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THREE-DIMENSIONAL PRINTING

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This is a continuation of U.S. Application No. 16/
838,896, entitled “THREE-DIMENSIONAL PRINTING,”
filed on Apr. 2, 2020, which is a divisional of U.S. Applica-
tion No. 15/433.213, entitled “THREE-DIMENSIONAL
PRINTING,” filed on Feb. 15, 2017 (now U.S. Pat. No.
10,639,878). The disclosures of the prior applications are
considered part of and are incorporated by reference in the
disclosure of this application.

BACKGROUND

[0002] Three-dimensional (3D) printing manufacturing
systems may enable companies to manufacture products
on-demand (sometimes after receiving payment for the pro-
duct), reduce or eliminate tooling costs, launch new pro-
ducts rapidly, have faster product evolution, reduce product
inventory, introduce supply chain simplification and sav-
ings, have design and assembly simplification via reduced
part count, perform manufacturing locally, reduce shipping
and waste, and increase local recycling and material re-use.

SUMMARY

[0003] In some implementations, a three-dimensional
modelling system can analyze a three-dimensional model
of a solid object that will be created by a three-dimensional
extrusion printer to determine whether and where to add
internal supports in the model so that when the object is
created the internal supports will support hollow shell inside
the object so that a printer does not have to create a solid
object, e.g., to reduce the material, print time, or both, for
the object. The three-dimensional modelling system adds
data for the hollow shell and the internal supports to the
three-dimensional model so that the three-dimensional
extrusion printer will only generate infill in the object
where it is needed instead of for an entire volume of the
object. For instance, the three-dimensional modelling sys-
tem can determine whether a region of the hollow shell
has an interior surface slope that does not satisfy a threshold
angle, e.g., is greater than the threshold angle, and does not
need an internal support to support the hollow shell during
printing of the object, when the object is in use, or both.
When the three-dimensional modelling system determines
that the interior surface slope satisfies the threshold angle,
the three-dimensional modelling system adds an interior
support for the corresponding interior surface. The three-
dimensional modelling system can use properties of the
object, the three-dimensional extrusion printer, or both, to
determine the threshold angle.

[0004] In some implementations, a three-dimensional
modelling system can determine a print path for a tool-
head in a three-dimensional extrusion printer that has time
and space separated depositions for sequential material
cooling. The three-dimensional modelling system can deter-
mine a print path that skips between non-adjacent cells or
infill structures to allow a recently deposited fill line to cool
before deposition of a neighboring fill line that is adjacent to
the recently deposited fill line. In some implementations, the
three-dimensional modelling system can use an open cell
lattice in which sections of the object contain no toolpaths
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connecting unit cells. For instance, the open cell lattice can
localize contractive forces to individual lattice struts during
printing rather than realizing them over the extents of the
object.

[0005] In general, one innovative aspect of the subject
matter described in this specification can be embodied in
methods that include the actions of receiving a three-dimen-
sional model of a solid object for creation by a three-dimen-
sional extrusion printer; determining a hollow shell for the
three-dimensional model that includes a plurality of interior
surfaces; determining, for each of the plurality of interior
surfaces, an angle of the respective interior surface; deter-
mining, for each of the interior surfaces that have an angle
that satisfies a threshold angle, an infill structure for an inter-
ior structure to be located inside a modified object and
extending through each layer of the three-dimensional
model up to the respective interior surface, wherein the
modified object is the same type of object as the solid object
with at least one aperture; skipping, for each of the interior
surfaces that have an angle that does not satisfy the thresh-
old angle, generation of any infill structure; and generating
data that represents each of the determined infill structures
for use by the three-dimensional extrusion printer with the
three-dimensional model to create the modified object.
Other embodiments of this aspect include corresponding
computer systems, apparatus, and computer programs
recorded on one or more computer storage devices, each
configured to perform the actions of the methods. A system
of one or more computers can be configured to perform par-
ticular operations or actions by virtue of having software,
firmware, hardware, or a combination of them installed on
the system that in operation causes or cause the system to
perform the actions. One or more computer programs can be
configured to perform particular operations or actions by
virtue of including instructions that, when executed by
data processing apparatus, cause the apparatus to perform
the actions.

[0006] In general, one innovative aspect of the subject
matter described in this specification can be embodied in
methods that include the actions of receiving a three-dimen-
sional model of an object to be created by a three-dimen-
sional extrusion printer that includes a tool-head that will
create at least a portion of the object; determining a plurality
of infill structures in a slice of the object, the infill structures
including a first infill structure, one or more second infill
structures that each are not adjacent to the first infill struc-
ture in the slice, and a third infill structure that is adjacent to
the first infill structure in the slice; and determining a path
for the tool-head to create each of the plurality of infill struc-
tures in the slice of the object including: determining a first
portion of the path to cause the tool-head to deposit material
forming the first infill structure during a first time period;
determining a second portion of the path to cause the tool-
head to deposit material forming each of the second infill
structures that are not adjacent to the first infill structure
during a second time period after the first time period; and
determining a third portion of the path to cause the tool-head
to deposit material forming the third infill structure that is
adjacent to the first infill structure during a third time period
after the second time period, wherein the second time period
is determined to allow the first infill structure to cool before
deposition of the third infill structure by the tool-head of the
three-dimensional extrusion printer. Other embodiments of
this aspect include corresponding computer systems, appa-
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ratus, and computer programs recorded on one or more com-
puter storage devices, each configured to perform the
actions of the methods. A system of one or more computers
can be configured to perform particular operations or actions
by virtue of having software, firmware, hardware, or a com-
bination of them installed on the system that in operation
causes or cause the system to perform the actions. One or
more computer programs can be configured to perform par-
ticular operations or actions by virtue of including instruc-
tions that, when executed by data processing apparatus,
cause the apparatus to perform the actions.

[0007] The foregoing and other embodiments can each
optionally include one or more of the following features,
alone or in combination. Receiving the three-dimensional
model of the solid object to be created by the three-dimen-
sional extrusion printer may include receiving the three-
dimensional model of the solid object to be created by a
fused filament fabrication printer. The method may include
comparing, for each of the plurality of interior surfaces of
the modified object, the angle of the respective interior sur-
face with the threshold angle; determining, for each interior
surface in a first subset of the interior surfaces, that the angle
of the respective interior surface satisfies the threshold
angle; and determining, for each interior surface in a second
subset of the interior surfaces, that the angle of the respec-
tive interior surface does not satisfy the threshold angle, the
second subset being a different, disjoint subset of the inter-
ior surfaces than the first subset. Determining, for each of
the interior surfaces that have an angle that satisfies the
threshold angle, the infill structure for the interior structure
to be located inside the modified object and extending
through each layer of the three-dimensional model up to
the respective interior surface may include determining,
for each of the interior surfaces in the first subset, the infill
structure for the interior structure to be located inside the
modified object and extending through each layer of the
three-dimensional model up to the respective interior sur-
face in response to determining that the angle of the respec-
tive interior surface satisfies the threshold angle. Skipping,
for each of the interior surfaces that have an angle that does
not satisfy the threshold angle, generation of any infill struc-
ture may include skipping, for each of the interior surfaces
in the second subset, generation of any infill structure in
response to determining that the angle of the respective
interior surface does not satisfy the threshold angle.

[0008] In some implementations, the method may include
determining a configuration of the three-dimensional extru-
sion printer; determining a material that the three-dimen-
sional extrusion printer will use to create the modified
object; and determining the threshold angle using the con-
figuration and a property of the material. The method may
include determining a material that the three-dimensional
extrusion printer will use to create the modified object; and
determining the threshold angle using a property of the
material. The method may include determining a configura-
tion of the three-dimensional extrusion printer; and deter-
mining the threshold angle using the configuration.

[0009] In some implementations, the method may include
generating a plurality of slices of the three-dimensional
model that each identify one or more surfaces for the mod-
ified object represented by the respective slice in response to
generating data that represents each of the determined infill
structures for use by the three-dimensional extrusion printer
with the three-dimensional model to create the modified
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object; generating, for each of the plurality of slices, tool
path data that indicates a path for a tool-head included in
the three-dimensional extrusion printer to create the one or
more surfaces represented by the respective slice; and pro-
viding, for at least one of the plurality of slices, the tool path
data to the three-dimensional extrusion printer. Receiving
the three-dimensional model of the object to be created by
the three-dimensional extrusion printer may include receiv-
ing the three-dimensional model of the object to be created
by a fused filament fabrication printer. The method may
include determining a material that the three-dimensional
extrusion printer will use to create the object; determining
a cooling time for the material using a first temperature at
which the material will be deposited and at least one second
temperature of an area in which the material will be depos-
ited; and determining a duration for the second time period
using the cooling time for the material. The method may
include determining a material that the three-dimensional
extrusion printer will use to create the object; determining
a property of the material; and determining a length of the
first portion of the path using the property of the material.
The method may include determining a material that the
three-dimensional extrusion printer will use to create the
object; determining a property of the material; and deter-
mining a deposition rate for the first portion of the path
using the property of the material.

[0010] In some implementations, determining the path for
the tool-head to create each of the plurality of infill struc-
tures may include determining, for all infill structures in the
plurality of infill structures for which a portion of the path
has not been determined, a respective portion of the path
during a period of time separated in time from the time per-
iods for the infill structures adjacent to the respective infill
structure to allow the adjacent infill structures to cool before
deposition of the respective infill structure. Determining the
second portion of the path to cause the tool-head to deposit
material forming each of the second infill structures that are
not adjacent to the first infill structure during the second
time period after the first time period may include determin-
ing the second portion of the path to cause the tool-head to
deposit material forming each of two or more second infill
structures that are not adjacent to the first infill structure
during the second time period after the first time period.
The method may include generating the slice of the object
that identifies one or more surfaces for the object repre-
sented by the respective slice; and providing, for the slice
of the object, tool path data that indicates the path for the
tool-head to create the slice of the object to the three-dimen-
sional extrusion printer.

