heat the upper layers of an object 
being printed. 
0011. According to some embodiments of the present 
invention, the printing apparatus may include a printing Sub 
system and an insulation area to insulate an object or set of 
objects whose printing may be complete. The insulation area 
may include a temperature control unit. The printing appara 
tus may include at least two printing trays. 
0012. According to some embodiments of the present 
invention a three-dimensional printing system may include a 
printing nozzle detector mechanism. NoZZle status data 
detected by the nozzle detector mechanism may be computed 
and/or analyzed by a controller, for example, using Suitable 
executable code. 
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0013. According to some embodiments of the present 
invention the printing system may include one or more lev 
eling devices associated with a printing head array. 
0014. According to some embodiments of the present 
invention the printing system may include a curing lamp 
located at a side of the printing head, and a leveling device 
and/or another curing lamp located at the other side of the 
printing head. 
0015. According to some embodiments of the present 
invention a printing apparatus for three-dimensional printing 
may include a controller to control construction of building 
material at the base of an object to be printed, and print the 
object on the construction. The controller may act to dispense 
building material beneath the base of said object to be printed. 
The construction may adhere to the object and to a printing 
tray on which the object is to be printed. The construction may 
provide a barrier layer between the object and the printing 
tray. The construction may provide a carpet between the 
object and the printing tray. The construction may provide a 
pedestal between the object and the printing tray. The con 
struction may raise the object being built within the leveling 
range of a leveling device. 
0016. According to some embodiments of the present 
invention a printing apparatus for three-dimensional printing 
may include a controller to control the building of a thicken 
ing layer of building material of a predetermined thickness 
around a printed object. The thickening layer include one or 
more building materials. 
0017. According to some embodiments of the present 
invention a printing apparatus for three-dimensional printing 
may include a controller to position a printing tray at a rela 
tively high level prior to printing, the level enabling compen 
sation for shrinkage in a previously printed and cured layer. 
0018. According to some embodiments of the present 
invention a printing apparatus for three-dimensional printing 
may include a controller to control the delivery of shock 
waves to a printing tray holding a printed object. 
0019. According to some embodiments of the present 
invention a printing apparatus for three-dimensional printing 
may include a controller to control the printing of a three 
dimensional object with an adjacent Support construction, the 
object and the Support construction being separated by a 
barrier, the barrier including vacant pixels. 
0020. According to some embodiments of the present 
invention a printing apparatus for three-dimensional printing 
may include a controller to control the printing of a Support 
construction, the Support constructing including Support 
material and modeling material elements within the Support 
material, the modeling material elements being used to rein 
force the Support material. The Support construction may 
include a grid of pillars within the Support material. The grid 
of pillars may be in direct contact with Support material, 
and/or with a printing tray. The controller may control con 
structing of at least one Support construction as a body outline 
around a printed object. 
0021. According to some embodiments of the present 
invention a printing apparatus for three-dimensional printing 
may include a controller to detect defective nozzles, and to 
adjust printing coordinates to compensate for the defective 
noZZles. The controller may control adjustment parameters 
by print bead shifting, print head movement, and/or input data 
conversion. Control of adjustment parameters may be accord 
ing to a shift algorithm. The controller may enable printing a 
first layer of an object to be printed by a printing head having 
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a certain reference frame; and printing a second layer of an 
object to be printed by said printing head, the printing head 
having a second reference frame that is different from the first 
reference frame. 
0022. According to some embodiments of the present 
invention a printing apparatus for three-dimensional printing 
may include a controller to enable moving a printing head in 
a forward passage when printing an object, and adjusting the 
height of a printing tray prior to the reverse passage of the 
printing head. 
0023. According to some embodiments of the present 
invention a printing apparatus for three-dimensional printing 
may include a controller to shift the step of a nozzle array, 
where said nozzle array includes a large nozzle step. The 
controller may enable printing additional layers in a first 
direction, and lowering the printing tray for each additional 
layer printed in the first direction. The controller may enable 
printing additional layers in a second direction, where the 
number of additional layers are related to the nozzle step 
divided by the size of the nozzle droplet stain. 
0024. According to some embodiments of the present 
invention a method is provided for three-dimensional object 
printing that includes increasing adherence of an object being 
printed to a printing tray, wherein the printing tray has pre 
determined surface characteristics. The printing tray may 
include an anodized layer, and may have pores that may be 
filled with material that attracts modeling material. The pores 
may be filled with water. The printing tray may be pre-treated 
with water. 
0025. According to some embodiments of the present 
invention adherence of an object being printed to a printing 
tray may be increased by using a printing tray that has a 
thermal coefficient substantially similar to that of a printed 
object. The printing tray may be made of organic material. 
The printing tray may be made from Substantially similar 
material to a printed object. 
0026. According to some embodiments of the present 
invention, three-dimensional object printing methods may 
include printing a Support construction below the base of an 
object to be printed, such that the construction adheres to the 
object and to a printing tray on which the object is to be 
printed. An object may Subsequently be printed on the con 
struction. 
0027. According to some embodiments of the present 
invention a printing method may include printing a Support 
construction as a barrier layer between a printing tray and an 
object to be printed, such that the barrier layer separates the 
lower layers of the object to be printed from the printing tray. 
An object may Subsequently be printed on the barrier layer. 
0028. According to some embodiments of the present 
invention the temperature of an object being printed may be 
controlled. The control may be enabled by heating a printing 
tray to a selected temperature during the building of the 
object. The object may subsequently be cooled. The selected 
temperature may be substantially at the glass transition point 
of a modeling material, or at the glass transition point of a 
Support material. The temperature of an upper layer of mate 
rial of an object being printed may be controlled, by for 
example a controller, for example, to a temperature above the 
glass phase transition of the material. Such control may be 
enabled using an electromagnetic radiation associated with 
the curing device, electromagnetic radiation independent of 
the curing device, exothermic chemical curing, a heating 
element, a cooling element, and/or other Suitable temperature 
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control elements, such as a temperature sensor and controller 
that operates the cooling and heating elements according to 
the sensor reading and required temperature. The material of 
the upper layer(s) may be heated before depositing. 
0029. According to some embodiments of the present 
invention the temperature in a printing Sub-System may be 
controlled during a printing process, using, for example, a 
heating element, a cooling element, a curing unit, a radiation 
unit, an insulated printing Sub-system, and/or other Suitable 
temperature control elements. The cooling of the printing 
Sub-system may be controlled. The printing tray may be 
moved to an insulation area, which may be, for example, 
within the printing Sub-system or outside of the printing Sub 
system. The insulation area may include a removable struc 
ture. 

0030. According to some embodiments of the present 
invention a three-dimensional object printing method may 
include printing a “thickening layer comprised of a Support 
structure of a predetermined thickness around a printed 
object. The Support structure may include Support material, 
and/or a combination of Support material and modeling mate 
rial either as a homogenous mixture or not. The thickening 
layer may be removed after printing is complete. The thick 
ening layer may additionally help prevent the accumulation 
of excess material on the surfaces of the object. 
0031. According to some embodiments of the present 
invention, a printing method may include printing a first layer 
of building material, curing the first layer of material, and 
printing an additional layer after the first layer is cured. The 
printing tray may be positioned at a relative height or level 
that enables compensation for the shrinkage in the previously 
printed and cured layer. 
0032. According to some embodiments of the present 
invention a method of preventing mechanical deformation of 
a three-dimensional printed object upon removal of the 
printed object from the printing tray may include using a 
printing tray with low adhesion characteristics. 
0033 According to some embodiments of the present 
invention a method of preventing mechanical deformation of 
a three-dimensional printed object upon removal of the 
printed object from the printing tray may include exposing the 
printing tray to cold water or other cooling means. 
0034. According to some embodiments of the present 
invention a method of preventing mechanical deformation of 
a three-dimensional printed object upon removal of the 
printed object from the printing tray may include exposing the 
tray to shock waves. 
0035. According to some embodiments of the present 
invention a three-dimensional object printing method may 
include printinga Support construction on a printing tray prior 
to printing an object, the Support construction including one 
or more layers of modeling material protruding outside the 
boundaries of the base of the object. The modeling material 
may be covered with a Support construction, which may pro 
trude outside the boundaries of the object. A thin layer of 
modeling material may be deposited over the Support mate 
rial. The Support construction may include a combination of 
modeling material and Support material. The Support con 
struction may include one or more pillars of modeling mate 
rial interspersed with Support material. 
0036. According to some embodiments of the present 
invention a three-dimensional object printing method may 
include printing a three-dimensional object with an adjacent 
Support construction separated from the object by a barrier. 
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The barrier may include at least one set of vacant pixels that 
may allow for the spread of modeling and Support materials 
into the vacant pixel barrier and thus reduce the mixing of the 
materials of each construction. 
0037 According to some embodiments of the present 
invention a three-dimensional printing method may include 
printing a Support construction that includes Support material 
and modeling material elements within the Support material, 
to reinforce the Support material. The Support construction 
may include a grid of pillars within the Support material. The 
pillars may be larger and/or more closely spaced at the outer 
periphery of the Support construction. A wall of modeling 
material may be constructed Surrounding the Support con 
struction. The Support material may be, for example, inter 
spersed with modeling material elements. A continuous 
phase of Support material may be reinforced by model mate 
rial in the form of for example, columns, membranes, and/or 
cubes. The Support construction may be dispensed as, for 
example, a body outline around a printed object. 
0038 According to some embodiments of the present 
invention a three-dimensional object printing method may 
include constructing a Support construction on the printing 
tray; and printing an object on top of the Support construction, 
such that the object may be built within the leveling range of 
a leveling device associated with the printing apparatus. 
0039. According to some embodiments of the present 
invention a three-dimensional object printing method is pro 
vided that includes detecting problematic nozzles, and adjust 
ing printing coordinates to compensate for the problematic 
nozzles. The adjustment may include controlling print head 
shifting in Y (e.g., the non printing direction), input data 
conversion, and/or other Suitable adjustment parameters. A 
shift algorithm may be used to adjust a printing head. 
0040. According to some embodiments of the present 
invention a method for higher 3-D printing resolution in the 
Y-direction, than may be set forth by the droplet diameter may 
include printing a first layer of an object to be printed, inter 
lacing, and printing a second layer of an object to be printed 
over said first layer. Each of the layers may include a portion 
of required pixels. The first layer and second layer have dif 
ferent height values. A third layer may be constructed over the 
second layer. A shift algorithm may be used to perform the 
interlacing. 
0041 According to some embodiments of the present 
invention a method for 3-D printing may include adjusting the 
height of a printing tray prior to the reverse passage of a 
printing head printing an object on the printing tray, Subse 
quently printing the reverse passage by the printing head. The 
printing tray height may be adjusted. 
0042. According to some embodiments of the present 
invention, the step of a nozzle array may be shifted, in the 
case, for example, where said nozzle array has a large nozzle 
step. The shifting may include printing additional layers in 
the X direction, and lowering the printing tray for each addi 
tional X direction layer printed. The method may include 
printing additional layers in the Y direction, such that the 
number of additional layers are related to the nozzle step 
divided by the size of the nozzle droplet stain. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0043. The principles and operation of the system, appara 
tus, and method according to the present invention may be 
better understood with reference to the drawings, and the 
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following description, it being understood that these draw 
ings are given for illustrative purposes only and are not meant 
to be limiting, wherein: 
0044 FIG. 1 is a block diagram of a 3D printer system 
according to some embodiments of the present invention; 
0045 FIG. 2A is a schematic illustration of a printing tray 
and printing object, according to Some embodiments of the 
present invention; 
0046 FIGS. 2B-2E are flow chart illustrations of exem 
plary methods of printing, according to an embodiment of the 
present invention; 
0047 FIG. 3A is a schematic illustration of a printing 
Sub-system, according to some embodiments of the present 
invention; 
0048 FIGS. 3B-3C are flow chart illustrations of exem 
plary methods of printing, according to an embodiment of the 
present invention; 
0049 FIG. 4A is a schematic illustration of a 3-D support 
structure with a grid, according to an embodiment of the 
present invention; 
0050 FIGS. 4B and 4C are schematic illustrations of inter 
face lines in a printable object, according to an embodiment 
of the present invention; 
0051 FIG. 5A is a schematic illustration of a process 
whereby “fallout material' is formed: 
0052 FIG. 5B is a schematic illustration of various Sup 
port constructions, according to some embodiments of the 
present invention; 
0053 FIGS. 6A-6D are schematic illustrations of support 
grids used for printable objects, according to some embodi 
ments of the present invention; 
0054 FIG. 6E is a flow chart illustration of an exemplary 
method of printing, according to an embodiment of the 
present invention; 
0055 FIG. 7A is a flow chart illustration of an exemplary 
method of printing, according to an embodiment of the 
present invention; and 
0056 FIGS. 7B-7E are schematic illustrations of higher 
print resolution procedures according to some embodiments 
of the present invention. 
0057. It will be appreciated that for simplicity and clarity 
of illustration, elements shown in the drawings have not nec 
essarily been drawn to scale. For example, the dimensions of 
Some elements may be exaggerated relative to other elements 
for clarity. Further, where considered appropriate, reference 
numerals may be repeated among the drawings to indicate 
corresponding or analogous elements throughout the serial 
W1WS. 