[0011] The subject matter described in this specification
can be implemented in particular embodiments and may
result in one or more of the following advantages. In some
implementations, a modelling system may reduce an
amount of material necessary to print an object, reduce an
amount of time necessary to print the object, or both, by
creating internal supports where needed compared to other
systems. In some implementations, a modelling system that
generates a tool-head print path which has time and space
separated fill line depositions may alleviate internal forces
that induce warping in the fill lines while the fill lines cool.
In some implementations, a modelling system may use an
open cell lattice to localize contractive forces to individual
lattice struts during printing, e.g., rather than realizing them
over the extents of the object. In some implementations,
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when a modelling system determines a path that allows a
deposited material in a region to cool and potentially con-
tract, the modelling system may reduce a likelihood that the
deposited material in a region will pull away from material
in an adjacent region while the material in the two regions
cool.

[0012] The details of one or more implementations of the
subject matter described in this specification are set forth in
the accompanying drawings and the description below.
Other features, aspects, and advantages of the subject matter
will become apparent from the description, the drawings,
and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIGS. 1A-B are an example of a three-dimensional
model of an object that can be printed by a three-dimen-
sional extrusion printer.

[0014] FIG. 2 is an example of a slice of a three-dimen-
sional model for an object.

[0015] FIG. 3 is an example of an environment in which a
three-dimensional modelling system may receive a three-
dimensional model.

[0016] FIG. 4 is a flow diagram of a process for generating
data for infill structures that will support surfaces of an
object.

[0017] FIG. 5 is a flow diagram of a process for generating
a tool-head path.

[0018] FIG. 6 is a block diagram of a computing system
that can be used in connection with computer-implemented
methods described in this document.

[0019] Like reference numbers and designations in the
various drawings indicate like elements.

DETAILED DESCRIPTION

[0020] FIGS. 1A-B are an example of a three-dimensional
model 100 of an object that can be printed by a three-dimen-
sional extrusion printer. A three-dimensional modelling sys-
tem may receive the three-dimensional model 100 of a solid
object that will be created by a three-dimensional printer and
analyze the solid object to determine whether to include any
hollow portions within the object, e.g., to reduce material,
print time, or both, for the object.

[0021] The three-dimensional modelling system may cre-
ate a hollow shell inside the three-dimensional model 100.
For instance, the three-dimensional modelling system may
analyze the three-dimensional model to determine whether
to print a hollow shell of the object instead of a solid object.
The hollow shell can include multiple skins 101, multiple
perimeters 1015, or both, that form an exterior of the object.
In FIG. 1A some of the multiple perimeters 1015 are
labeled. In some examples, all of the circular objects may
similarly indicate other perimeters that form the hollow
shell.

[0022] The three-dimensional modelling system analyze
angles of the interior surfaces of the hollow shell to deter-
mine whether and where to place an infill structure that will
support the interior surface of the hollow shell. The three-
dimensional modelling system may compare each interior
surface angle of the hollow shell with a threshold angle to
determine whether the interior surface angle satisfies the
threshold angle, e.g., is less than or equal to the threshold
angle or is less than the threshold angle. The surfaces may
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be polygon meshes that represent the hollow shell or other
surfaces for the hollow shell.

[0023] The three-dimensional modelling system may gen-
erate the hollow shell and analyze the interior surface angles
formed by the hollow shell. The three-dimensional model-
ling system may determine whether the hollow shell, and
any interior infill structures that will support part of the hol-
low shell, provide sufficient support for the object, e.g.,
whether a strength of a modified object would satisfy a
threshold strength for the object. The three-dimensional
modelling system may determine the threshold strength
using properties of the material that will be used to create
the object, expected pressures that may be applied to the
object, or another appropriate value. The three-dimensional
modelling system may determine whether the hollow shell,
and any interior infill structures, satisfy a threshold reduc-
tion in material necessary to create a modified object. When
the three-dimensional modelling system determines that the
hollow shell, and any interior infill structures, do not satisfy
a threshold, the three-dimensional modelling system may
determine that the entire solid object should be printed and
send data for the entire solid object to a printer. When the
three-dimensional modelling system determines that the
hollow shell, and interior infill structures, satisfy the thresh-
old, the three-dimensional modelling system may send data
for the hollow shell and the interior infill structures to a
printer, e.g., to cause the printer to create a modified version
of the object using the hollow shell and the interior infill
structures.

[0024] The object may be any appropriate type of object
that can be created by a three-dimensional extrusion printer
for which the three-dimensional modelling system receives
a three-dimensional model of a solid object. For instance,
the three-dimensional modelling system may receive a
three-dimensional scale model 100 of a block. The block
may be a toy with which a child will play. In some examples,
the block may be used for construction, e.g., building a
house.

[0025] As referred to in this document, an exterior surface
in a three-dimensional model is a surface that forms an
exterior boundary of the three-dimensional model. An inter-
ior surface in the three-dimensional model is a surface that is
bounded by multiple exterior surfaces of the three-dimen-
sional model, e.g., that is surrounded on all sides by exterior
surfaces.

[0026] The three-dimensional modelling system may
determine an angle of a surface with respect to a three-
dimensional extrusion printer print bed on which the object
will be created. For example, the three-dimensional model-
ling system may determine that a bottom 102 of the block
will be positioned on the print bed and determines the angles
of surfaces with respect to the bottom 102.

[0027] The three-dimensional modelling system may ana-
lyze each of the walls of the hollow shell, such as a wall 104,
to determine whether an angle of the wall satisfies the
threshold angle. The wall 104 may include multiple peri-
meters 1015 shown on the right hand side of the three-
dimensional model 100. The three-dimensional modelling
system may select the wall 104 and determine a particular
angle 105 of the wall 104. In the example shown, the three-
dimensional modelling system may determine that the par-
ticular angle 105 is ninety degrees.

[0028] The three-dimensional modelling system compares
the particular angle 105 with the threshold angle. For
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instance, the three-dimensional modelling system may
determine a material that will be used to create the wall
104, a configuration of the three-dimensional extrusion prin-
ter that will create the block, or both, to determine the
threshold angle. The three-dimensional modelling system
compares the value for the particular angle 105 with the
value for the threshold angle. The three-dimensional model-
ling system determines that the particular angle 105 of the
wall 104 does not satisfy the threshold angle, e.g., that
ninety degrees is greater than the threshold angle, and that
the three-dimensional modelling system does not need to
create an infill structure to support the wall 104.

[0029] In some implementations, the three-dimensional
modelling system may determine whether to adjust a value
for the angle of the surfaces in the three-dimensional model
100, e.g., if the angle is outside a predetermined range of
angles. For example, the three-dimensional modelling sys-
tem may use a predetermined range of angles between zero
and ninety degrees, inclusive. The three-dimensional mod-
elling system can determine whether the angle of a surface is
between zero and ninety degrees, inclusive. When a value of
the angle is not between zero and ninety degrees, inclusive,
the three-dimensional modelling system may adjust the
value of the angle. For instance, the three-dimensional mod-
elling system may determine an adjusted value for the angle
that is between zero and ninety degrees, inclusive, that is the
equivalent of the current value of the angle. When the angle
is one-hundred eighty degrees, the three-dimensional mod-
elling system may change the value of the angle to zero
degrees. When the angle is one-hundred thirty-five degrees,
the three-dimensional modelling system may change the
value of the angle to forty-five degrees. When the angle is
ninety-nine degrees, the three-dimensional modelling sys-
tem may change the value of the angle to eighty-one
degrees.

[0030] In some implementations, when the three-dimen-
sional modelling system determines that the angle is
between zero and ninety degrees, inclusive, the three-
dimensional modelling system compares the angle with the
threshold angle to determine whether the angle satisfies the
threshold angle. In some examples, the angle may satisfy the
threshold angle when the angle is less than the threshold
angle. The angle may satisfy the threshold angle when the
angle is less than or equal to the threshold angle. When a
value of the angle is zero, e.g., when the surface is parallel to
the print bed, the three-dimensional modelling system may
determine a distance between the surface and the print bed.
When the distance is zero, the three-dimensional modelling
system determines to skip generation of an infill structure to
support the surface. When the distance is greater than zero,
the three-dimensional modelling system determines to gen-
erate an infill structure to support the surface. When a value
of the angle is non-zero and satisfies the threshold angle, the
three-dimensional modelling system may generate an infill
structure to support the surface. When a value of the angle
does not satisfy the threshold angle, the three-dimensional
modelling system skips generation of an infill structure to
support the surface.

[0031] The three-dimensional modelling system may ana-
lyze an upper section 106a-b of the hollow shell to deter-
mine whether an angle for the upper section 106a-b satisfies
a threshold angle. For instance, the three-dimensional mod-
elling system may analyze a first upper section 106a sepa-
rately from a second upper section 1065 when both the first
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upper section 106a and the second upper section 1065 are
above the walls 104 of the hollow shell for the block.
[0032] The three-dimensional modelling system deter-
mines a first angle 107 for the first upper section 106a and
compares the first angle 107 with the threshold angle. For
instance, the three-dimensional modelling system deter-
mines whether the first angle 107 is less than or equal to
the threshold angle. In some examples, the three-dimen-
sional modelling system may determine whether the first
angle 107 is less than the threshold angle.

[0033] The three-dimensional modeling system uses the
comparison of the angles to determine whether the first
angle 107 satisfies the threshold angle. For example, the
three-dimensional modelling system determines that the
first angle 107 does not satisfy the threshold angle. In
response to determining that the first angle 107 does not
satisfy the threshold angle, the three-dimensional modelling
system may determine to skip generation of an infill struc-
ture that will support the first upper section 106a. For
instance, the three-dimensional modelling system deter-
mines not to generate an infill structure in the three-dimen-
sional model 100 that will support the first roof upper 106a.
[0034] The three-dimensional modelling system may
determine that a second angle of the second upper section
1065 is the same as the first angle 107 of the first upper
section 106a. The three-dimensional modelling system
may determine, in response, to skip generation of an infill
structure that will support the second upper section 1065. In
some examples, the three-dimensional modelling system
may compare the second angle of the second upper section
1065 with the threshold angle to determine whether to gen-
erate an infill structure that will support the second upper
section 1065.

[0035] The hollow shell includes a top section 108. The
three-dimensional modelling system may compare a third
angle 109 of the top section 108 with a threshold angle to
determine whether the respective angle satisfies the thresh-
old angle.

[0036] The three-dimensional modelling system may
compare the third angle 109 for the top section 108 with
the threshold angle. Using the comparison, the three-dimen-
sional modelling system may determine whether the third
angle 109 for the top section 108 satisfies the threshold
angle. The three-dimensional modelling system may deter-
mine that the third angle 109 satisfies the threshold angle,
e.g., that the third angle 109 is less than the threshold angle
or that the third angle 109 is less than or equal to the thresh-
old angle. In response, the three-dimensional modelling sys-
tem may determine to generate an infill structure 110, shown
in FIG. 1B, to support the top section 108. The infill struc-
ture 110 creates one or more apertures 112 inside the hollow
shell. The apertures 112 represent the portion of the object
that will not need to include fill material, e.g., for which a
three-dimensional printer does not need to deposit material
to create the object.

[0037] The three-dimensional modelling system creates
an infill structure that fills only a portion of the area inside
the hollow structure that is below the top section 108. For
instance, the three-dimensional modelling system may ana-
lyze the size of the top section 108, the third angle 109, the
material a three-dimensional printer will use to create the
top section 108, or a combination of two or more of these
to determine a size of the infill structure 110 that is smaller
than the entire region below the top section 108 and inside
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the hollow structure. The three-dimensional modelling sys-
tem may determine the infill structure 110 such that the infill
structure 110 does not lie below either of the upper sections
106a-b, as indicated by dashed line 114. For instance,
dashed line 114 indicates the right hand side of the infill
structure 110 so that the infill structure 110 does not lie
below the first upper section 106a. The dashed line 114 is
not included in data for the three-dimensional model 100.
For example, the three-dimensional modelling system
includes the hollow structure, e.g., the skins 101a and the
perimeters 1015, and the infill structure 110 in data for the
three-dimensional model, e.g., and does not include any data
specific only to the line 114 in the data for the three-dimen-
sional model.

[0038] The three-dimensional modelling system may
determine a type of the infill structure 110 to support the
top section 108, e.g., in response to determining that the
third angle 109 satisfies the threshold angle. For instance,
the three-dimensional modelling system may use properties
of the material that will be used to create the top section 108,
properties of the three-dimensional extrusion printer that
will create the block, or both, to determine a type of the infill
structure 110. The three-dimensional modelling system may
select a first type of infill structure 110 when the third angle
109 falls within a first angle range, e.g., twenty and thirty
degrees. The first type may be a pillar, a particular material
for the infill structure 110, or both. The three-dimensional
modelling system may select a second type of infill structure
110 when the third angle 109 falls within a second angle
range, €.g., when the third angle is zero and the respective
surface is parallel to and separated from the print bed, such
as the example shown in FIG. 1A. The second type of infill
structure 110 may be a complete fill between the bottom 102
of the block and the top section 108, a lattice framework of
fill lines that, when stacked in layers of lattices between the
bottom 102 and the top section 108, support the top section
108, a hexagonal fill, or another appropriate type of infill
structure 110.

[0039] The three-dimensional modelling system may
determine a type of infill structure 110 by balancing the
material necessary to support the top section 108 with a
time necessary to deposit the material. For instance, the
three-dimensional modelling system may minimize a quan-
tity of material for the infill structure 110, a time necessary
to deposit the material, e.g., when a more elaborate infill
structure 110 may require less material but take more time
to create, or both.

[0040] In some implementations, the three-dimensional
modelling system may have multiple different threshold
angles. For instance, the three-dimensional modelling sys-
tem may determine a threshold angle for each type of mate-
rial that will be used to create a surface in the object repre-
sented by the three-dimensional model 100. The three-
dimensional modelling system may use i) properties of the
material or ii) properties of the material and properties of a
three-dimensional extrusion printer that will create the
object to determine a corresponding threshold angle. For
example, the three-dimensional modelling system may
have a first threshold angle for a surface that will be created
from plastic and a second threshold angle for a surface that
will be created from metal. In some examples, the three-
dimensional modelling system may use a first threshold
angle for the wall 104, a second threshold angle for the
first upper section 1064, and a third threshold angle for the
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top section 108. In some examples, the three-dimensional
modelling system may use a first threshold angle for the
wall 104, and a second threshold angle for the first upper
section 1064 and the top section 108.

[0041] When the three-dimensional modelling system
analyzes a surface that will be adjacent to the print bed of
the three-dimensional extrusion printer, e.g., a bottom 102,
the three-dimensional modelling system may determine to
skip generation of an infill structure for the bottom 102 with-
out comparing an angle of the bottom 102 to a threshold
angle. For instance, the three-dimensional modelling system
may determine that the bottom 102 will be supported by the
print bed and that no infill structures are necessary to sup-
port the bottom 102 or that no infill structures inside the
object can be created to support the bottom 102.

[0042] In some implementations, the three-dimensional
model 100 may be for a solid object that will be included
in another object. For instance, the block may be part of a
larger toy, a model of a house, or another type of object. The
three-dimensional modelling system may analyze the block
to determine whether the block can be created using a hol-
low shell and include the block with a hollow shell in the
other object.

[0043] In some examples, the three-dimensional model-
ling system may analyze a slice of the block shown in
FIGS. 1A-B to determine a path for an extrusion printer
tool-head to create an object using the three-dimensional
model 100. For instance, after the three-dimensional model-
ling system creates data for the hollow shell and the infill
structure, the three-dimensional modelling system may ana-
lyze each slice of the block to determine a path for the tool-
head to create the hollow block.

[0044] FIG. 2 is an example of a slice 200 of a three-
dimensional model for an object. The object may be any
appropriate type of object that can be created by a three-
dimensional extrusion printer. For instance, the three-
dimensional modelling system may receive a three-dimen-
sional scale model of a house with an attached garage, gen-
erally referred to as a house in this document. The house
may be a toy house with which a child will play. The
house may be an architectural model of a house that will
be built or remodeled, or another appropriate type of archi-
tectural model. For example, the scale model of a house may
be used as a toy into which a person will not walk.

[0045] A three-dimensional modelling system may ana-
lyze the slice 200 to determine a path for a three-dimen-
sional extrusion printer tool-head that indicates an order in
which the tool-head should deposit material, e.g., fill lines,
for various structures in the slice 200. For instance, the
three-dimensional modelling system may analyze multiple
regions 202-210 of internal structures to determine a path
for a tool-head to create the internal structures in each of
the regions 202-210 while allowing material deposited to
form the respective structure to cool before deposition of
internal structures in an adjacent region. The regions 202-
210 are depicted in FIG. 2 by the dashed lines. The three-
dimensional modelling system may split the slice 200 into
regions for separate printing of each of the regions so that
forces in each of the regions, created because of the printing
of materials in the respective region, manifest at a smaller
spatial scale. The manifestation of forces at a smaller spatial
scale may reduce a likelihood of material in any of the
regions 202-210 warping.
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[0046] The three-dimensional modelling system may
determine the path for a tool-head included in a three-
dimensional extrusion printer that will create the object
using the slice 200. In some examples, the three-dimen-
sional modelling system creates a path for a tool-head
included in a fused filament fabrication three-dimensional
extrusion printer.

[0047] The path for the tool-head moves between the
regions 202-210 of internal structures to allow all material
deposited in a particular region to cool before deposition of
material in an adjacent region to reduce a likelihood that
material deposited in the particular region will warp, pull
away from material in an adjacent region, or both. For
instance, as a material cools, the material may contract.
The three-dimensional modelling system determines time
periods for the regions 202-210 that allow the material in
the respective region to cool, and potentially contract,
before a tool-head will deposit material in an adjacent
region.

[0048] The three-dimensional modelling system may
determine a property of a material, a property of a three-
dimensional extrusion printer that will print the material,
or both, to determine a time period for a region that allows
a material in the region to cool. For instance, the three-
dimensional modelling system may determine a cooling
rate for a material based on an ambient temperature of a
three-dimensional extrusion printer. The three-dimensional
modelling system may use the cooling rate to determine a
time period for the region that allows the material to com-
pletely cool or a time period that allows the material to cool
to a point at which an amount that the material may contract
1s less than a threshold amount, a likelihood that the material
will contract more is less than a threshold likelihood, or
both.

[0049] In some implementations, the three-dimensional
modelling system may determine a time period for a region
using an amount of material deposited in the region. For
instance, the three-dimensional modelling system may
select a longer time period for a region in which more mate-
rial will be deposited compared to a shorter time period for a
different region in which less material will be deposited.
[0050] For the slice 200, a three-dimensional modelling
system may select a first region 202 for the beginning of a
tool-head path. The three-dimensional modelling system
may determine that the tool-head should deposit material
for a first structure 212 in the first region 202 and then a
second structure 214 in the first region. The three-dimen-
sional modelling system determines a first time period
necessary to allow the material for the first structure 212
and the material for the second structure 214 to cool.
[0051] The three-dimensional modelling system analyzes
one or more of the other regions 204-210 to determine a
region that is not adjacent to the first region 202 and that
will be the next region for the tool-head path. For instance,
the three-dimensional modelling system may determine that
three regions 206-210 are not adjacent to the first region 202
and select one of the three regions 206-210. The three-
dimensional modelling system may select a fourth region
208.

[0052] The three-dimensional modelling system deter-
mines one or more structures in the selected fourth region
208. For instance, the three-dimensional modelling system
may determine that the fourth region 208 includes a fifth
structure 220. The three-dimensional modelling system
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may generate a path for the tool-head to deposit material
for the fifth structure 220.

[0053] The three-dimensional modelling system may
select a deposition rate for the tool-head to deposit the mate-
rial for the fifth structure 220 using the first time period to
allow the material for the first structure 212 and the material
for the second structure 214 to cool. For instance, the three-
dimensional modelling system may select a deposition rate
so that a length of time for the tool-head to deposit the mate-
rial for the fifth structure 220 is the same as the duration of
the first time period. The three-dimensional modelling sys-
tem may select a deposition rate so that the length of time for
the tool-head to move to the fifth structure 220, move away
from the fifth structure 220, and deposit the material for the
fifth structure 220 is the same as the duration of the first time
period.