DETAILED DESCRIPTION 

0058. The following description is presented to enable one 
of ordinary skill in the art to make and use the invention as 
provided in the context of a particular application and its 
requirements. Various modifications to the described embodi 
ments will be apparent to those with skill in the art, and the 
general principles defined herein may be applied to other 
embodiments. Therefore, the present invention is not 
intended to be limited to the particular embodiments shown 
and described, but is to be accorded the widest scope consis 
tent with the principles and novel features herein disclosed. In 
other instances, well-known methods, procedures, and com 
ponents have not been described in detail so as not to obscure 
the present invention. 
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0059. It is noted that the term “building material as used 
herein may include model or “modeling material, Support 
material, mixed material, and/or any suitable combination of 
materials used in the building, forming, modeling, printing or 
other construction of three-dimensional (3D) objects or mod 
els. Building material may include material used to create 
objects, material used to modify such material (e.g., dyes, 
fillers, etc), Support material, or other material used in the 
creation of objects, whether or not appearing in the final 
object. The terms "structure' or “construction” as used herein 
may include different types and/or combinations of building 
materials. For example, Support constructions may include 
pillars built from modeling material Surrounded by Support 
material. A construction including a single, homogenous 
material may also be regarded as a structure or construction 
according to embodiments of the present invention. The term 
“object' as used herein may include a structure that includes 
the object or model desired to be built. Such a structure may, 
for example, include modeling material alone or modeling 
material with support material. The terms “support” or “sup 
port construction” as used herein may include all structures 
that are constructed outside the area of the object itself. The 
terms “layer” or “slice' as used herein may include portions 
of an object and/or accompanying Support structures option 
ally laid one above the other in Z direction. The word layer 
may also be used to describe a three-dimensional envelope or 
skin. 