[0054] In some examples, the three-dimensional model-
ling system may select a deposition rate for the fourth region
208 so that a time necessary to deposit material in multiple
regions is equal to the duration of the first time period. For
example, the three-dimensional modelling system may
select a deposition rate for the fifth structure 220 so that a
sum of a second time period during which the tool-head will
deposit the material for the fifth structure 220 and a third
time period during which the tool-head will deposit material
for a sixth structure 222 in the fifth region 210 will total the
duration of the first time period. The sum of the second time
period and the third time period may include durations for
the tool-head to move to the fifth structure 220, to move to
the sixth structure 222, to move away from the sixth struc-
ture, or a combination of two or more of these.

[0055] Once the three-dimensional modelling system has
updated the path for the tool-head to include deposition of
one or more structures during the first time period, the three-
dimensional modelling system selects a region that is adja-
cent to the first region 202. The three-dimensional model-
ling system may select a second region 204 and determine
portions of the path for the tool-head to create a third struc-
ture 216 included in the second region. The three-dimen-
sional modelling system may determine multiple fill lines
for the tool-head to create the third structure 216 and corre-
sponding portions of the path for those multiple fill lines.
[0056] The three-dimensional modelling system may
select fill lines for the third structure 216 using a type of
infill for the third structure 216. For instance, when the
third structure 216 has a lattice infill, the three-dimensional
modelling system may determine a first set of paths for the
tool-head to create the third structure 216 and add the first
set of paths to the overall path for the tool-head to create the
slice 200. When the third structure 216 has a hexagonal
infill, the three-dimensional modelling system may deter-
mine a second set of paths for the tool-head to create the
third structure 216 and add the second set of paths to the
overall path for the tool-head to create the slice 200 instead
of the first set of paths. The first set of paths for the tool-head
may be different paths than the second set of paths for the
tool-head. The third structure 216, and the other structures in
the slice 200, may have any appropriate infill structure.
[0057] In some implementations, the three-dimensional
modelling system may use an open cell lattice infill in
which X-Y sections contain no toolpaths connecting unit
cells. The unit cells may be one of the structures 212-222,
may be a portion of one of the structures 212-222. e.g., a
bead deposited for one of the structures 212-222, or both.
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The three-dimensional modelling system may have one or
more settings that define properties for the unit cells. For
instance, the properties may include a maximum area for a
unit cell, a maximum length, maximum width, or both, for
the unit cell, a maximum bead length, or a combination of
two or more of these.

[0058] The use of an open cell lattice infill may localize
contractive forces on the unit cells. For instance, as a depos-
ited bead of material cools, the bead will contract to a per-
centage of its original length. The percentage of the original
length for the cooled bead may be determined using a
change in the temperature of the bead when deposited to a
cooled temperature and the coefficient of thermal expansion
for the material of the bead. By depositing smaller beads,
e.g., for unit cells, the structures 212-222, or both, that are
allowed to cool before material deposition for an adjacent
bead, a three-dimensional modelling system reduces the
total size of the shrinkage. For example, when a temperature
change, e.g., from 230° C. to 30° C., will cause a deposited
bead to shrink by 2%, a bead that is 10 millimeters (mm)
long will shrink 0.2 mm while a bead that is 100 mm long
will shrink 2 mm, the latter of which may cause a gap
between deposited materials. When the three-dimensional
modelling system uses an open cell lattice infill, the three-
dimensional modelling system reduces localizes contractive
forces and reduces an amount of contraction for deposited
beads. This may allow the three-dimensional modelling sys-
tem to maintain cooling shrinkage amounts to a manageable
level at which there will be minimal gaps between deposited
materials.

[0059] The three-dimensional modelling system selects a
third region 206 as the last region for the path. The three-
dimensional modelling system generates portions of the
path for deposition of a fourth structure 218. For instance,
the three-dimensional modelling system determines that
there are no regions left in the slice 200 for which the
three-dimensional modelling system has not generated a
respective portion of the path other than the third region
206 and selects the third region 206.

[0060] The three-dimensional modelling system may
determine whether a fourth time period for cooling of the
fifth structure 220 included in the fourth region 208 will
pass before deposition of structures in the third region 206
based on the tool-head path. For example, the three-dimen-
sional modelling system may determine whether the fifth
structure 220 will sufficiently cool given the tool-head
path to allow deposition of the fourth structure 218 in the
third region 206. When the three-dimensional modelling
system determines that the fourth time period will pass
given the tool-head path, the three-dimensional modelling
system generates the portions of the path for deposition of
the fourth structure 218.

[0061] When the three-dimensional modelling system
determines that the fourth time period will not pass given
the tool-head path, the three-dimensional modelling system
determines whether to generate a different path for creation
of structures 212-222 in the slice 200. For instance, when
the path includes generation of structures in the fifth region
210 before generation of structures in the fourth region 208,
the three-dimensional modelling system may change an
order of portions of the path by including a portion of the
path for the fourth region 208 before a portion of the path for
the fifth region 210. When the three-dimensional modelling
system changes the order of portions of the path, the three-
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dimensional modelling system may determine that the new
order of the portions of the path will allow the fifth structure
220 in the fourth region 208 sufficient time to cool before
deposition of the fourth structure 218 in the third region 206,
which is adjacent to the fourth region 208. When the three-
dimensional modelling system determines that a new order
of the portions of the path that correspond to respective
regions 202-210 in the slice 200 does not allow sufficient
time for the various structures 212-222 in the regions 202-
210 to cool before deposition of material in an adjacent
region, the three-dimensional modelling system may change
one or more deposition rates for some or all of the structures
212-222 so that the path includes sufficient time for each of
the structures in a particular region to cool before deposition
of a structure in an adjacent region.

[0062] Each of the regions 202-210 may include a single
structure, a portion of a structure, or multiple structures. For
instance, the first region 202 includes two structures, the
first structure 212 and the second structure 214, and the sec-
ond region 204 includes one structure, the third structure
216. In some examples, the first structure 212 may be in
one region and the second structure 214 may be in a separate
region.

[0063] A three-dimensional printer may create the struc-
tures 212-222 using the same material or different materials.
For example, the first structure 212, the second structure
214, and the third structure 216 may be created using the
same material and are shown separately in FIG. 2 to indicate
different portions of the path generated by the three-dimen-
sional modelling system. In some examples, a three-dimen-
sional printer may create the first structure 212 and the sec-
ond structure 214 from a particular material and may create
the third structure 216 from a different material.

[0064] The three-dimensional modelling system may gen-
erate, for each of the regions, a respective portion of the
tool-head path for multiple fill lines that will be deposited
in the region. For example, the three-dimensional modelling
system may create a first portion of the tool-head path for
the first region 202 that will cause a tool-head to deposit
twelve fill lines to create the first structure 212 and the sec-
ond structure 214. The three-dimensional modelling system
may create a second portion of the tool-head path for the
second region 204 that will cause a tool-head to deposit
four fill lines to create the third structure 216.

[0065] In some examples, the regions 202-210 for which
the three-dimensional modelling system generates portions
of the tool-head path may be interior regions. The regions
may include infill structures or portions of infill structures.
The regions for which the three-dimensional modelling sys-
tem generates portions of the tool-head path may be exterior
regions.

[0066] In some implementations, the three-dimensional
modelling system can automatically determine the regions
202-210. For instance, the three-dimensional modelling sys-
tem can receive the slice 200 and determine an initial region
for the slice, e.g., that include an entire interior for the slice
200. The three-dimensional modelling system can generate
smaller regions from the initial region to reduce a likelihood
that material deposited for structures in the region will move
when adjacent material is deposited for the slice. The three-
dimensional modelling system can use a predetermined
maximum size for each region or can automatically deter-
mine a size for each of the sub-regions.
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[0067] In some implementations, the three-dimensional
modelling system may determine a maximum fill line
length. For example, the three-dimensional modelling sys-
tem may determine sizes for each of the regions such that
the fill lines in each of the regions do not exceed the max-
imum fill line length. The three-dimensional modelling sys-
tem may determine sizes of the regions to minimize contrac-
tion between fill lines in adjacent regions. For instance, the
three-dimensional modelling system may determine sizes of
the regions using the maximum fill line length, e.g., as a
maximum length, width, or both. The three-dimensional
modelling system may adjust one or more dimensions of
the regions to minimize contraction between fill lines in
adjacent regions. For example, when the structures in the
first region 202 and the second region 204 will be created
using a single material, the three-dimensional modelling
system may determine a point 224 in the first region 202
that will minimize a length of a border between structures
in the first region 202 and structures in the second region
204. The three-dimensional modelling system may move
the right border of the second region 204 to the point 224
to reduce the length of contact between the fill lines, and
corresponding structures, in the adjacent regions.

[0068] The three-dimensional modelling system may use
a type of material for structures in a region when determin-
ing the regions. For instance, if the three-dimensional mod-
elling system determines that a single material will be used
to create the first structure 212, the second structure 214, and
the third structure 216, the three-dimensional modelling sys-
tem may adjust the size of the regions, e.g., to minimize
contact between the structures in the regions. If the three-
dimensional modelling system determines that different
materials will be used to create the structures in the first
region 202 and the second region 204, e.g., that a first mate-
rial will be deposited for the first structure 212 and the sec-
ond structure 214 and a second material will be deposited
for the third structure 216, the three-dimensional modelling
system may maintain the sizes of the first region 202 and the
second region 204.

[0069] In some implementations, a three-dimensional
modelling system may determine a time for a tool-head to
move between regions and use the time to determine a path
for the tool-head. For instance, the three-dimensional mod-
elling system may use the time for the tool-head to move
between regions to allow material in a region enough time
to cool. The three-dimensional modelling system may use
the movement time in addition to the deposition time to
determine the path for the tool-head and whether the three-
dimensional modelling system can select a region for
deposition that is adjacent to another region in which depos-
ited material has cooled.

[0070] In some implementations, the three-dimensional
modelling system may determine different cooling rates
for different materials in a slice. For instance, the three-
dimensional modelling system may determine that a first
structure 212 is metal and a third structure 216 is plastic
and different cooling rates for the first structure 212 and
the third structure 216. The three-dimensional modelling
system may determine different time periods for the regions
in which the structures belong to allow the structures suffi-
cient time to cool.