0060. The printing system and system components 
according to embodiments of the present invention may be 
similar to and use or be based on aspects of embodiments 
described in U.S. Pat. No. 6,259,962, issued Mar. 1, 1999, 
titled APPARATUS AND METHOD FOR THREE 
DIMENSIONAL MODEL PRINTING”; U.S. Pat. No. 
6,569,373, issued May 27, 2003, titled “COMPOSITIONS 
AND METHODS FOR USE IN THREE DIMENSIONAL 
MODEL PRINTING, U.S. Pat. No. 6,658,314, issued Dec. 
2, 2003, titled “SYSTEM AND METHOD FOR THREE 
DIMENSIONAL MODEL PRINTING”; and U.S. Pat. No. 
6,850,334, issued Feb. 1, 2005, titled “SYSTEM AND 
METHOD FOR THREE DIMENSIONAL MODE, as well 
as U.S. patent applications Ser. No. 10/424,732, filed Apr. 29. 
2003, Publication No. 2003/0207959, published on Nov. 6, 
2003 titled “COMPOSITIONS AND METHODS FOR USE 
IN THREE DIMENSIONAL MODEL PRINTING: Ser. 
No. 10/101,089, filed Mar. 20, 2002, Publication No. 2002 
0171177, published on Nov. 21, 2002, titled “SYSTEMAND 
METHOD FOR PRINTING AND SUPPORTING THREE 
DIMENSIONAL OBJECTS: and/or Ser. No. 10/336,032, 
filed Jan. 3, 2003, titled “DEVICE, SYSTEM AND 
METHOD FOR ACCURATE PRINTING OF THREE 
DIMENSIONAL OBJECTS’, all assigned to the common 
assignee of the present invention and fully incorporated 
herein by reference. However, the printer system according to 
Some embodiments of the present invention may also have 
other configurations and/or other methods of operation. For 
example, the printer system according to the present inven 
tion may include more than one printing head, and/or more 
than one material dispenser, positioner, curer, imager, illumi 
nator, leveler, sensor, cartridge, cartridge valve, etc. In further 
embodiments, layer-by-layer deposition need not be used, 
and other curing or solidifying methods may be used. The 
printing head may include, for example, an inkjet head or 
another Suitable material deposit System or dispenser. 
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0061 According to various embodiments of the present 
invention, the materials that may be used may be similar to the 
materials described in the aforementioned US patent and US 
patent applications. For example, photopolymer materials 
curable by the application of electromagnetic radiation or 
other materials suitable for 3-D object construction may be 
used. The photopolymer material may be of various types, 
including, for example, a photopolymer modeling material 
which may solidify to form a solid layer of material upon 
curing, and a photopolymer Support material which may 
Solidify, wholly or partially, or not solidify upon curing, to 
provide a viscous material, a soft gel-like or paste-like form, 
and/or a semi-solid form, for example, that may be easily 
removed Subsequent to printing. The various types of photo 
polymer material may be dispensed separately or in any given 
combination, according to the hardness and/or elasticity of 
the object desired to be formed or any of its parts, or the 
Support constructions required to provide object Support dur 
ing construction. Materials other than those described in the 
above patents and applications may be used. 
0062. The 3-D object being printed may consist predomi 
nantly of modeling material and may or may not be combined 
with Support material, in varying ratios and combinations, 
according to the strength, elasticity or appearance desired for 
the finished printed object. Such combination of materials 
used for the building of the object or model itself is termed the 
“modeling construction'. 
0063 “Support constructions”, on the other hand, may 
consist predominantly of support material, which may or may 
not be combined with building material in varying ratios and 
combinations according to the desired strength, elasticity and 
so on of the Support construction. Support constructions may 
be printed adjacent and/or around part/s or all of the modeling 
construction/s according to the purpose which the Support 
construction/s are to serve. 
0064. A third type of construction that may be printed is 
the “release' construction, which may consist predominantly 
of support material (optionally with a relatively small element 
of modeling material). Release constructions may not 
solidify or may solidify partially to form a relatively soft layer 
or layers of material, to enable easy release from a printed 
object. For example, the release layer may be a viscous liquid 
material, paste-like material, gel-like material and/or semi 
Solid material etc., according to the requirements of the object 
and the purpose which the release layer may be to serve in the 
printing process. 
0065 U.S. Pat. No. 6,259,962 assigned to the assignee of 
the present application and incorporated herein by reference, 
describes, interalia, embodiments including an apparatus and 
method for 3-D object printing. The apparatus may include, 
for example, a printing head, for example an ink-jet type 
printing head, having a plurality of nozzles through which 
building materials are dispensed, and a dispenser connected 
to the printing head for selectively dispensing material in 
layers onto a printing tray. The printing head may draw mate 
rial from a reservoir containing the material. The reservoir 
may be connected to the printing bead, and may supply the 
material via a tube or tubes to the printing head. A common 
type of reservoir may consist of a container, such as a car 
tridge, containing building material. Other types of reservoirs 
and feed systems may be used. The apparatus may further 
include an electromagnetic radiation mechanism for option 
ally curing each of the layers of material deposited. The 
location of depositing, and the amount and/or type of material 
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to be deposited may be controlled by the apparatus controller 
as preprogrammed from a 3-D data file. The depth of each 
deposited layer may be controlled by selectively adjusting the 
output from each of the plurality of nozzles. 
0066. The building materials used in the process of con 
struction of 3-D objects according to some embodiments of 
the present invention are described in U.S. Pat. No. 6,658.314 
and further in U.S. Pat. No. 6.569,373, both assigned to the 
current assignee, and both of which are incorporated herein 
by reference. Briefly, in one embodiment there are two main 
types of building materials used: “modeling material' or 
“model material', being the first building material substan 
tially as described in the aforementioned patent applications 
assigned to the current assignee, and “support material'. 
being the second building material Substantially as described 
in the aforementioned patent applications assigned to the 
current assignee. Of course, other materials, other numbers of 
materials and other combinations of materials may be used. 
0067. As described in US Patent Application Publication 
No. 2002/0171177 incorporated herein by reference, a rela 
tively solid Support structure may be formed using modeling 
material, for example in the form of narrow vertical pillars 
joined by horizontal membranes, around, between, and/or 
within which Support material may be dispensed. The Support 
structure, when cured, may provide a semi-solid Support con 
struction for the 3-D object being built. Support material may 
be dispensed alone and may remain uncured for various pur 
poses, for example, to form layers of release between the 
solidified object and its semi-solid support constructions for 
easy separation of the two types of construction after printing 
is complete. 
0068 U.S. Pat. No. 6,850,334, assigned to the current 
assignee and incorporated herein by reference, includes for 
example an embodiment having an apparatus in the form of a 
leveling device which may follow in the path of the apparatus 
printing head. This leveling device may serve to straighten the 
most recently laid layer of materials before curing, thereby 
narrowing each layer to its desired depth and ensuring con 
sistent spread of the materials within the layer, in prepara 
tion for the deposit of the next layer of materials. Excess 
interface material gathered en route by the leveling device 
may be cleaned off the leveling device and disposed of after 
separate curing. 
0069. The various constructions comprising each layer 
(e.g., modeling, Support and/or release, as required) may be 
deposited in the same passage of the printing head in the X-Y 
axes, according to, for example, a predetermined CAD con 
figuration which may be converted, for example, to a Stereo 
Lithography (STL) format, and programmed into an appara 
tus control unit. The CAD configuration may determine, for 
example, the amount of building material, the type of building 
material and various combinations of materials to be jetted 
from the nozzles, and may determine from which nozzle and 
at which points building material may be jetted from each 
nozzle during the course of deposit of a single layer of mate 
rials. Other data formats may be used. 
0070. When printing, the printing head may move in the 
X-Y direction, depositing the materials in the course of its 
passage over the printing tray or printing area, in a predeter 
mined configuration. This forward passage of the printing 
head may be followed by curing of the deposited material by 
a source of electromagnetic radiation. In the reverse passage 
of the printing head, back to its starting point for the layer just 
deposited (point 0 on the X-Y axes), an additional deposition 
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of materials may be carried out, according to predetermined 
configuration. In the reverse passage of the printing head, the 
second part of the layer thus laid may be straightened by a 
leveling device, for example, a roller or blade, which may, for 
example, follow in the path of the printing head in its reverse 
movement, and then the thus straightened layer may be cured 
by means of electromagnetic radiation. Since the movement 
of the leveling device may follow the reverse route of the 
printing head, the first part of the layer deposited in the 
printing head's forward movement may be thicker than the 
second part of the layer deposited in the printing head's 
reverse movement. CAD configuration of the final depth or 
height of each layer, for example, may take into account the 
final desired thickness of each single layer after forward and 
reverse movements of the printing head at each height of the 
printing apparatus on the Z axis. Other movement, curing, 
and leveling sequences may be used. For example, a leveling 
procedure may be performed at other times. 
0071. Once the printing head has returned to the 0 position 
(starting point) in the X-Y axes, the printing tray may be 
lowered in the Z axis to a predetermined height, according to 
the desired thickness of the layer subsequently to be printed, 
and the printing head once again may begin its movement in 
the X-Y axes as predetermined. The tray need not be lowered. 
The starting position of the printing head may be adjusted in 
the Yaxis, for example, for further printing in the X axis at the 
same Zheight as the previously deposited layer. 
0072. As described above, adverse effects in printed 
objects may take on different forms, for example, various 
deformations and/or defects in the finished product. Accord 
ing to some embodiments of the present invention, methods 
and apparatuses may be provided that may help in improving 
the quality, strength, appearance, and/or finish of the final 
product. For example, these apparatuses and methods may 
help in preventing deformation of 3-D printed objects, aiding 
construction using Support materials, and improving accu 
racy of printed 3-D objects, as are described in detail below. 
0073 FIG. 1 is a block diagram of a 3D printer system 100 
according to an exemplary embodiment of the present inven 
tion. 3D printer system 100 may include, for example, a CAD 
module 102 or other design module, controller 105, and print 
ing apparatus 140. 
0074 Controller 105, which may prepare the digital data 
that characterizes a 3-D object for printing, and control the 
operation of the printing apparatus, may include, for example, 
a processor 110, a memory unit 115, software code 120, and 
a communications unit 125. Other configurations may be 
used for a controller or control unit. Control functionality 
may be spread across units, and not all control functionality 
may be within system 100. For example, a separate unit, such 
as a personal computer or workstation, or a processing unit 
within a Supply source Such as a cartridge may provide some 
control or data storage capability. Communications unit 125 
may, for example, enable transfer of data and instructions 
between controller 105 and CAD module 102, between con 
troller 105 and printing apparatus 140, and/or between con 
troller 105 and other system elements. Controller 105 may be 
Suitably coupled and/or connected to various components of 
printing apparatus 140. 
0075 Printing apparatus 140 may include for example 
positioner(s) 155, material dispenser(s) 150, material supply 
unit(s) 152, and printing sub-system 180. Printing sub-system 
180 may include a printing box 145, and a printing tray 170. 
Printing box 145 may include printing head(s) 146, printing 
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nozzle(s) 147, leveler(s) 157, curer(s) 159, and other suitable 
components. Positioner 155, or other suitable movement 
devices, may control the movement of printing head 145. 
Leveler or leveling device 157 may include, for example, a 
roller or blade or other suitable leveling mechanism. Printing 
head 145 maybe, for example, an inkjet head or other suitable 
printing head. 
(0076 Controller 105 may utilize Computer Object Data 
(COD) representing an object or a model, for example, CAD 
data in STL format. Other data types or formats may be used. 
Controller 105 may convert such data to instructions for the 
various units within 3D printer system 100 to print a 3D 
object Controller 105 may be located inside printing appara 
tus 140 or outside of printing apparatus 140. Controller 105 
may be located outside of printing system 100 and may com 
municate with printing system 100, for example, over a wire 
and/or using wireless communications. In some embodi 
ments, controller 105 may include a CAD system or other 
Suitable design system. In alternate embodiments, controller 
105 may be partially external to 3D printer system 100. For 
example, an external control or processing unit (e.g., a per 
Sonal computer, workstation, computing platform, or other 
processing device) may provide some or all of the printing 
system control capability. 
0077. In some embodiments, a printing file or other col 
lection of print data may be prepared and/or provided and/or 
programmed, for example, by a computing platform con 
nected to 3D printer system 100. The printing file may be used 
to determine, for example, the order and configuration of 
deposition of building material via, for example, movement 
of and activation and/or non-activation of one or more nozzles 
147 of printing head 145, according to the 3D object to be 
built. 
0078 Controller 105 may be implemented using any suit 
able combination of hardware and/or software. In some 
embodiments, controller 105 may include, for example, a 
processor 110, a memory 115, and software or operating 
instructions 120. Processor 110 may include conventional 
devices, such as a Central Processing Unit (CPU), a micro 
processor, a "computer on a chip', a micro controller, etc. 
Memory 115 may include conventional devices such as Ran 
dom. Access Memory (RAM), Read-Only Memory (ROM), 
or other storage devices, and may include mass storage. Such 
as a CD-ROM or a hard disk. Controller 105 may be included 
within, or may include, a computing device Such as a personal 
computer, a desktop computer, a mobile computer, a laptop 
computer, a server computer, or workstation (and thus part or 
all of the functionality of controller 105 may be external to 3D 
printer system 100). Controller 105 may be of other configu 
rations, and may include other Suitable components. 
0079 According to some embodiments of the present 
invention, material Supply unit(s) 152 may supply building 
materials to printing apparatus 140. Building materials may 
include any Suitable kind of object building material. Such as, 
for example, photopolymers, wax, powders, plastics, metals, 
and may include modeling material, Support material and/or 
release material, or any alternative material types or combi 
nations of material types. In some embodiments of the present 
invention, the building materials used for construction of the 
3D object are in a liquid form. Such materials may be similar 
to those described in embodiments of U.S. Pat. Nos. 6,569, 
373 and 6,658.314 US Patent Publication Number 2003/ 
0207959, all of the same Assignee, and incorporated herein 
by reference. In an exemplary embodiment of the present 
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invention, the modeling and/or support materials used are 
photopolymers that may contain material curable by electro 
magnetic radiation and/or electron beams etc. The materials 
may come in different forms, textures, colors, etc. Other 
Suitable materials or combinations of materials may be used. 
0080. The 3-D object printing process as described in U.S. 
Pat. Nos. 6,259,962, 6,658.314 and 6,569,373 and US Patent 
Application Publication 2002/0171177, all assigned to the 
current assignee and incorporated herein by reference, may 
include a method of printing a 3-D object on a layer-by-layer 
basis. For example, printing an object may include dispensing 
modeling and/or Support materials on a layer by layer basis 
according to a predetermined configuration, from a plurality 
of nozzles on the apparatus printing head. The building mate 
rial(s) may be dispensed at a given temperature in a fluid State 
to form a layer, and after dispensing each layer may option 
ally be cured by, for example, a source of electromagnetic 
radiation. The building material(s) may solidify as a result of 
curing and Subsequent cooling. 
0081 Printed 3-D objects, however, may be deformed or 
have defects. Factors that may contribute to such deforma 
tions and defects may include, for example, internal stress 
forces due to the photo-polymerization curing process, for 
example residual polymerization occurring after primary cur 
ing of lower layers or accumulative stress gradients within the 
printed object. Additionally, temperature variances between 
levels of layers and/or between the laid layers and the internal 
apparatus environment may cause deformations in the 
printed object. Furthermore, mechanical forces, for example 
damage caused during removal from the printing tray, may 
leads to deformations of printed 3-D objects. Various embodi 
ments of the present invention are provided to minimize 
deformation of a printed object during and/or after the print 
ing process. 
0082 For example, solidification of building material(s) 
may cause shrinkage of parts of the object or the whole object. 
In addition, cooling or other temperature changes of the mate 
rial after it has been dispensed and cured may cause additional 
shrinkage. After a number of layers have been laid, there may 
be a difference between the uppermost, last laid layers and the 
lower layers of material, both in temperature and in the extent 
to which the different layers have been cured. For example, 
the uppermost layers may be warmed by the curing radiation 
and by the exothermic chemical curing process that evolves. 
The lower layers, in contrast, may be cooler, as they may have 
had more time in which to cool, and may have been cooled in 
a colder environment as compared to the upper layers. In 
addition, with each passing of the printing head over the 3-D 
object being built, repeated irradiation of the layers beneath 
the uppermost layers of material may cause a difference in the 
extent of curing between the lower layers and the uppermost 
more recently laid layers. These and other differences in 
temperature and curing between upper and lower layers may 
cause stress between the various layers of the object, and may 
lead to a variety of deformations. Other embodiments may 
not experience Such temperature differences or radiation dif 
ferences. 

0083. One appearance of deformation that may occur is 
the lifting or curling of the base edges of the 3-D object 
upwards. This phenomenon may relate, for example, to the 
excess of repeated UV radiation that the sides are exposed to, 
which may cure the sides more than the center of the object. 
Curling up of the edges of the base of the object may also 
result from the lower temperature of the sides of the object, 
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which may shrink in relation to the center of the object. In 
other situations, the center of the object rather than the sides 
may lift, due, for example, to the stronger shrinkage of the 
lower layer with respect to the upper layers, as described 
above. Curing using methods other than UV may be used. 
I0084 Another form of deformation that may occur is the 
sideways bending of vertical walls of the printed object. The 
sides of the object being printed may be exposed to repeated 
radiation (e.g., UV radiation) and to more cooling than the 
center of the object. Furthermore, different sides of the 
printed object may be exposed to different amounts of radia 
tion and cooling etc. These influences, for example, may 
cause the object to be elongated more on one side than the 
other, therefore causing the walls to bend. 
I0085. According to some embodiments of the present 
invention, components and methods are provided to keep a 
printed object firmly adhered to the printing tray, possibly 
minimizing or preventing deformation of a 3-D object during 
and/or after printing, and/or providing other benefits. 
0.086 Reference is now made to FIG. 2A, which is a sche 
matic illustration of various Support layers printing elements 
that may be provided, according to Some embodiments of the 
present invention. Printing tray 170 may be coated with a 
Surface coating 202, for example, an adhesive coating or layer 
that has characteristics appropriate to enable high adhesion to 
the object's building material(s). These characteristics may 
be, for example, mechanical or chemical in nature. One type 
of surface coating 202 may include, for example, an anodized 
layer (e.g., coated electrolytically with a protective or deco 
rative oxide) laid over, for example, a Smooth aluminum 
Surface. Another type of Surface coating 202 may include an 
anodized layer with pores that are filled with modeling mate 
rial or any other material that may chemically fit and attract 
the modeling material. An additional type of Surface coating 
202 may be an anodized coating with pores that are filled with 
water. Other Suitable materials and Surface constructions may 
be used. 

I0087. According to some embodiments, printing tray 170, 
and optionally surface coating 202, may require frequent 
cleaning with, for example, water (as opposed to Solvents, 
e.g., alcohol) to increase adherence of the building material to 
printing tray 170. Printing tray 170, according to some 
embodiments, may require pretreatment with water. 
I0088 According to some embodiments of the present 
invention, printing apparatus 140 may provide a relatively 
thin membrane, appendage, or carpet 210 of building material 
below and/or around the base of the object being printed 200. 
This appendage or carpet 210 to the base of the object being 
printed may include, for example, one or more layers of 
modeling material. In cases where carpet 210 may tend to lift 
from tray 170, the portions of carpet 210 that protrude out of 
the boundaries of the base of object 200 may be coated with 
one or more layers of support material 215 that may protect 
carpet 210, for example, from additional curing, and may help 
keep carpet 210 flexible and adhesive in texture. In order to 
coat the carpet edges, one or more layers of supporting mate 
rial 215 may protrude outside the carpet's circumference 
thereby covering the carpet. In addition, above the layers of 
support material 215, an additional layer or layers of model 
ing material 220 may be added to strengthen carpet 210 
during printing. Carpet 210, which may include, for example, 
Soft and adhesive Support layers above and around it, may be 
effective, for example, in preventing air, radiation etc. from 
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infiltrating between the base of object 200 and tray 170, 
thereby helping prevent detachment of object 200 from tray 
170. 