[0071] FIG. 3 is an example of an environment 300 in
which a three-dimensional modelling system 302 may
receive a three-dimensional model 304. The three-dimen-
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sional modelling system 302 may receive the three-dimen-
sional model 304 from a client device 316. For example, the
three-dimensional modelling system 302 may receive the
three-dimensional model 304 as part of a request from the
client device 316 to cause a three-dimensional extrusion
printer 318 to create an object represented by the three-
dimensional model 304. In some examples, the three-dimen-
sional extrusion printer 318 may be a fused filament fabrica-
tion printer.

[0072] The three-dimensional modelling system 302 may
determine materials that will be used to create an object
represented by the three-dimensional model 304. The
three-dimensional modelling system 302 may select a parti-
cular type of three-dimensional extrusion printer 318 using
properties of the materials in the material properties data-
base 314, the materials, or both. For example, the three-
dimensional modelling system 302 may provide the three-
dimensional model 304 to a fused filament fabrication prin-
ter when the object represented by the three-dimensional
model 304 will be formed using a material or multiple mate-
rials with a high coefficient of thermal expansion.

[0073] An angle generation module 306, included in the
three-dimensional modelling system 302, may generate,
for a solid object or a solid portion of an object, a hollow
shell for the object. The angle generation module 306 may
analyze the exterior surfaces of the object that enclose the
solid fill for the object to determine the hollow shell for the
object. The angle generation module 306 may determine a
minimum thickness of the hollow shell using properties of
the object, e.g., a material of the object, expected forces that
will be applied to the object, or both. The angle generation
module 306 may determine different thicknesses for differ-
ent portions of the hollow shell depending on the location of
the portion in the hollow shell. The angle generation module
306 may update the three-dimensional model 304 using data
that represents the hollow shell for the object.

[0074] The angle generation module 306 analyze multiple
surfaces in the hollow shell to determine angles of those
surfaces. The angle generation module 306 may determine
angles of the surfaces with respect to a print bed on which an
object, represented by the three-dimensional model 304,
will be created by the three-dimensional extrusion printer
318. For instance, the angle generation module 306 may
perform one or more of the steps described above with refer-
ence to FIGS. 1A-B to determine an angle of an exterior
surface, an interior surface, or both. In some examples, the
angle generation module 306 may determine a threshold
angle. The threshold angle may be for all surfaces in the
object or a subset of the surfaces in the object, e.g., when
all of the surfaces in the subset will be created by the three-
dimensional extrusion printer 318 using a particular material
and all surfaces in a different subset will be created by the
three-dimensional extrusion printer 318 using a different
material.

[0075] A surface analysis module 308 compares the
angles determined by the angle generation module 306
with respective threshold angles to determine whether to
generate a support for the respective surface in the three-
dimensional model 304. For example, when the surface ana-
lysis module 308 determines that a first angle of a first sur-
face does not satisfy a threshold angle, the surface analysis
module 308 skips the first surface and does not generate a
support for the first surface. When the surface analysis mod-
ule 308 determines that a second angle of a second surface
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satisfies a threshold angle, the surface analysis module 308,
or a support generation module (not shown) included in the
three-dimensional modelling system 302, generates data for
a support in the three-dimensional model 304. The support
is an infill structure, inside the hollow shell of the object
represented by the three-dimensional model 304, that will
support the second surface during creation of the object by
the three-dimensional extrusion printer 318 and during use
of the created object. The surface analysis module 308 may
perform one or more of the steps described above with refer-
ence to FIGS. 1A-B to compare the surface angles with the
threshold angles and generate supports for the surfaces for
which the surface angle satisfies a corresponding threshold
angle.

[0076] The angle generation module 306 or the surface
analysis module 308 can determine a threshold angle. For
instance, the surface analysis module 308 may determine a
material that will be used to create a particular surface. The
surface analysis module 308 accesses a material properties
database 314 to determine properties for the material. The
surface analysis module 308 can use the properties for the
material to determine the threshold angle for the material.
[0077] In some implementations, the surface analysis
module 308 uses configuration properties of the three-
dimensional extrusion printer 318 when determining the
threshold angle. For example, the surface analysis module
308 may access a three-dimensional printer configuration
database 312 to determine configuration properties for the
three-dimensional extrusion printer 318, e.g., using an iden-
tifier for the three-dimensional extrusion printer 318. The
surface analysis module 308 may use the configuration
properties and the properties for the material to determine
the threshold angle for the material.

[0078] A path generation module 310, included in the
three-dimensional modelling system 302, may generate a
path for a tool-head, included in the three-dimensional
extrusion printer 318, to print the structures included in the
object represented by the three-dimensional model 304. The
path generation module 310 may generate a path for a slice
in the three-dimensional model 304. In some examples, the
path generation module 310 may generate a path for each
slice in the three-dimensional model 304. The path genera-
tion module 310 may use one or more of the steps described
with reference to FIG. 2 to generate a path for the tool-head.
[0079] The path generation module 310 may generate a
path for a slice in the three-dimensional model 304 to
which the surface analysis module 308 added data for sur-
face supports, e.g., after analysis of the three-dimensional
model 304 by the angle generation module 306 and the sur-
face analysis module 308 and creation of the hollow shell. In
some examples, the path generation module 310 may gen-
erate a path for a slice in the three-dimensional model 304
for which the surface analysis module 308 has not generated
any support data. For instance, the path generation module
310 may analyze the three-dimensional model 304 without
either the angle generation module 306 or the surface ana-
lysis module 308 analyzing any data for the three-dimen-
sional model 304.

[0080] The path generation module 310 can use material
properties database 314 when generating the path for the
slice. For example, the path generation module 310 deter-
mines a cooling time for a particular material that will be
deposited in the slice by retrieving property data for the
material from the material properties database 314.
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[0081] In some examples, the path generation module 310
uses configuration properties of the three-dimensional
extrusion printer 318 when generating the path for the
slice. For instance, the path generation module 310 accesses
the three-dimensional printer configuration database 312 to
determine a temperature at which the three-dimensional
extrusion printer 318 will deposit the material, a temperature
of an atmosphere in which the material will be deposited, or
both. The path generation module 310 can use one or more
temperatures to determine the path for the slice.

[0082] The three-dimensional modelling system 302 may
generate multiple slices of the three-dimensional model.
Each of the slices may include data for multiple structures
of the object represented by the respective slice. The three-
dimensional modelling system 302 may generate, for each
of the slices, tool path data for each of the slices that indi-
cates a path for a tool-head to create the structures repre-
sented by the slice.

[0083] The three-dimensional modelling system 302 may
provide the data for each of the slices to the three-dimen-
sional extrusion printer 318 to cause the three-dimensional
extrusion printer 318 to generate the respective portion of
the object. For instance, the three-dimensional modelling
system 302 may provide a first slice to the three-dimen-
sional extrusion printer 318. The three-dimensional extru-
sion printer 318 may use the first slice to print the structures
represented by the first slice. The three-dimensional model-
ling system 302 may sequentially provide the three-dimen-
sional extrusion printer with subsequent slices to cause the
three-dimensional extrusion printer to create corresponding
structures of the object using the subsequent slices. For
instance, the three-dimensional extrusion printer 318 may
use each of the subsequent slices to add another layer to
the printed portion of the object until the object is
completed.

[0084] In some implementations, the three-dimensional
modelling system 302 may be included in or be part of the
three-dimensional extrusion printer 318. For instance, the
three-dimensional extrusion printer 318 may receive the
three-dimensional model 304 from the client device 316
and store the three-dimensional model 304 in memory. The
three-dimensional extrusion printer 318 may use the angle
generation module 306, the surface analysis module 308, the
path generation module 310, or a combination of two or
more of these, to analyze the three-dimensional model
304. The three-dimensional extrusion printer 318 may use
data for the analyzed three-dimensional model 304 to create
an object represented by the three-dimensional model 304.

[0085] The three-dimensional modelling system 302 is an
example of a system implemented as computer programs on
one or more computers in one or more locations, in which
the systems, components, and techniques described in this
document are implemented. The client device 316 may
include personal computers, mobile communication
devices, and other devices that can send and receive data
over a network 320. The network 320, such as a local area
network (LAN), wide area network (WAN), the Internet, or
a combination thereof, connects the client device 316, three-
dimensional modelling system 302, and the three-dimen-
sional extrusion printer 318. The three-dimensional model-
ling system 302 may use a single server computer or multi-
ple server computers operating in conjunction with one
another, including, for example, a set of remote computers
deployed as a cloud computing service.
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[0086] In some examples, the environment 300 does not
include a separate three-dimensional modelling system 302
and client device 316. For instance, the three-dimensional
modelling system 302 may provide the three-dimensional
model 304 directly to the three-dimensional extrusion prin-
ter 318 without receiving the three-dimensional model 304
from a separate device, e.g., the client device 316. In these
examples, the three-dimensional modelling system 302 can
connect directly to the three-dimensional extrusion printer
318 or can connect to the three-dimensional extrusion prin-
ter through any appropriate type of network, e.g., a LAN.
[0087] FIG. 4 is a flow diagram of a process 400 for gen-
erating data for infill structures that will support surfaces of
an object. For example, the process 400 can be used by the
three-dimensional modelling system 302 from the environ-
ment 300.

[0088] A modelling system receives a three-dimensional
model of an object to be created by a three-dimensional
extrusion printer (402). For instance, the modelling system
receives the three-dimensional model from a client device.
In some examples, the modelling system may receive the
three-dimensional model from memory. The three-dimen-
sional model includes only data representing exterior sur-
faces of the object that will be a solid object when printed.
[0089] The modelling system may determine determining
a hollow shell for the three-dimensional model that includes
a plurality of interior surfaces (403). For instance, the mod-
elling system determines an exterior shell for the three-
dimensional model that includes a hollow aperture on the
inside that reduces the material requirements for creating
the object.

[0090] The modelling system determines, for each of the
plurality of interior surfaces of the object, an angle of the
respective interior surface (404). For example, the model-
ling system determines each of the interior surfaces of the
object represented in the three-dimensional model. The
modelling system may use any appropriate method to deter-
mine the angle of a particular interior surface. The surfaces
may be polygon meshes or any other appropriate type of
surface for the object.