0089. According to some embodiments of the present 
invention a support pedestal 230 may be provided to help ease 
the removal of a printed object from the printing tray and thus 
may help prevent deformation by manual or mechanical dam 
age. A Support pedestal may be defined as a part of the Support 
structure that may be lower than the lowest point of the object. 
Support pedestal 210 may enable easy release of printed 
object 200 from printing tray 170, may improve an object's 
accuracy in the Z direction height), and/or may improve an 
object's accuracy in the X-Y directions. Support pedestal 210 
may be provided, for example, by printing extra Support con 
struction layers underneath the object and/or the object's 
adjacent Support constructions. The pedestal may be, for 
example, a matrix of support construction layers that may be 
pre-configured to be printed beneath the object (e.g., between 
the object and the tray). Such a Support matrix may be printed 
prior to the laying of the first layer of the 3-D object to be built, 
and may include Support material and/or a combination of 
modeling, Support, release and/or other materials. The Sup 
porting pedestal may be constructed from modeling materials 
that, for example, may not tend to lift from the tray, and 
therefore may not be required to be firmly attached to the tray. 
Such modeling materials may, for example, be characterized 
by being soft and of a flexible nature. Support pedestal 210 
may be constructed from regular Support construction, or may 
be more rigid and sticky so as to enhance adherence of the 
object to the pedestal. Such construction may be composed, 
for example, of densely spaced thin pillars made of modeling 
material with support material in-between. Other suitable 
pedestal constructions may be used. 
0090. Inaccuracies in Z may occur at the lowest layers of 
the printed object. This may be because the top surface of the 
tray at Z start level (the Zlevel of the tray when printing starts) 
may not be exactly at a height which enables the leveling 
device to reach and thus level the first layers deposited in the 
printing process, when the leveling device may beat its lowest 
point (e.g., because of inaccuracy in adjustments and/or 
incomplete flatness and horizon of the tray etc). As a result, 
the lower layers of the printed object may not be leveled by 
the leveling device and therefore their thickness may be 
greater than the designed layer thickness, therefore increas 
ing the height of the object as printed in contrast to the object 
as designed. The use of a pedestal construction under the 
lowest point of the object may solve this problem by speci 
fying that the height at which printing of the actual object may 
starts may be the height at which the pedestal itself may be 
significantly leveled by the leveling device. 
0091. According to an embodiment of the present inven 

tion, pedestal 210 may provide a barrier between object 200 
and tray 170. Barrier layer 230 may have a structure of similar 
construction to the main Support structure 215, but not nec 
essarily equal to support structure 215. For example, the 
barrier layer may be a relatively soft layer, and may measure, 
for example, a few tenths of a millimeter in height. The barrier 
layer may have any other dimensions. The barrier layer may 
provide a barrier between the tray and the object, which may 
have dissimilar thermal coefficients, such that lower layers of 
printed object 200 may not be directly exposed to the surface 
of tray 170. The usage of soft barrier may require the object to 
be constructed from modeling material that does not tend to 
deform when not bound strongly to tray 170. 
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0092 Reference is now made to FIG.2B, which is a flow 
chart illustrating a method for improved quality printing of 
3-D objects, according to some embodiments of the present 
invention. As with all embodiments of the method of the 
invention discussed herein, the apparatuses discussed herein 
can effect the embodiments of the method. For example, a 
controller as discussed herein may control various aspects of 
a Suitable printer (e.g., a movement control device, a tempera 
ture control device, print heads, etc) to effect a suitable 
embodiment. Furthermore, other suitable apparatuses may be 
used to effect various embodiments of the method. As can be 
seen with reference to FIG. 2B, the method may include, at 
block 20, printing a construction of building material. Such as 
a carpet, below and/or around the base of the object to be 
printed, such that the construction may help the object to be 
printed adhere to the printing tray; and, at block 21, printing 
the object. Other steps and/or series of steps may be used. The 
carpet or part(s) of the carpet may be printed in the same X 
movement as the printing of the object and/or its Support 
constructions, or in alternative X movements, or in Y or Z 
moVementS. 

0093. During a printing process or after printing is fin 
ished, the bottom layers of an object 200 and tray surface may 
cool simultaneously. In the case where the tray is made of 
metal and the printing materials are plastic, for example, the 
thermal expansion coefficient of plastic may be significantly 
larger than that of metal. In the case where there is a strong 
adherence of object 200 to tray 170, the bottom layers of 
object 200 and the tray surface may shrink by a similar 
amount, since the object shrinkage may be partially deter 
mined or controlled by the tray shrinkage, despite the large 
difference in the shrinkage coefficient of the two components. 
The amount that an object layer may shrink may gradually 
increase when the built layer is furtherapart from the tray. The 
difference in shrinkage between the bottom layers and the 
higher layers may therefore introduce adverse stress in the 
printed object, and may cause, for example, uneven dimen 
sional errors in various parts of the object. 
0094. Reference is now made to FIG. 2C, which is a flow 
chart illustrating a method for improved quality printing of 
3-D objects, according to some embodiments of the present 
invention. As can be seen with reference to FIG. 2C, the 
method may include, at block 22, printing a barrier layer of 
building material between a printing tray and an object to be 
printed, such that the barrier layer may separate the lower 
layers of the object from the tray; and, at block 23, printing the 
object. Other steps and/or series of steps may be used. Other 
steps and/or series of steps may be used. 
0095. In another embodiment of the present invention, a 
tray 170 may be provided that has a thermal coefficient simi 
lar to that of object 200. For example, tray 170 may be made 
of organic material or of the same or similar material to the 
object material, for example, a plastic that has a thermal 
coefficient similar to that of the printed layers of building 
material. It may be necessary, for example, for the organic 
material to have a low thermal conductivity. The usage of 
such a material for tray 170 may enable tray 170 to expand 
and/or contract at a rate equivalent to that of the building 
material, which may, for example, decrease the strain and 
minimize deformation due to differences in thermal tenden 
C1GS. 

0096. According to some embodiments of the present 
invention, printing tray 170 may be warmed prior to printing 
of a 3-D object, to a temperature that is, for example, close to 
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the glass transition point of the modeling and/or support 
materials, by, for example, a temperature control unit 204. 
Printing tray 170 may subsequently be allowed to gradually 
cool down after printing, for example, causing a controlled, 
gradual cooling down of the initial printed layers. In this way 
the cured material of the initial layers may remain for a 
relatively long time in near flow-able state, and may thus 
attain close contact with the molecular lattice of tray 170, 
resulting infirm adherence of the printed object to the printing 
tray after solidifying. In other embodiments, tray 170 may be 
heated before the start of printing to such a temperature that 
the shrink of the tray and object during and after printing due 
to a temperature decrease are controlled to best fit each other, 
for example, by shrinking to a Substantially similar amount. 
Tray heating may be performed by temperature control unit 
204. 

0097. Reference is now made to FIG. 2D, which is a flow 
chart illustrating a method for improved quality printing of 
3-D objects, according to some embodiments of the present 
invention. As can be seen with reference to FIG. 2D, the 
method may include, at block 24, heating printing tray 170, 
for example using temperature control unit 204, to a selected 
temperature, for example, such that the temperature may be 
Substantially at the glass transition point of the modeling 
and/or support materials. At block 25 an object may be 
printed. At block 26, the tray may be gradually cooled at a 
selected rate, using, for example, temperature control unit 
204. In such a way adhesion of the object to the tray may be 
enabled, and/or the respective shrinkage of the object and the 
tray may be controlled. Additionally or alternatively, tray 170 
may be cooled using temperature control unit 204, to enable 
adherence of an object to tray 170. Other heating or cooling 
temperatures and/or mechanisms may be used. Other steps 
and/or series of steps may be used. 
0098. According to some embodiments of the present 
invention, a method of preventing and/or minimizing defor 
mation caused by thermal inconsistencies between inner and 
outer parts of a printed object may be performed by construct 
ing a thickening or outer covering of Support structure of a 
predetermined thickness around the external surface of the 
printed object. This covering may, for example, shield the 
object's external Surfaces from disproportionate curing and/ 
or uneven heating or cooling. 
0099 Reference is now made to FIG. 2E, which is a flow 
chart illustrating a method for improved quality printing of 
3-D objects, according to some embodiments of the present 
invention. As can be seen with reference to FIG. 2E, the 
method may include, at block 27, printing a thickening layer 
of building material of a predetermined thickness around the 
external Surface of a printed object, and, at block 28, cooling 
the object. Other steps and/or series of steps may be used. 
0100 Reference is now made to FIG. 3A, which is a sche 
matic illustration of printing Sub-System 180 or printing cell, 
which may include various printing components, according 
to some embodiments of the present invention. Printing sub 
system 180 may include, for example, a blowing unit 330 
and/or a Sucking unit 340, for respectively cooling of printing 
sub-system 180 by sucking hot air or other substances out of 
printing sub-system 180 and/or drawing cool air or other 
substances in to printing sub-system 180 from the surround 
ings. Printing tray 170 may include an adhesive surface coat 
ing 375, to enable adhesion of a printed object to tray 170. 
Printing sub-system 180 may include a temperature control 
unit 310 and/or Temperature control unit 310 may include a 

Jul. 10, 2008 

heating source and/or a cooling source. Heating source may 
include, for example, wires, heating elements and/or other 
Suitable components. Cooling source may include, for 
example, wires, cooling elements, cooling tunnels, and/or 
other suitable components. Printing tray 170 may include one 
or more cooling tunnels 380. Printing sub-system 180 may 
include a temperature sensing unit 385, optionally associated 
with temperature control unit 310, to sense the temperature of 
cell 180, tray 170, building materials etc. Printing sub-system 
180 may include an electromagnetic radiation source 315, to 
enable heating of the building material before, during, and/or 
after deposition. Printing sub-system 180 may include an 
electromagnetic lamp 320, for curing and/or warming of 
printed objects. Printing sub-system 180 may have insulation 
structures, for example, insulation walls 350 and/or insula 
tion layer(s) 355. Insulation walls 350 and/or insulation lay 
ers355 may be coated or laminated internally by an insulation 
coating or covering 360, for example, glossy aluminum foil or 
other suitable IR reflecting materials, to reflect the IR radia 
tion. Printing sub-system 180 may have, for example, a door 
or opening from which printed objects may be extracted. 
Printing sub-system 180 may include other suitable compo 
nents or combinations of components. 
0101. According to an embodiment of the present inven 
tion a method is provided to prevent and/or minimize object 
deformation, by printing in Such a way that the printing tem 
perature of the upper printed layers may be above, for 
example, the glass phase transition temperature of the mate 
rials. The temperature control unit 310 and/or. Since curing, 
for example UV curing, may occur at the uppermost layers of 
the printed object, the building material in these layers may 
remain in a flow-able state during, for example, the entire 
curing time. When contraction takes place in a liquid, the 
liquid may contract in a way that requires minimum energy, 
which in this case, for example, may cause contraction along 
the gravitational axis. Therefore the contraction may affect 
the height of the material layer (Z axis). The lower material 
layers may be kept below the glass transition temperature in 
order to prevent collapse of the object under its own weight, 
or due to the machine's vibrations. 
0102 According to some embodiments, higher tempera 
tures of the upper material layers may be maintained by 
various means, for example, by irradiating the upper layers 
using a warming electromagnetic radiation Source 315, heat 
ing the building material before deposition, and/or warming 
the upper layers by heating element 312, the heat of the 
exothermic chemical reaction of the curing itself, and/or any 
other Suitable heating Source. In one embodiment, a combi 
nation of preheated droplets of building materials, a strong 
electromagnetic lamp 320 which may include a UV wave 
length required for curing, as well as visible and IR wave 
lengths for further warming, and/or a strong exothermic reac 
tion, may raise and maintain the required temperature of the 
top layers. Other electromagnetic sources may be used. 
0103) According to some embodiments of the present 
invention, a method of preventing and/or minimizing defor 
mation is provided, that may include increasing the intensity 
of electromagnetic radiation Such that curing of each Subse 
quent layer of building material may be completed and/or 
maximized prior to dispensing the Subsequent layer of build 
ing material. 
0104. In cases where the temperature of the lower layers of 
the object and/or the object's sides may be below, for 
example, the glass transition point, further curing may cause 
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shrinking of object material in the Z direction as well as in the 
X-Y plane, which may introduce shear stress between the 
various layers. According to one embodiment the lower layers 
may be warmed to prevent further curing of the object mate 
rial, for example, using UV or other radiation that may reach 
the lower layers when passing through the top layers, and/or 
may penetrate the bare sides of the object. 
0105. Reference is now made to FIG.3B, which is a flow 
chart illustrating a method for improved quality printing of 
3-D objects, according to some embodiments of the present 
invention. As can be seen with reference to FIG. 3B, the 
method may include, at block 31, heating up a higher layer of 
building material during curing; and, at block32, cooling the 
object. Other steps and/or series of steps may be used. 
0106. According to some embodiments of the present 
invention a method of preventing and/or minimizing defor 
mation is provided, by lessening or minimizing thermal 
inconsistencies in the printed object. Such a method may 
include, for example, cooling each dispensed layer in turn 
after printing and curing, by blowing air on the top layer 
and/or Sucking air from above the layer. Such cooling or 
Sucking of air may be enabled, for example, by using a Suit 
able blowing unit 330 or sucking unit 340, which may be 
associated with printing head 145 or otherwise situated 
within printing apparatus 140. The method in one embodi 
ment may not require cooling the upper layers below the glass 
transition temperature, but may require cooling of the top 
layers, for example, Such that their temperatures do not 
exceed too high a value above, for example, the glass transi 
tion point. 
0107 According to some embodiments of the present 
invention, a method of minimizing deformation is provided 
that includes printing with the air Surrounding the object at an 
even temperature which may be substantially similar to the 
temperature of the top layers. Since the top layers may be 
required to be, for example, of a temperature Substantially 
similar to the glass transition point of the cured material, a 
Substantially similar temperature for the Surrounding air and 
tray may be advantageous. Other Suitable temperature targets 
may be used. For example, a warmed tray may be used to 
warm up the air Surrounding the object during printing. For 
example, the printing Sub-system 180 may have an insulated 
shield 355 and/or walls 350 to insulate printing sub-system 
180, since printing sub-system 180 may be required to be 
warmed by IR radiation in order to prevent cooling the object 
Optionally, the inside of the printing sub-system 180 may 
have a material that may be reflective in the IR wavelength 
region. According to one embodiment, the inner wall or side 
of the shield 360 may be laminated with, for example, glossy 
aluminum foil, to reflect the IR radiation. Other suitable 
materials may be used. An additional step in keeping the 
environment warm may be to avoid opening printing Sub 
system 180 while heating, cooling and/or curing may be 
taking place. Moreover, the object may be allowed to cool 
down slowly after printing has completed, for example, with 
the doors or alternative openings of the printing Sub-system 
remaining closed, so as to maintain nearly even temperature 
outside and inside the object during cool down time. 
0108. During printing of an object, the layers of the build 
ing materials used may shrink within a short time interval, for 
example, a few seconds or tenths of seconds immediately 
after being laid and irradiated. Additional shrinkage may 
occur Subsequently while cooling. When printing is paused, 
the shrinking before a next layer of material is dispensed may 
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continue for longer than usual, and as a consequence a thin 
break line or mark may be evident on the surface of the 
printed object. According to an embodiment of the present 
invention, a method of preventing and/or minimizing Such 
break lines may be provided, that may include keeping one 
or more layers previously deposited (before Such a pause) 
warm, for example, by exposing the layer to warming elec 
tromagnetic radiation during such a pause, until printing of 
the Subsequent layer resumes. Other methods of maintaining 
the warmth of printed layers may be used, for example, using 
heating element 312. Warming or other temperature control 
methods may have benefits other than or in addition to avoid 
ing break lines. 
0109. In another embodiment, break-lines between lay 
ers may be minimized or prevented by, for example, compen 
sating the expected shrinkage in the Z-axis by altering the 
height of printing tray 170 prior to the deposition of the next 
layer of material after printing is resumed. For example, 
printing tray 170 may be lowered to print a subsequent layer, 
but before printing of the Subsequent layer, printing tray may 
be slightly raised to compensate for the excess shrinkage in 
the previous layer. The previously laid layer may be leveled 
by leveler 157, and the next layer may subsequently be depos 
ited. Since the layer thickness or height may be equal to the 
level of the bottom of the leveler minus the level of the top of 
the preceding layer, the correct layer thickness may hereby be 
assured. The extent to which printing tray 170 may be low 
ered and/or lifted may be determined according to the length 
of the pause in printing, and/or according to other printing 
parameters. 
0110 Reference is now made to FIG. 3C, which is a flow 
chart illustrating a method for improved quality printing of 
3-D objects, according to some embodiments of the present 
invention. As can be seen with reference to FIG. 3C, the 
method may include, at block 33, depositing a layer of build 
ing material. At block 34 the material may be cured. At block 
35 positioning a printing tray at a relatively high level, so as to 
compensate for the shrinkage in the previously printed and 
cured layer, the uplifting being determined in accordance 
with the shrinkage in the cured layer. In one embodiment the 
printing head may be suitably moved so as to compensate for 
the shrinkage in the previously printed and cured layer. Other 
steps and/or series of steps may be used. 
0111. After the printing process has been completed, 
deformation of or damage to the printed object may occur 
during the cooling phase of the object and/or while removing 
the object from printing tray 170. According to an embodi 
ment of the present invention, a method is provided for pre 
venting Such deformations, which includes allowing the tem 
perature of printing tray 170 and the surrounding 
environment (e.g., the air) to decrease slowly, before opening 
the printing-cell and removing the object from printing tray 
170. The method may include, for example, keeping printing 
Sub-system 180 closed during cooling, thereby cooling the 
printed object by natural heat loss from the object to the 
Surrounding air, and from the Surrounding air through the 
insulating cover of the printing apparatus to the outside envi 
ronment. Forced airflow around the object should preferably 
be avoided to enable even and slow cooling of the printed 
object before its removal from printing tray 170. 
0112 According to other embodiments, a method of pre 
venting such deformations may be performed using a remov 
able printing tray. Accordingly, printing tray 170 may be 
removed from the printing area of printing apparatus 140 
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together with the printed object to an insulated area, within 
which slow cooling of the printing object may occurs, as 
described previously. The insulating area may be external to 
printing Sub-system 180, and may be a moveable structure, 
for example, a box. The insulating area may include a shield 
or set of walls to prevent fast escape of heat, and a flat and 
open bottom. When printing is complete, an operator, for 
example, may open the door to the printing Sub-system and 
place the insulating box over the tray so as to completely 
enclose the object, and then remove the tray and the object 
thus enclosed from the printing machine. In this way direct 
exposure of the object to the outside air may be minimized. 
0113. According to still further embodiments, a method of 
preventing such deformations may be performed using an 
insulating chamber or area situated within the printing appa 
ratus, Such that, for example, printing tray 170 bearing a 
printed object may be automatically moved from the printing 
area to the insulating chamber without necessitating opening 
of the printing apparatus by an operator. Such an embodiment 
may enable automatic continuation of the printing of a next 
object, once the current printing job is completed and a new 
printing tray has been prepared. According to the current 
and/or previously discussed embodiment the printer may 
immediately resume printing of a new object using, for 
example, a replacement tray. 
0114 Deformation that may occur in the printing process 
may be caused by physical damage to the printed object when 
being manually removed from the printing tray on completion 
of printing. Such deformation may be increased, for example, 
when some extent of manual or mechanical force may be 
required in its removal. 
0115 According to another embodiment of the present 
invention, if the object is well adhered to a tray, for example 
a metal tray, the tray may be cooled, for example, by detach 
ing the tray and Submerging it in cold water or an alternative 
cooling source. Additionally or alternatively cold water from 
outside or inside printing apparatus 140 may be made to flow 
within channels such as cooling tunnels 380 within the base of 
tray 170. The difference in the thermal expansion coefficient 
between the thus cooled tray and the printed object may cause 
the object to separate easily from the tray. According to one 
embodiment shock waves or vibrations may be imposed on 
the tray during or after cooling, to accelerate the detachment 
of the printed object from the tray. 
0116. When a 3-D printed object cools down, the X-Y 
dimensions may decrease according to the object's thermal 
expansion coefficient. The lower part of the object which may 
be firmly attached to the printing tray may shrink, however, 
according to the thermal expansion coefficient of the tray, 
which may be substantially different from that of the model 
ing material. As a consequence the accuracy of the final X-Y 
dimensions at the top of the object and at the bottom of the 
object may differ from each other. Improved printing accu 
racy in the X-Y directions may be enabled by, for example, 
incorporating a soft pedestal between the tray and the object 
to enable the bottom of the object shrinking to be in accor 
dance with the objects thermal expansion coefficient. 
0117. In an alternative embodiment, the bottom layer of 
the object may be modified to partly include, for example, 
pixels or other areas of Support material, which may reduce 
the adherence of the object to the tray. In other embodiments 
the bottom layer of the object may be clear of support pixels 
(e.g., may preferably not include Support pixels) so as to 
increase the adherence of the object periphery to the tray, 
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since detaching of the object from the tray during printing 
may start at the periphery. The density of Support pixels may 
be determined in such a way that the object may adhere to the 
tray as required, while detachment of the object from the tray 
after printing may still be relatively easy. 
0118. The printing of three-dimensional objects may 
require different types of Support constructions. These may 
be, for example, support constructions and/or “release con 
structions' etc., as depicted in embodiments in U.S. Pat. Nos. 
6,658.314 and 6,569,373 both of which are assigned to the 
current assignee and incorporated herein by reference, and as 
described hereinabove. “Support constructions” may consist 
predominantly of Support material that may or may not be 
combined with modeling material in varying ratios and com 
binations according to the desired strength, elasticity and so 
on of the Support construction. Support constructions may be 
printed, for example, underneath and/or adjacent to the mod 
eling construction(s), according to the purpose which the 
Support construction(s) are to serve. "Release constructions' 
as described above may consist predominantly of Support 
material, optionally combined with a relatively small propor 
tion of modeling material, and may be deposited between the 
modeling construction and its adjacent Support construction 
(s). Curing may solidify release constructions to provide, for 
example, a relatively soft layer of material. Such a layer may 
be, for example, Viscous liquid, paste-like, gel-like or semi 
Solid to varying extents, as required, in order to ease the 
separation or release of the Support construction from the 
object after printing. Support and release constructions other 
than those described in these applications may be used. 
0119 The support and release constructions, respectively, 
may serve the purposes Suggested by their names: Support 
constructions may be built, for example, to Support parts or 
the whole of the object being constructed and to prevent the 
modeling construction from collapsing onto the printing tray. 
For example, where one surface of the object is constructed at 
a less than 90° angle, a Support construction may be con 
structed underneath this surface to Support its construction. 
Another example may be where part of the object is con 
structed only from a certain Z-level (height). Such as a part 
branching off the main body of the object or a lid on top of 
an open object, a Support construction may be built up to the 
Z-level where construction of this part of the object begins. 
Release constructions may for example be printed between 
the modeling construction and the Support construction(s) to, 
for example, enable easy release of the Support construction/s 
from the object Support constructions may also serve, for 
example, to prevent the object being knocked by the leveling 
device, modify curing on the object's side walls, improve 
object Surface quality, and reduce deformation etc. 
I0120 US Patent Application Publication No. 2002/ 
0171177 incorporated herein by reference, describes, inter 
alia, embodiments including various possible types of Sup 
port constructions. For example, a relatively solid Support 
structure may be formed using a skeleton, grid, or framework 
of modeling material or modeling construction, for example 
in the form of vertical pillars, bases, columns or other suitable 
structures, optionally joined by horizontal membranes, also 
of modeling material or modeling construction, around, 
between, and/or within which Support material or Support 
construction may be dispensed, and which structure when 
cured may provide a semi-solid Support construction for the 
3-D object being built. The thickness or width of the pillars 
and/or membranes and their placement and/or distances 
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between them, may depend on the size and shape of the object 
being built. Other suitable support structures may be used. 
0121 Reference is now made to FIG. 4A, which is a sche 
matic diagram illustrating a grid or skeleton of structures 
within a Support construction, according to some embodi 
ments of the present invention. As can be seen in FIG. 4A, 
Support construction 400 may include a peripheral grid, for 
example, a skeleton of pillars and/or membranes 405, that 
may be, for example, Substantially constructed from model 
ing material. Peripheral grid 405 may be larger and/or more 
closely spaced than the pillars and/or membranes 410 within 
the body of support construction 400. These grid elements 
may provide additional strength to Support construction 400. 
In one embodiment a peripheral grid or structure may be in 
the form of a thin wall of building or modeling material 
Surrounding a Support construction, to give extra strength to 
the Support construction. For example, in cases where the 
Support construction itself is very soft and notable to retain its 
own shape, e.g., when the Support construction consists 
mainly of a certain type of Support material. Such a grid may 
be required. Grids or skeletons may include pillars, bases, 
columns, or other Suitable structures. 
0122 Reference is now made to FIG. 4B, which is a sche 
matic illustration of a 3-D object 40 with adjacent support 
construction(s) according to some embodiments of the 
present invention. When building a 3-D object 40, the mate 
rials making up the modeling construction 41 and those mak 
ing up the support construction 42 may tend to merge into one 
another where the two types of construction meet. Such a 
meeting of material may lead to the formation of an interface 
line 44. Such an interface line 44 may, for example, weaken 
the final object's walls and reduce the hardness and glossiness 
of the final object's surface 
0123 Reference is now made to FIG. 4C, which is a sche 
matic illustration of a 3-D object 40 with adjacent support 
construction(s) according to some embodiments of the 
present invention. As can be seen with reference to FIG. 4C, 
a “barrier 46 may be constructed, for example, from an area 
of vacant pixels, where no building material may be depos 
ited. Such a barrier 46 may be constructed between the object 
construction 41 and the Support construction 42 to prevent 
merging of materials at interface line 44. Such a barrier 46 
may enable absorption of materials from each construction 
type into the barrier 46, as opposed to the materials spreading 
into each other, while at the same time providing a line of 
separation between them. In this way, the thickness of the 
interference line 44 may be reduced. The size of the barrier 
space may vary. For example, the barrier space may be 
equivalent in size to a slice ranging between 4 of to 4 times 
the droplet diameter, after the deposited droplet has spread to 
its final diameter on the printing surface (the surface of former 
printed layer). Other dimensions may be used. 
0.124 Support constructions can be used in a number of 
ways to help improve the external appearance of the 3-D 
object and/or to prevent problems that may arise in the build 
ing of various 3-D objects. Vertical surfaces of printed 3-D 
objects may be of lower quality than non-vertical Surfaces, for 
example, because part of the droplets aimed at the rim of each 
layer may miss the edge of the layer and fall to the tray Surface 
or slide downward on the vertical surface of the object. Addi 
tionally or alternatively the edges at the top of the partially 
built object may be slightly rounded because of the surface 
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tension characteristics of the liquid modeling material, pos 
sibly causing the top layer of the object to be shorter than as 
designed. 
0.125 Reference is now made to FIG.5A, which is a sche 
matic illustration of a 3-D printing system, according to some 
embodiments of the present invention. As can be seen with 
reference to FIG. 5A, the printing head 500 may jet material 
520 while moving over the printing area 540 in the main 
movement direction X. Therefore the building material 520 
from printing head 500 may be jetted slightly off from the 
downward direction due to the movement of printing head 
500 in the X direction. Additionally or alternatively, since the 
top edge of the object 560 may be rounded at the edges, the 
droplets of materials that are jetted just before printing head 
500 leaves the object region may miss the object and be 
located, for example, adjacent to object 560. 
0.126 Furthermore, when using some curing, systems and 
material at the edge of an object layer may not be cured well 
due, for example, to an excessive amount of oxygen diffused 
from the Surrounding air into the material, inhibiting the 
curing process. In some cases the uncured material may flow 
down on the vertical wall and accumulate at different levels 
on the sides of the object, leaving shapes on the object's 
vertical surfaces. When the surfaces are cured the shapes that 
have been created on the walls may remain. Such accumula 
tions as on the Vertical Surfaces and/or on the ground are 
herein referred to as “fallout material'. 
I0127. According to an embodiment of the present inven 
tion, such fallout material may be prevented or minimized by 
constructing a Support construction, for example, an enve 
lope, container or other Suitable construction around the sides 
of an object (e.g., in one embodiment adding a thickening 
layer to the vertical walls). This may be referred to as a 
thickening layer. Such a construction may cause fallout 
material to accumulate on the sides of the Support layer, or 
may cause fallout materials to be absorbed into the support 
layer, and not on the sides of the object itself. In this way, the 
accumulated fallout material may be removed from the object 
together with the Support construction after printing. Further 
more, the Supporting envelope may shield the object wall 
from air and may thus prevent the diffusion of possibly inhib 
iting oxygen, for example, into the modeling material. In this 
way the wall's edge may be cured more efficiently and the 
modeling material may be prevented from flowing down to, 
for example, create waves. Moreover Such support envelopes 
or structures may reduce rounding of the top edges of the 
object. This may be useful, for example, when printing an 
object with 90° edges. 
I0128. In other embodiments, thickening layers may also 
be used to help even the finished object surfaces. Object 
Surfaces which are in contact with Support construction dur 
ing printing may have a “matte' appearance after printing has 
been completed and the Support structure has been removed, 
while Surfaces that were not being Supported may appear 
more glossy. The use of a thickening layer, for example, a thin 
layer of support around the entire object, may also prevent the 
formation of visible break lines (e.g., thin protrusions) on the 
object Surface between areas that were in contact with Support 
construction and those that were not. 
I0129. In some embodiments, a thickening layer(s) may be 
used to prevent roller or leveling device knocking, wherein 
leveling device 157 such as a roller or blade may collide with 
a printed object. When the leveling device enters the object 
area there may be a slight knocking. When the knocking is 
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relatively strong, deformations may result, for example, thin 
object walls may be broken, and large areas of the printed 
object may be deformed, for example, may be wavy, as a 
result of leveling device oscillations brought about by knock 
ings. 
0130. In general when printing, the interface material laid 
at the uppermost Surface of the object may tend to take on a 
rounded shape at the edges of the object. However, this 
rounding may be significantly more pronounced when 
printing thin walls and/or pins like shapes. As a consequence, 
the ridge or center of the thin wall may be higher than 
expected. Since a printing movement in the backward direc 
tion of X may be followed by leveling action of a leveling 
device 157, which may be attached to a printing block, for 
example, behind the printing head. Any leveling, however, 
may not follow printing movement in the forward direction, 
which may result in part of an object, for example, a wall 
ridge, being built and cured to a higher height than designed 
during the forward direction. As a result leveling device 157 
may collide with the object wall during the backward move 
ment. Adding a thickening layer at both sides of the thin wall 
may prevent rounding and therefore prevent collision or 
knocking of the leveling device with the top of the wall. 
0131 Knocking may occur even when printing thick 
objects, for example, when printing thick walls that are per 
pendicular to the printing direction X. This may be due, for 
example, to movement axles that are not stiff enough. With 
Such non-rigid axles, such very slight collisions that may 
unavoidably happen when the leveling device enters the 
object area may initiate leveling device oscillation in the Z 
direction. Strong oscillations may result in strong knocking. 
Thickening may lessen the initial collision by Smoothing the 
pressure step function that the leveling device may “sense” 
when entering the object area, therefore lessening or prevent 
ing the onset of leveling device oscillations. Other sequences 
of movements, for example, not requiring backwards and 
forwards movements, may be used. 
0.132. According to one embodiment, one or more support 
constructions may be constructed around an object, thereby 
providing a body outline. A body outline, as can be seen with 
reference to FIG. 5B may include one or more constructions 
or layers, in any combination. For example, an object con 
struction 50 may be surrounded or partially surrounded by an 
air barrier layer 51. Air barrier layer 51 may help, for 
example, to prevent merging or mixing of modeling and Sup 
port materials etc. A soft construction layer 52 may be built, 
to enable easy removal of a Support construction from an 
object. A support construction 53 may be built, which may 
help in preventing a projection of coarse grid from, for 
example, a bulk support construction, on the object's Surface. 
Bulk Support material 54 may be dispensed as a layer or mass 
of material, to provide support for object construction 50 or 
Support constructions. A peripheral Support construction 55 
may be built, for example, to reinforce Support construction 
54. Such a peripheral support construction 55 may enable 
provision of sufficient support for object 50, possibly at a 
minimal cost, and enabling easy Support removal. A pedestal 
support construction 56 may be built, which may act like a 
buffer between the printing tray 170 and object 50. Pedestal 
Support construction 56 may help prevent deformation, by, 
for example, decreasing the difference of scale accuracy 
between the bottom and upper sides of object 50, helping ease 
detachment of object 50 from tray 170, and/or helping enable 
accurate leveling of the lower layers of object 50 by leveler 
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157. One or more of the above described support construc 
tions may enable, for example, separation of printed object 50 
from the tray, separation of printed object 50 from its support 
constructions, and/or reinforcement of the object construc 
tion. 