[0091] In some implementations, when a surface is not
flat, the modelling system may determine multiple angles
for the surface. The modelling system may divide the non-
flat surface into multiple sections. Each of the sections may
have the same angle, e.g., a single angle, or multiple angles
within a predetermined threshold value of the other angles
for the section. For instance, the modelling system may
divide a non-flat surface into multiple sections each of
which have angles within the predetermined threshold
value of the other angles for the respective section. The
modelling system may determine, for each of the multiple
sections, an average angle for the section. The modelling
system may use the average angle for the section when ana-
lyzing the section. In some examples, the modelling system
may determine, for each of the multiple sections, a largest
angle for the section. In these examples, the modelling sys-
tem may use the largest angle for the section when analyzing
the section. For instance, when the modelling system deter-
mines that a particular section has three angles, 42°, 43.4°,
and 44.2°, the modelling system may select 44.2° as the
angle for the particular section.

[0092] The modelling system determines a configuration
of the three-dimensional extrusion printer (406). For
instance, the modelling system may determine settings of a
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print-head included in the three-dimensional extrusion prin-
ter, settings of the three-dimensional extrusion printer, or
both, that will be used to create the object using the three-
dimensional model. Some examples of settings for a three-
dimensional extrusion printer include whether the printer
includes a cooling fan directed toward the print-head,
whether the deposition chamber in the printer is heated,
the temperature of the deposition chamber, a diameter of
an extruder nozzle in the print-head, print speed, bead dia-
meter, and layer height.

[0093] The modelling system determines a material that
the three-dimensional extrusion printer will use to create
the object (408). The modelling system may determine that
the material is a plastic, a metal, or another appropriate
material.

[0094] The modelling system determines a threshold
angle using the configuration, a property of the material, or
both (410). For example, the modelling system may use the
configuration of the three-dimensional extrusion printer, the
property of the material, or both, as input to determine the
threshold angle. The modelling system may determine a first
value for the threshold angle when the material is a first
material, e.g., plastic, and a second value for the threshold
angle when the material is a second material, e.g., metal.
The first value may be greater than the second value. For
instance, the modelling system may determine that a first
viscosity of a first material, e.g., a plastic, is lower than a
second viscosity of a second material, e.g., a metal, and use
a first threshold angle for the first material that is a larger
angle than a second threshold angle for the second material.
[0095] The modelling system compares the angle of the
interior surface with the threshold angle (412). For instance,
the modelling system compares a value of the angle of the
interior surface with a value for the threshold angle.

[0096] The modelling system determines whether the
angle satisfies the threshold angle (414). The modelling sys-
tem may determine whether a value of the angle is less than
a value of the threshold angle. In some examples, the mod-
elling system may determine whether a value of the angle is
less than or equal to a value of the threshold angle. The
modelling system may use a result of the comparison to
determine whether the angle satisfies the threshold angle.
[0097] In some implementations, the modelling system
may perform steps 412 and 414 for multiple surfaces. For
instance, the modelling system may compare, for each of the
multiple surfaces, a value of the respective angle with a
value of the threshold angle and determine whether the
value of the respective angle satisfies the value of the thresh-
old angle using a result of the comparison. The modelling
system may determine, for each surface in a first subset of
the multiple surfaces, that the angle does not satisfy the
threshold angle. The modelling system may determine, for
each surface in a second subset of the multiple surfaces, that
the angle does not satisfy the threshold angle. The second
subset is a different subset of surfaces from the multiple
surfaces than the first subset. The second subset is a disjoint
subset from the first subset.

[0098] The surfaces may be exterior surfaces. In some
implementations, the surfaces are interior surfaces, e.g.,
and not exterior surfaces. In some examples, the multiple
surfaces may include both interior surfaces and exterior
surfaces.

[0099] In response to determining that the surface satisfies
the threshold angle, the modelling system determines an
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infill structure for an interior structure to be located inside
the object and extending through one or more layers of the
three-dimensional model up to the interior surface (416).
The layers may be slices of the three-dimensional model.
The modelling system may determine any appropriate type
of infill structure for an interior structure. For example, the
modelling system may use a hexagonal infill structure for
the interior structure. In some examples, the modelling sys-
tem may use a rectilinear infill structure, a concentric infill
structure, a honeycomb infill structure, or a combination of
two or more of these. The modelling system may select an
infill structure to minimize material necessary to create the
interior structure while providing an appropriate strength for
the interior structure.

[0100] When created by a three-dimensional printer, the
interior structure supports the corresponding surface. For
instance, if the three-dimensional printer were to try to cre-
ate the surface without the interior structure, the surface may
not be able to support itself, e.g., would collapse. The crea-
tion of the interior structure in the three-dimensional model
allows the three-dimensional printer to create the surface
using data for the three-dimensional model.

[0101] The interior structure may extend through multiple
slices of the three-dimensional model. The modelling sys-
tem may create the interior structure between a lower sur-
face below the surface and extending through each slice of
the three-dimensional model up to the surface. For instance,
the interior structure may extend through all slices between
the lower surface below the surface and the surface. In some
examples, the modelling system creates an interior structure,
in the three-dimensional model, that extends from a bottom
surface of the three-dimensional model to the surface, e.g.,
through each layer of the model between the bottom surface
and the surface.

[0102] Inresponse to determining that the surface does not
satisfy the threshold angle, the modelling system skips gen-
eration of any infill structure (418). For instance, the model-
ling system determines not to generate an interior structure,
or a corresponding infill structure for an interior structure,
for the surface.

[0103] The modelling system may store data indicating
which of the surfaces the modelling system has analyzed.
For instance, the data may indicate that the modelling sys-
tem compared a value of an angle for the surface with a
value for a threshold angle. The modelling system may use
the data to later determine that the modelling system ana-
lyzed the surface, whether or not the angle for the surface
satisfies the threshold angle, or both. The data may indicate
whether the surface needs a support or the modelling system
added a support to the three-dimensional model.

[0104] The modelling system determines whether there
are interior surfaces left to analyze (420). For example, the
modelling system uses the data that indicates which of the
surfaces the modelling system has analyzed to determine
whether or not there are more surfaces in the three-dimen-
sional model to analyze. The modelling system may analyze
only interior surfaces of the three-dimensional model. In
these examples, the modelling system determines whether
there are interior surfaces to analyze. The modelling system
may analyze only interior surfaces. In these examples, the
modelling system determines whether there are interior sur-
faces to analyze. In some implementations, the modelling
system analyzes both interior surfaces and interior surfaces.
In these implementations, the modelling system determines
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whether there are any interior surfaces or any interior sur-
faces left to analyze.

[0105] The modelling system generates data that repre-
sents each of the determined infill structures for use by the
three-dimensional extrusion printer with the three-dimen-
sional model to create the object (422). For instance, the
modelling system uses the infill structures for the interior
structures to generate the data that represents the infill struc-
ture. The data indicates the slices of the three-dimensional
model through which the interior structure, with the infill
structure, passes. In some examples, the modelling system
may perform part of the step 422 when determining the infill
structure, e.g., as part of step 416. For example, when the
modelling system determines the infill structure for a parti-
cular interior structure, the modelling system may generate
the data that represents the infill structure for the particular
interior structure. The modelling system may add the data
for the infill structures to the three-dimensional model.
[0106] The order of steps in the process 400 described
above is illustrative only, and generating data for infill struc-
tures that will support surfaces of the object can be per-
formed in different orders. For example, the modelling sys-
tem may determine the material that a three-dimensional
extrusion printer will use to create the object represented
by the three-dimensional model before determining a con-
figuration of the three-dimensional extrusion printer.

[0107] In some implementations, the process 400 can
include additional steps, fewer steps, or some of the steps
can be divided into multiple steps. For example, the model-
ling system may perform steps 402, 404, 416, 418, and 422
without performing the other steps of the process 400. In
some examples, the modelling system may perform steps
402 and 404, a portion of step 410, and steps 412 through
422. For instance, the modelling system may determine, as
the portion of step 410, the threshold angle using the config-
uration of the three-dimensional printer, the property of the
material, both, or neither. In some examples, the modelling
system may send data for the three-dimensional model to a
three-dimensional extrusion printer to cause the three-
dimensional extrusion printer to create an object represented
by the three-dimensional object.

[0108] In some implementations, the modelling system
may compare the data that represents the determined infill
structures and the hollow shell with the data for a solid
object to determine whether creation of the object using
the infill structures and the hollow shell satisfies one or
more efficiency criteria. The efficiency criteria may include
a quantity of material saved by creating the object with the
hollow shell and the infill structures instead of creating a
solid object. The efficiency criteria may include an amount
of time saved by creating the object with the hollow shell
and the infill structures instead of creating a solid object.
The efficiency criteria may include a quantity of beads that
will not be deposited by creating the object with the hollow
shell and the infill structures instead of creating a solid
object. The efficiency criteria may include a value that indi-
cate whether the modified object created using the hollow
shell and the infill structures will have a strength within a
threshold value of the original solid obj ect.

[0109] When the modelling system determines that an
efficiency for the modified object, e.g., for the infill struc-
tures and the hollow shell, satisfies a threshold efficiency,
the modelling system may send the data for the modified
object to a three-dimensional printer for creation of the
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object with one or more apertures in the object. When the
modelling system determines that an efficiency for the mod-
ified object does not satisfy the threshold efficiency, the
modelling system sends data for an unmodified object,
e.g., the solid object, to a three-dimensional printer for crea-
tion of the solid object.

[0110] FIG. 5 is a flow diagram of a process 500 for gen-
erating a tool-head path. For example, the process 500 can
be used by the three-dimensional modelling system 302
from the environment 300.

[0111] A modelling system receives a three-dimensional
model of an object to be created by a three-dimensional
extrusion printer that includes a tool-head that will create
at least a portion of the object (502). For instance, the mod-
elling system receives the three-dimensional model from a
client device. In some examples, the modelling system may
receive the three-dimensional model from memory.

[0112] The modelling system determines a plurality of
infill structures in a slice of the object (504). The modelling
system may create multiple slices of the three-dimensional
model. For each of the slices, the modelling system deter-
mines multiple infill structures in the slice.