I0133. In one embodiment, a body outline, which may be a 
reinforced layer constructed around a printed object, may be 
constructed withina Support construction A Support construc 
tion may include a number of body outlines. For example, one 
body outline may surround a second body outline, or may be 
located in any other suitable location relative to one or more 
other body outlines. Abody outline may, for example, include 
a grid or other Suitable Support constructions. Each Such body 
outline may or may not have a different grid. For example, a 
first body outline adjacent to an object construction may be a 
thin layer of Support material or another Suitable Support 
material. For example, a layer of approximately 500 microns 
or other Suitable dimensions may be used. Surrounding this 
first body outline, a second, optionally thicker body outline 
may be constructed, for example about 3 mm thick or having 
other suitable dimensions. Third, fourth, fifth etc. types of 
body outlines may be Subsequently constructed. Each body 
outline may serve a purpose in improving construction, qual 
ity and/or appearance of a printed object. For example, the 
first body outline may enable separation of the object from the 
Support constructions. The second body outline may, for 
example, produce a uniform surface, which may used to 
provide required object-surface quality. The third body out 
line may, for example, be constructed using a relatively high 
modeling material to Support material ratio, therefore provid 
ing a more solid or rigid building matrix. This third body 
outline, for example, may or may not be thicker than the 
second outline type. The fourth body outline, for example, 
may include a relatively soft grid, and may facilitate removal 
of large masses of Support material. Other types of body 
outlines or combinations of body outlines may be used. 
0.134 Taking into account the possible advantages of each 
type of body outline, different objects may require different 
kinds of body outlines. For example, an object requiring a 
larger mass of support may benefit from further body out 
lines. For example, a ring approximately 10 mm high may 
benefit from body outlines 1, 2 and perhaps 3. For example, a 
cellular phone approximately 20 mm high may benefit from 
body outlines 1, 2, 3 and 4. Preferable combinations of body 
outlines may be determined according to the object being 
built and the relative advantages and disadvantages of each 
type and/or combination of body outlines. 
0.135 Reference is now made to FIG. 6A, which is a sche 
matic diagram illustrating a grid construction 600 that may be 
implemented as, for example, a “Support construction'. 
according to some embodiments of the present invention. 
Such a grid construction 600 may be defined as a construction 
that may include Support material reinforced by discrete mod 
eling material elements or areas. For example, a grid con 
struction 600 may be constructed by constructing one or more 
continuous support material layers 610 that may be rein 
forced by one or more continuous columns, bars, or pillars of 
modeling material 620. This kind of support construction, 
which may include continuous modeling material areas, is 
herein referred to as a “Normal continuous grid'. The CAD 
Software, for example, which may provide instruction to 
printing system 100 to construct grid constructions, may 
enable construction of various types and forms of grids, for 
example, "body outline grids”. “multiple grid designs, and 
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“contacting grids' etc., as are described in detail below. Such 
additional grid improvements may be generally referred to 
herein as “smart grids”. The various methods and structures 
describe herein may be affected by a system controller 105 
associated with software 120. 