[0113] The modelling system determines a first portion of
a path for the tool-head that will cause the tool-head to
deposit material forming the first infill structure from the
plurality of infill structures during a first time period (506).
For examples, the modelling system selects one of the multi-
ple infill structures as the first infill structure. The modelling
system may select the first infill structure, from the multiple
infill structures randomly.

[0114] In some examples, the modelling system may
select, as the first infill structure, an infill structure from a
region in the slice with a highest density of infill structures,
e.g., a highest quantity of infill structures. For instance,
when the slice is part of a three-dimensional scale model
of a house, a particular region of the house, e.g., a bedroom,
may have a higher density of infill structures than another
region of the house, e.g., a living room. The modelling sys-
tem may determine the region with the highest density of
infill structures because there are likely to be more infill
structures that are adjacent to other infill structures in that
region. The modelling system may select an infill structure
that is adjacent to a highest quantity of other infill structures.
[0115] The modelling system may determine a material
that the three-dimensional extrusion printer will use to cre-
ate the object. In some examples, the modelling system may
determine a material that the three-dimensional extrusion
printer will use to create the first infill structure, e.g., in
examples in which the object is created using multiple dif-
ferent materials.

[0116] The modelling system may determine a cooling
time for the material using a first temperature at which the
material will be deposited, a second temperature of an area
in which the material will be deposited, one or more proper-
ties of the material, or a combination of two or more of
these. The second temperature may include multiple second
temperatures. The properties of the material may include a
cooling time for the material. The properties of the material
may include any appropriate type of material properties.
[0117] The area in which the material will be deposited
may include a chamber in which the three-dimensional
extrusion printer creates the first infill structure. The second
temperature may include a temperature of the chamber. The
area may include atmosphere or other gases. The second
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temperature may include a temperature of the atmosphere
or other gases.

[0118] The second temperature may be a temperature of a
particular material onto which the material will be depos-
ited. In some examples, the modelling system may deter-
mine a temperature of a base that supports the object during
creation as a temperature of an area in which the material
will be deposited. The modelling system may determine a
temperature of another material that has been deposited,
another material that will be deposited, or both, as a tem-
perature of an area in which the material will be deposited.
In some examples, the area in which the material will be
deposited may have multiple second temperatures, e.g.,
one for a gas in which the material will be deposited and
one for the particular material onto which the material will
be deposited.

[0119] One or more of the temperatures may be predicted
temperatures. For instance, the modelling system may deter-
mine the temperatures before the three-dimensional extru-
sion printer creates the object. In these examples, the tem-
peratures are predicted temperatures. In some examples, the
modelling system may determine the temperatures while the
three-dimensional extrusion printer creates the object. In
these examples, some of the temperatures may be actual
temperatures, some of the temperatures may be predicted
temperatures, or both. For instance, the modelling system
may provide the three-dimensional extrusion printer with a
first slice path for a tool-head, included in the three-dimen-
sional extrusion printer. While the tool-head uses the first
slice path to create a first slice of the object, the modelling
system may create a second slice path for a second slice of
the object that is adjacent to and directly above the first slice.
The modelling system may use data from the creation of the
first slice to determine the second slice path, e.g., data that
indicates one or more actual temperatures for the three-
dimensional extrusion printer, the object being created by
the three-dimensional extrusion printer, or both.

[0120] The modelling system may determine a duration
for a second time period using the cooling time for the mate-
rial. The modelling system may determine the duration to
allow the material sufficient time to cool before deposition
of another material adjacent to the material. For instance, the
modelling system may select the second time period such
that the material is less likely to warp when another material
is deposited adjacent to the material.

[0121] In some implementations, the modelling system
may determine a deposition rate for the first infill structure,
e.g., the first portion of the path. The modelling system may
determine the deposition rate using a duration of the first
time period, the duration of the second time period, a prop-
erty of the material, or a combination of two or more of
these.

[0122] The modelling system selects another infill struc-
ture from the plurality of infill structures (508). The model-
ling system may use any appropriate method to select the
other infill structure. For example, the modelling system
may select the other infill structure at random. The model-
ling system may assign, to each of the infill structures, a
number, e.g., an identifier. The modelling system may select
an infill structure at random by generating a random number
and determining the identifier that is closest to, or the same
as, the random number. In some examples, the modelling
system may select an infill structure as the other infill struc-
ture that is adjacent to a highest quantity of other infill struc-



US 2023/0141215 Al

tures, e.g., for which the modelling system has not deter-
mined respective portions of the path.

[0123] The modelling system determines whether the
other infill structure is a second infill structure that is not
adjacent to the first infill structure (510). For example, the
modelling system analyzes the boundaries of the other infill
structure to determine whether one of the boundaries of the
second infill structure is adjacent to a boundary of the first
infill structure. In some examples, the modelling system
may select an infill structure that is adjacent to a highest
quantity of other infill structures and that is not adjacent to
the first infill structure.

[0124] If one of the boundaries is adjacent to a boundary
of the previous infill structure, e.g., the first infill structure,
the modelling system selects a different infill structure, e.g.,
repeats step S08. When the modelling system determines
that there is only one infill structure left and that the one
remaining infill structure is adjacent to the previous infill
structure, the modelling system may begin the process 500
again, e.g., with a different initial infill structure, a different
path to create the various infill structures, or both. In some
examples, when the modelling system determines that there
is only one infill structure left and that the one remaining
infill structure is adjacent to the previous infill structure,
the modelling system adds a wait period for the tool-head
before the tool-head will create the last infill structure. For
example, the modelling system adds instructions to data that
represents the path for the current slice that indicates that the
tool-head should wait for a particular period of time before
beginning deposition of the last infill structure. In some
examples, when the modelling system determines that
there is only one infill structure left and that the one remain-
ing infill structure is adjacent to the previous infill structure,
the modelling system may change a deposition rate of one or
more other infill structures so that deposition of the last infill
structure will begin after the infill structures adjacent to the
last infill structure have cooled for the determined cooling
periods.

[0125] When the modelling system determines that the
second infill structure is not adjacent to the first infill struc-
ture, the modelling system determines a second portion of
the path to cause the tool-head to deposit material forming
the second infill structure during a second time period after
the first time period (512). The modelling system may deter-
mine a quantity of beads for the tool-head to deposit when
forming the second infill structure. The modelling system
may use the quantity of beads to determine the second por-
tion of the path. The modelling system may determine at
which end of the second infill structure the tool-head should
begin to deposit material for the second infill structure, e.g.,
an end closest to a last location at which the tool-head will
deposit material for the first infill structure. The modelling
system may determine a direction for the second portion of
the path along which the tool-head will move to form the
second infill structure. The modelling system may use the
determined end of the second infill structure, the direction
for the second portion of the path, or both, to determine at
least part of the second portion of the path.

[0126] In some implementations, the modelling system
may determine a deposition rate for the second infill struc-
ture, e.g., the second portion of the path. The modelling sys-
tem may determine the deposition rate using a duration of
the second time period, a property of the material that will
form the second infill structure, or a combination of two or
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more of these. In some examples, the modelling system may
determine the deposition rate for the second infill structure
using a size of the second infill structure, an amount of mate-
rial that will be deposited to form the second infill structure,
or both.

[0127] The modelling system may adjust the deposition
rate based on a current duration of time to deposit material
for the second infill structure and the determined duration
for the second time period. For instance, when the current
duration is less than the determined duration for the second
time period the modelling system may adjust the deposition
rate to reduce or increase the current duration. In some
examples, when the current duration is greater than the
determined duration for the second time period, the model-
ling system may determine whether or not to change the
current duration, e.g., the modelling system might not
change the current duration.

[0128] The modelling system determines whether a dura-
tion for the tool-head to move through the second portions
of the path satisfies the second time period (514). For exam-
ple, the modelling system determines whether a time for the
tool-head to deposit material for the second infill structure
satisfies, e.g., is greater than or equal to, the duration for the
second time period. In some examples, the duration satisfies
the second time period when the duration is greater than a
predetermined duration of the second time period.

[0129] Since the modelling system determined a duration
of the second time period to allow the first infill structure to
cool before deposition of the third infill structure, adjacent
to the first infill structure, by the tool-head of the three-
dimensional extrusion printer, the modelling system deter-
mines whether the second portion of the path causes the
tool-head to deposit material during the entirety of the sec-
ond time period or whether more time is necessary to allow
the first infill structure to cool. The modelling system may
use a time period for the tool-head to move from the first
infill structure to the second infill structure, a time period
for the tool-head to move from the second infill structure
to a third infill structure, or both, when determining whether
the duration for the tool-head to move through the second
portions of the path satisfies the second time period. For
instance, the modelling system may add one or more dura-
tions of the movement time periods with the duration for
deposition of the second infill structure, as the second por-
tion of the path, to determine whether the duration of the
second portion of the path satisfies the second time period.
[0130] When the modelling system determines that the
duration for the tool-head to move through the second por-
tions of the path does not satisfy the second time period, the
modelling system selects another infill structure and gener-
ates a path for the other infill structure. For instance, the
modelling system performs steps 508 through 512 until the
duration for the tool-head to move through all of the second
portions of the path satisfies the second time period. The
duration for the second portions of the path satisfies the sec-
ond time period when a duration that the tool-head will take
to move to each of the second infill structures, deposit mate-
rial for the second infill structures that are not adjacent to the
first infill structure, or both, is greater than, equal to, or both,
the predetermined duration for the second time period.
[0131] The modelling system selects a third infill struc-
ture, from the plurality of infill structures, that is adjacent
to the first infill structure in the slice (516). The modelling
system may determine the infill structures in the slice that
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are adjacent to the first infill structure. The determined infill
structures may be infill structures for which the modelling
system has not yet generated a portion of the path for the
slice that will cause the tool-head to deposit material to
form the corresponding infill structure. If there is only one
infill structure in the slice for which the modelling system
has not generated a portion of the path for the slice, the
modelling system may select the one infill structure. When
there are multiple infill structures in the slice for which the
modelling system has not yet generated a portion of the path
for the slice, the modelling system may select one of the
multiple infill structures at random. In some examples,
when there are multiple infill structures in the slice for
which the modelling system has not generated a portion of
the path for the slice, the modelling system may select one
of the multiple infill structures that is adjacent to the first
infill structure and a highest quantity of other infill struc-
tures for which the modelling system has not created por-
tions of the path for the slice.