0136. According to an embodiment of the present inven 
tion, a multiple grid type Support construction may be con 
structed by defining, for example, grid widths (e.g., GRID 
WIDTH1) for X, Y and/or Z-axes, and grid spaces (e.g., 
GRID STEP1). These definitions may produce, for example, 
a continuous area of Support material reinforced by a continu 
ous or non-continuous grid constructed from modeling mate 
rial. GRID Step 1 may, for example, be defined as the distance 
(in each one of the 3 axes) between modeling grids as defined 
by GRID WIDTH1, where GRID WIDTH1 may define the 
dimension (in each axis X, Y and Z) of the reinforcing mod 
eling elements included in the Support construction. 
0137 Reference is now made to FIG. 6B, which is a sche 
matic illustration of a grid construction, according to an 
embodiment of the present invention. As can be seen with 
reference to FIG. 6B a second definition, including for 
example, GRID STEP2 and GRID WIDTH2 for X, Y and Z 
may be defined. Such a definition may be applied to grid 
construction 600 resulting from the modeling grids defined 
by GRID STEP1 and GRID WIDTH1. The definitions of, for 
example, GRID STEP2 and GRID WIDTH2 may produce, 
for example, a continuous medium made of Support material 
between the grids, and a non-continuous modeling grid made 
of the resulting grid as defined by GRID STEP2 and GRID 
WIDTH2. In this way, each grid (e.g., reinforcing element) 
defined by GRID STEP2 and GRID WIDTH2 may be con 
structed from a grid mass as defined by GRID WIDTH1 and 
GRID WIDTH2. In some embodiments GRID STEP1 may be 
thinner than GRID STEP2, as each grid defined by GRID 
STEP2 may include the resulting Supporting construction 
formed by GRID STEP1. In some embodiments GRID 
WIDTH1 may be smaller than GRID WIDTH2, as each grid 
defined by GRID WIDTH2 may include the resulting Sup 
porting construction formed by GRID WIDTH1. 
0.138. Such a grid, as described above (e.g., with non 
continuous modeling elements), may enable the definition of 
“X”, “Y” and “Z” modeling grid dimensions (e.g., GRID 
WIDTH), as well as the “X”, “Y” and “Z” distances between 
modeling grids (e.g., GRID STEP). In one embodiment 
Z-Step may equal Zero, which may result in the grid including 
continuous modeling columns (see FIGS. 6A and 6B). In 
another embodiment, as can be seen with reference to FIG. 
6C, Z-step may not be Zero, which may resulting in non 
continuous grid columns, with at least one gap 630 between 
grid columns. Directions “X”, “Y” and “Z” are used by way 
of example. Other suitable directions or direction variables 
may be used. 
0.139. In another embodiment, the gap 630 between mod 
eling grid elements (e.g., Sticks and columns), which are 
referred to herein as “Modeling Grid break', may not neces 
sarily occur at the same locations for the various modeling 
elements. Such a case may result in a grid construction that 
may include a non-continuous grid, where each grid line may 
have gaps or grid breaks 630 at different locations, as can be 
seen with reference to FIG. 6D. For example, a normal non 
continuous grid as illustrated in FIG. 6C may produce a 
weaker Z-axis Support construction than the continuous grid 
illustrated in FIG. 6A. However the Z-axis support construc 
tion of FIG. 6C may produce a stronger Z-axis Support con 
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struction than the non-continuous Grid illustrated in FIG. 6D. 
A non-continuous grid, such as the grid illustrated in FIG. 6D, 
may provide stronger X and Y-axis Support, for example, than 
the normal non-continuous grid of FIG. 6C, by, for example, 
assuring that a modeling grid break does not form at the same 
locations in the various modeling material elements. A non 
continuous Smart type of Grid may result, for example, in an 
improvement in Support removal, compared to the normal 
continuous type of grid. In other embodiments the diameter of 
the modeling grid elements may be increased without Sub 
stantially negatively effecting the Support removal from a 
printed object and without Substantially negatively affecting 
Support removal properties. 
0140. It should be noted that when used herein the X, Y 
and Z directions may be relative to each other, and need not be 
absolute, and further the use of descriptions of movement in 
these directions is by example only, and other movement 
patterns and Schemes are possible. Further, some embodi 
ments described herein include a print bead or other equip 
ment having a certain movement pattern (e.g., forward and 
backwards, etc), or a certain timing pattern of movement 
relative to jetting, curing, etc. These movement and timing 
patterns are shown by way of example only. Other suitable 
movement and timing patterns may be used. 
0.141. In another embodiment, a further definition, includ 
ing for example, GRIDSTEP3 and GRID WIDTH3 for Xand 
Y may be defined. Such a grid may, for example, be con 
structed so as to transcend the body outline and make contact 
with the printed object itself. In this way, for example, such a 
grid may impart to the printed object high adhesion of the 
entire Support construction. Usage of Such grid constructions 
may help in eliminating or significantly reducing the possi 
bility of the modeling construction being separated from the 
Support construction(s) during or after printing. For example, 
the grid Width definition and the grid gap definition may be 
significantly increased (e.g., GRID Width 3-1, GRID Step 
3-1) at a grid base, to cover an area that may come into contact 
with the printing tray. Grid width definition may be signifi 
cantly decreased (e.g., GRID Width 3-2), at a grid end, to 
cover an area that may come into contact with the object, to 
enable relatively easy release from the object. Additionally, 
between, for example, GRID WIDTHs 3-1 and 3-2, the col 
umn (GRID) dimension may gradually be changed, for 
example, the grid column may taper, thereby narrowing sig 
nificantly towards the end of the grid, where the grid meets the 
object. Other suitable grid definitions or combinations of grid 
definitions may be provided. 
0142. Inaccuracies and/or imperfections in the final 
printed 3D object or model may occur for a number of rea 
sons. Even if the inaccuracy is minimal, the error may have 
serious consequences for example, when two or more parts 
are designed to fit together, a slight inaccuracy renders this 
impossible. According to some embodiments of the present 
invention, in order to limit the inaccuracy to a proportion 
acceptable in the art, e.g. 0.2 mm, or even Smaller propor 
tions, modifications may be introduced to the configured data 
(for example the STL file) taking into account the parameters 
of printing apparatus 140, the printing process and the build 
ing materials being used. 
0.143 Imperfections in 3-D printed objects may occur for 
example, when one or more nozzles 147 on printing head 145 
are wholly or partially blocked, defective or non-functional. 
According to Some embodiments of the present invention, if 
these problematic nozzles remain non-functional even after 
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purging or other treatment, they may be defined in the appa 
ratus controller 105 as “missing nozzles', which may be 
compensated for during the printing process. An apparatus 
and method of detecting Such “missing nozzles' is described 
and exemplified in PCT Application Number PCT/IL03/ 
00746, filed Sep. 11, 2003, titled “APPARATUS AND 
METHOD FOR CALIBRATION IN THREE-DIMEN 
SIONAL MODEL PRINTING”, of the same Assignees, 
which is incorporated herein by reference in its entirety. 
0144. In one embodiment the effect of missing nozzles 
may be spread over a greater area by, for example, shifting 
printing head 145, for example, in the Y-direction between 
printing cycles. The range of shift may need to be wide 
enough to be effective in compensating for the printing lack 
caused by missing and/or defective nozzles, but still Small 
enough to prevent significant errors in drop deposit placement 
due to linearity errors in the Y-axis. Other types of shifting 
may be used, and in other directions. Random shifts (e.g., 
within a predefined shift range) may be made in between 
layers or within layers (e.g., in the reverse direction of the 
printing head). By using such shifting of printing head 145. 
and by taking into account the design of the object as defined 
in the data (e.g., CAD, COD or STL file etc.) and a map of 
missing nozzles as defined in the data, printing apparatus 140 
may avoid printing two or more Successive layers with miss 
ing nozzles in the same location. In the case where a group of 
missing nozzles exists, special compensation steps may be 
taken, for example, defining a shift algorithm to overcome the 
lack in a specified area of printing head 145. 
0145 For example, the printing head may be shifted 
between passes to prevent full or partial overlap of for 
example, the Y location of a the group of missing nozzles in 
two or more consecutive layers. If a missing group of nozzles 
is located at one of the two end points of the printing head 
movement, for example, the effective size (length) of the head 
may be reduced by excluding a portion of the end from 
participating in printing. The system controller 105 may for 
example calculate print data using a smaller-sized printing 
head, and/or omitting missing or malfunctioning nozzles. In 
Such cases, each layer may be printed twice or more, for 
example, where the printing head is shifted in the second or 
Subsequent prints from the first, in Sucha way that the missing 
groups may not overlap in Successive prints. 
0146 In another example, missing nozzles may be com 
pensated for by using a system of back interlacing. Control 
ler 105 may, for example, introduce a shift of printing head 
145, for example, in the Y direction before its backward/ 
reverse passage over the printing area in the X axis, taking 
into account the map of missing nozzles defined in the STL 
file, to compensate for missed pixels in the object. Controller 
105 may use or calculate adjustment parameters, including 
for example, various dimensional adjustments, shifting of the 
print head, alterations to print head movement, and/or alter 
ations in the way that the input data may be converted, to print 
data. 

0147 According to some embodiments of the present 
invention a number of adjustments to the X,Y and/or Z-axes 
may be configured in the STL file or other suitable data file, to 
help achieve a higher quality product, both in strength and in 
appearance. In one embodiment higher resolution of each 
printed layer may be obtained by interlacing Successive 
layers of building material. For example, slight adjustments 
may be made to the printing head's positioning in the X and 
Y-axes at each new Z level, such that drops of building mate 
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rial may fall in between drops deposited in the previous 
forwards/backwards motions of the printing head, thus inter 
lacing layers of building material. In one embodiment, the 
interlacing may involve, or may be the functional equivalent 
to, printing a layer where the printing head has a certain 
reference frame (e.g., starting coordinate); and printing a 
second layer with a second reference frame, the second ref 
erence frame being different from the first reference frame. 
Any Suitable number of Subsequent layers may be printed, 
each layer having a reference frame that may or may not be 
similar to other reference frames. For example, the reference 
frames may be shifted slightly, and in the case where two or 
more Such layers are printed, the reference frames may be 
repeated. 
0.148. In another embodiment, higher resolution may be 
obtained by sending different information to the printing head 
for each Z-movement of the printing head. Whereas the for 
ward and backward movements (e.g., XandY movements) of 
the printing bead are usually at the same Zheight, an adjust 
ment may be made in the Z-axis prior to the reverse passage 
of the printing head such that the layer deposited during the 
reverse passage may be slightly removed in the X,Y and/or Z 
axes to, for example, further increase accuracy of the printing 
object. This embodiment may be especially practicable when 
printing an object that may be curved in shape in the Z-direc 
tion. 

0149 Reference is now made to FIG. 7A, which is a flow 
chart illustrating a method for 3-D object printing that may 
enable compensation for non-functional or problematic 
nozzles, according to an embodiment of the present inven 
tion. As can be seen with reference to FIG. 7A, the method 
may include, at block 70 detecting problematic nozzles. For 
example, a nozzle test procedure may be executed periodi 
cally or randomly, in which, for example, the printing head 
may be operated for one layer and a test series, for example, 
a series of Small bars, may be printed for each noZZle. An 
operator or nozzle detector unit may detect missing or prob 
lematic nozzles by checking the printout. Such a printout may 
be done on tray 170, on a paper sheet attached to tray 170, or 
on another Suitable medium. The data indicating the status of 
nozzles may be processed by controller 105, and, at block 705 
the printing coordinates for the object to be printed may be 
adjusted, to compensate for the problematic nozzles. Other 
steps and/or series of steps may be used. 
0150. Reference is now made to FIG. 7B, which is a sche 
matic illustration of a printing apparatus, according to an 
embodiment of the present invention. In cases where printing 
is executed with a nozzle array 800 with a large nozzle step, 
for example, where the space 810 in between nozzles is larger 
than the droplet diameter, gaps 830 may be evident between 
the tracks 820 of deposited material, which may cause the 
surface(s) of the object to be uneven intexture or finish, e.g., 
stripe-like tracks may be apparent on the Surface of the 
printed object. According to an embodiment of the present 
invention, such gaps 830 between tracks of deposited material 
820 that may be evident after, for example, a first X printing 
motion, may be filled by shifting the nozzle array 800, for 
example, by a half-nozzle step in the Y direction before a next 
X complementary printing motion. For example, if the first 
motion is in forward X direction, the second may be in back 
ward X, and vice versa. If two complementary X motions, as 
described above, are not sufficient for filling the gaps between 
printing tracks, more complementary Xmotions may be used, 
optionally with smallery shifts between each. For example, 3 
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motions with a /3-nozzle step shift, or 4 motions with a /4 
noZZle step shift, etc., may be used in the same layer. Since the 
nozzles may differ from each other in their intensity, and 
some of the nozzles may be “dead', lines of high and low 
accumulated material, or areas of missing material may be 
formed. According to one embodiment, the Y location of the 
head (or nozzle array) may be toggled between the different 
printing movements in the X direction. For example, random 
Y shifts may be executed, or non-random shifts, as deter 
mined by controller software 120. This procedure is herein 
referred to as “nozzle scatter'. In this way aYshift associated 
with “nozzle scatter may be used in order to improve uni 
formity of the printed Surface and compensation for missing 
noZZles. 

0151 Reference is now made to FIG.7C, which is a sche 
matic illustration of a printing apparatus according to some 
embodiments of the present invention. A printing block 700 
may include one or more curing sources 710, for example, 
UV lamps. A leveler 720, for example, a leveling roller, may 
be designed in a way that it may only operate on the printing 
material before solidification of the material. Since leveler 
720 may be located on the right side of jetting head or nozzle 
array 715, in the illustrated example, the leveler may only be 
enabled to touch the material layer when an X motion of the 
head is from right to left. Therefore, in order to assure that the 
roller does not touch the layer during an X movement from 
left to right, a minor downward correction of the height posi 
tion of tray 730 may be performed before an X motion from 
left to right, for example, 100LL downward. It should be noted 
that the notions “X and Y motions of the head assembly” may 
refer to motions relative to tray 730. Therefore X motion to 
the left may be done by moving tray 730 to the right in respect 
to the axes of earth while jetting head 715 is stationary, etc. 
The same principal may refer to Zheight or motion of the tray, 
which may refer to the height or motion of the tray relatively 
to head 715 position or motion. In another embodiment the 
size of the resolution pixels in the Y direction may be set equal 
to Y nozzle step or the Y minimal step between the X move 
ments comprising a slice (e.g., half-nozzle step or third or 
quarter steps, etc. as described above). 
0152. According to a further embodiment, since some 
noZZles may not be functioning at a given time; a procedure of 
shifting the nozzle array in the Y direction by whole multiples 
of the nozzle step from one complementary X motion to 
another may be added onto the shifts of parts of a nozzle step. 
A shifting algorithm that may be used may be similar or the 
same as that used between adjacent slices in, for example, 
U.S. Pat. No. 6,259,962, of the same assignees and which is 
incorporated herein by reference. 
0153. In some cases printing a slice using more than two 
complementary X printing motions may cause a collision of 
the leveling device 157 with the object. This is because the 
tracks that are formed during an X movement from left to 
right be solidified before being leveled by the roller. In one 
embodiment this phenomenon may be prevented by includ 
ing two leveling devices, one on each side of the printing head 
array. In an additional embodiment the apparatus may include 
only one curing lamp, located at a side of the leveling device 
(see FIG. 7C). In one embodiment, when an even number of 
X printing motions may be required, the first movement may 
be a backward movement, for example, from right to left. In 
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all the subsequent forward movements, for example, left to 
right movements, except for the last left to right movement, 
material may be injected on tracks that are not touching their 
neighboring tracks. During the backward movements (except 
for the first backwards movement) material may be injected 
on tracks that touch their neighboring tracks on each Y side. 
The tracks that touch neighboring tracks may protrude higher 
than the roller height in Z. Since these are only the backward 
tracks, the roller can level up these tracks before they solidify, 
and collisions may be prevented. 
0154 An embodiment of this invention is illustrated in 
FIG. 7D. Profiles of 6 tracks (in a case of 6 Y shifts, for 
example), corresponding to an i-th nozzle are shown in a Y-Z 
cross sectional view. As can be seen in FIG. 7D, every time 
that a track is built higher than the roller height, the track may 
be printed during a backward movement, and therefore the 
leveler may easily level up the building material. The num 
bers in the figure indicate the temporal order of track printing: 
B and F stand for Forward and Backward 

0155 The droplet diameter d may set an upper limit on the 
possible resolution r, inY direction that can beachieved while 
printing a slice, namely r, 1/d. According to an embodiment 
of the present invention, higher resolution may be provided in 
the Y direction. As can be seen with reference to FIG. 7E, 
when higher resolution in Y is required, a combination of two 
or more consecutive slices or layers may be used. In the first 
slice only part of the pixels set by the higher resolution may be 
printed. An additional part of the pixels may be printed on the 
second slice, and so on. 
0156 For example if the required resolution is 3 times 
larger than 1/d, 3 slices may be used in a way that the first slice 
prints, for example, 1, 4, 7, 10, 13 . . . series of Successive 
pixels, the second prints 2, 5, 8, 11, 14, ... and the third prints 
3, 6, 9, 12, 15, . . . series. In each slice the content of the 
high-resolution pixel map may differ from the former slice 
according to the change of Z (the axis in the height direction). 
The grid of pixel locations, however, may preferably be kept 
constant in respect to the X-Y start point. Because of the small 
slice thickness, the result of Such printing may be very close 
to the result of true high-resolution printing. This method may 
enable, for example, high resolution printing, but using a 
smaller data file than otherwise would be required to obtain 
the same result. 

0157. It should be noted that the various methods and 
structures described herein may be effected by a suitable 3-D 
printer and a controlling unit possibly in conjunction with 
Software and/or hardware elements, such as for example, 
controller 105, printing apparatus 140 and the various asso 
ciated components described in FIGS. 1, 2A and 3A, but may 
be effected by other suitable 3-D printing software and/or 
apparatuses having other functionalities and structures. 
0158. The foregoing description of the embodiments of 
the invention has been presented for the purposes of illustra 
tion and description. It is not intended to be exhaustive or to 
limit the invention to the precise form disclosed. It should be 
appreciated by persons skilled in the art that many modifica 
tions, variations, Substitutions, changes, and equivalents are 
possible in light of the above teaching. It is, therefore, to be 
understood that the appended claims are intended to coverall 
Such modifications and changes as fall within the true spirit of 
the invention. 
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What is claimed is: 
1. A method of printing a three-dimensional object, the 

method comprising: 
dispensing one or more building materials in consecutive 

layers to form a three-dimensional object; 
dispensing at least one of said building materials to con 

struct a Support construction underneath Surfaces of said 
three-dimensional object; 

dispensing at least one of said building materials to con 
struct a thickening layer of building material of prede 
termined thickness around at least part of said three 
dimensional object. 

2. The method of claim 1, wherein constructing the thick 
ening layer serves to: 

(a) shield the external surfaces of said three-dimensional 
object from disproportionate curing and/or uneven heat 
ing or cooling; and/or 

(b) prevent accumulation of excess building material on 
surfaces of the three-dimensional object; and/or 

(c) prevent or minimize deformation caused by thermal 
inconsistencies between inner and outer parts of the 
three-dimensional object; and/or 

(d) help even finished object surfaces; and/or 
(e) prevent knocking of a leveling device colliding with the 

three-dimensional object. 
3. The method of claim 1, wherein said thickening layer 

comprises a modeling material, a Support material or a com 
bination thereof. 

4. The method of claim 1, wherein said thickening layer is 
built around vertical walls of said three-dimensional object. 

5. The method of claim 1, wherein said thickening layer is 
built around the external surfaces of the entire three-dimen 
sional object that are not in contact with the Support construc 
tion. 

6. The method of claim 1, wherein said thickening layer is 
built around surfaces of the three-dimensional object. 

7. The method of claim 1, comprising curing said three 
dimensional object and/or said thickening layer. 

8. The method of claim 1 further comprising: 
removing said Support construction and said thickening 

layer after printing is complete. 
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9. An apparatus for printing a three-dimensional object, the 
apparatus comprising: 

a printing head to dispense one or more building materials; 
and 

a controller to control formation of said three-dimensional 
object, one or more Support constructions and a thick 
ening layer of building material of a pre-determined 
thickness around at least part of said three-dimensional 
object. 

10. The apparatus of claim 9 further comprising a curing 
unit to cure said three-dimensional object and/or thickening 
layer. 

11. The apparatus of claim 9, wherein the building material 
of the thickening layer comprises a modeling material, a 
Support material or a combination thereof. 

12. The apparatus of claim 9, wherein said thickening layer 
is built 

(a) to prevent accumulation of excess building material on 
surfaces of the object; and/or 

(b) to prevent or minimize deformation caused by thermal 
inconsistencies between inner and outer parts of the 
three-dimensional object; and/or 

(c) to help even finished object surfaces; and/or 
(d) to shield the external surfaces of said three-dimensional 

object from disproportionate curing and/or uneven heat 
ing or cooling. 

13. The apparatus of claim 9, further comprising a leveling 
device and wherein said thickening layer is built to prevent 
knocking of the leveling device colliding with the three 
dimensional object. 

14. The apparatus of claim 9, wherein said thickening layer 
is built around vertical walls of said three-dimensional object. 

15. The apparatus of claim 9, wherein said thickening layer 
is built around the external surfaces of the entire three-dimen 
sional object that are not in contact with said Support con 
struction. 

16. The apparatus of claim 9, wherein said thickening layer 
is built around surfaces of the three-dimensional object. 
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