[0132] The modelling system determines a third portion of
the path to cause the tool-head to deposit material forming
the third infill structure during a third time period after the
second time period (518). For instance, the modelling sys-
tem determines an end of the third infill structures that is
closest to a last location at which the tool-head will deposit
material for the second infill structure. The modelling sys-
tem may use the determined end as the beginning of the
third portion of the path.

[0133] In some implementations, the process 500 can
include additional steps, fewer steps, or some of the steps
can be divided into multiple steps. For example, the model-
ling system may determine a duration of time for which a
material that will be deposited in a previous layer has
cooled. When the three-dimensional printer will create mul-
tiple layers for a particular infill structure, the modelling
system may determine when the three-dimensional printer
will deposit material for the particular infill structure and
directly below an area in a current slice for the particular
infill structure. When a duration of time for the material in
the previous slice to cool does not satisfy a threshold dura-
tion, e.g., the material in the previous layer will not likely
have cooled sufficiently, the modelling system may select
another infill structure for the path.

[0134] The modelling system may repeat the process S00,
or portions of the process 500, for all infill structures in a
current slice. For instance, the modelling system may select
a first infill structure and then repeat the steps for selection
of second infill structures and third infill structures until the
modelling system generates portions of the path for all of the
infill structures in a current slice.

[0135] The modelling system may provide data for the
slice and the path to a three-dimensional extrusion printer
after generation of the path. For instance, the modelling sys-
tem may generate paths for all slices of a three-dimensional
model and then provide data representing the slices and the
paths to the three-dimensional extrusion printer. In some
examples, the modelling system may generate a path for a
first slice and provide data for the first slice and the path to a
three-dimensional extrusion printer, e.g., to cause the three-
dimensional extrusion printer to create a portion of an object
represented by the first slice. The modelling system then
generates a path for a second slice that is directly adjacent
to and on top of the first slice. The modelling system pro-
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vides the generated path and data for the second slice to the
three-dimensional extrusion printer.

[0136] Embodiments of the subject matter and the func-
tional operations described in this specification can be
implemented in digital electronic circuitry, in tangibly-
embodied computer software or firmware, in computer
hardware, including the structures disclosed in this specifi-
cation and their structural equivalents, or in combinations of
one or more of them. Embodiments of the subject matter
described in this specification can be implemented as one
or more computer programs, i.e., one or more modules of
computer program instructions encoded on a tangible non-
transitory program carrier for execution by, or to control the
operation of, data processing apparatus. Alternatively or in
addition, the program instructions can be encoded on an arti-
ficially-generated propagated signal, e.g., a machine-gener-
ated electrical, optical, or electromagnetic signal, that is
generated to encode information for transmission to suitable
receiver apparatus for execution by a data processing appa-
ratus. The computer storage medium can be a machine-read-
able storage device, a machine-readable storage substrate, a
random or serial access memory device, or a combination of
one or more of them.

[0137] The term “data processing apparatus” refers to data
processing hardware and encompasses all kinds of appara-
tus, devices, and machines for processing data, including by
way of example a programmable processor, a computer, or
multiple processors or computers. The apparatus can also be
or further include special purpose logic circuitry, e.g., an
FPGA (field programmable gate array) or an ASIC (applica-
tion-specific integrated circuit). The apparatus can option-
ally include, in addition to hardware, code that creates an
execution environment for computer programs, e.g., code
that constitutes processor firmware, a protocol stack, a data-
base management system, an operating system, or a combi-
nation of one or more of them.

[0138] A computer program, which may also be referred
to or described as a program, software, a software applica-
tion, a module, a software module, a script, or code, can be
written in any form of programming language, including
compiled or interpreted languages, or declarative or proce-
dural languages, and it can be deployed in any form, includ-
ing as a stand-alone program or as a module, component,
subroutine, or other unit suitable for use in a computing
environment. A computer program may, but need not, cor-
respond to a file in a file system. A program can be stored in
a portion of a file that holds other programs or data, e.g., one
or more scripts stored in a markup language document, in a
single file dedicated to the program in question, or in multi-
ple coordinated files, e.g., files that store one or more mod-
ules, sub-programs, or portions of code. A computer pro-
gram can be deployed to be executed on one computer or
on multiple computers that are located at one site or distrib-
uted across multiple sites and interconnected by a commu-
nication network.

[0139] The processes and logic flows described in this
specification can be performed by one or more programma-
ble computers executing one or more computer programs to
perform functions by operating on input data and generating
output. The processes and logic flows can also be performed
by, and apparatus can also be implemented as, special pur-
pose logic circuitry, e.g., an FPGA (field programmable gate
array) or an ASIC (application-specific integrated circuit).
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[0140] Computers suitable for the execution of a computer
program include, by way of example, general or special pur-
pose microprocessors or both, or any other kind of central
processing unit. Generally, a central processing unit will
receive instructions and data from a read-only memory or
a random access memory or both. The essential elements
of a computer are a central processing unit for performing
or executing instructions and one or more memory devices
for storing instructions and data. Generally, a computer will
also include, or be operatively coupled to receive data from
or transfer data to, or both, one or more mass storage devices
for storing data, e.g., magnetic, magneto-optical disks, or
optical disks. However, a computer need not have such
devices. Moreover, a computer can be embedded in another
device, e.g., a mobile telephone, a personal digital assistant
(PDA), a mobile audio or video player, a game console, a
Global Positioning System (GPS) receiver, or a portable sto-
rage device, e.g., a universal serial bus (USB) flash drive, to
name just a few.

[0141] Computer-readable media suitable for storing com-
puter program instructions and data include all forms of
non-volatile memory, media and memory devices, including
by way of example semiconductor memory devices, e.g.,
EPROM, EEPROM, and flash memory devices; magnetic
disks, e.g., internal hard disks or removable disks; mag-
neto-optical disks; and CD-ROM and DVD-ROM disks.
The processor and the memory can be supplemented by, or
incorporated in, special purpose logic circuitry.

[0142] To provide for interaction with a user, embodi-
ments of the subject matter described in this specification
can be implemented on a computer having a display device,
e.g., LCD (liquid crystal display), OLED (organic light
emitting diode) or other monitor, for displaying information
to the user and a keyboard and a pointing device, e.g., a
mouse or a trackball, by which the user can provide input
to the computer. Other kinds of devices can be used to pro-
vide for interaction with a user as well; for example, feed-
back provided to the user can be any form of sensory feed-
back, e.g., visual feedback, auditory feedback, or tactile
feedback; and input from the user can be received in any
form, including acoustic, speech, or tactile input. In addi-
tion, a computer can interact with a user by sending docu-
ments to and receiving documents from a device that is used
by the user; for example, by sending web pages to a web
browser on a user’s device in response to requests received
from the web browser.

[0143] Embodiments of the subject matter described in
this specification can be implemented in a computing sys-
tem that includes a back-end component, e.g., as a data ser-
ver, or that includes a middleware component, e.g., an appli-
cation server, or that includes a front-end component, e.g., a
client computer having a graphical user interface or a Web
browser through which a user can interact with an imple-
mentation of the subject matter described in this specifica-
tion, or any combination of one or more such back-end, mid-
dleware, or front-end components. The components of the
system can be interconnected by any form or medium of
digital data communication, e.g., a communication network.
Examples of communication networks include a local area
network (LAN) and a wide area network (WAN), e.g., the
Internet.

[0144] The computing system can include clients and ser-
vers. A client and server are generally remote from each
other and typically interact through a communication net-
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work. The relationship of client and server arises by virtue
of computer programs running on the respective computers
and having a client-server relationship to each other. In
some embodiments, a server transmits data, e.g., an Hyper-
Text Markup Language (HTML) page, to a user device, e.g.,
for purposes of displaying data to and receiving user input
from a user interacting with the user device, which acts as a
client. Data generated at the user device, e.g., a result of the
user interaction, can be received from the user device at the
server.

[0145] An example of one such type of computer is shown
in FIG. 6, which shows a schematic diagram of a computer
system 600. The system 600 can be used for the operations
described in association with any of the computer-imple-
mented methods described previously, according to some
implementations. The system 600 includes a processor
610, a memory 620, a storage device 630, and an input/out-
put device 640. Each of the components 610, 620, 630, and
640 are interconnected using a system bus 650. The proces-
sor 610 is capable of processing instructions for execution
within the system 600. In some implementations, the pro-
cessor 610 is a single-threaded processor. In other imple-
mentations, the processor 610 is a multi-threaded processor.
The processor 610 is capable of processing instructions
stored in the memory 620 or on the storage device 630 to
display graphical information for a user interface on the
input/output device 640.

[0146] The memory 620 stores information within the sys-
tem 600. In some implementations, the memory 620 is a
non-transitory computer-readable medium. In some imple-
mentations, the memory 620 is a volatile memory unit. In
other implementations, the memory 620 is a non-volatile
memory unit.

[0147] The storage device 630 is capable of providing
mass storage for the system 600. In some implementations,
the storage device 630 is a non-transitory computer-readable
medium. In various different implementations, the storage
device 630 may be a floppy disk device, a hard disk device,
an optical disk device, a tape device, or a solid state memory
device.

[0148] The input/output device 640 provides input/output
operations for the system 600. In some implementations, the
input/output device 640 includes a keyboard and/or pointing
device. In other implementations, the input/output device
640 includes a display unit for displaying graphical user
interfaces.

[0149] While this specification contains many specific
implementation details, these should not be construed as
limitations on the scope of what may be claimed, but rather
as descriptions of features that may be specific to particular
embodiments. Certain features that are described in this spe-
cification in the context of separate embodiments can also be
implemented in combination in a single embodiment. Con-
versely, various features that are described in the context of
a single embodiment can also be implemented in multiple
embodiments separately or in any suitable subcombination.
Moreover, although features may be described above as act-
ing in certain combinations and even initially claimed as
such, one or more features from a claimed combination
can in some cases be excised from the combination, and
the claimed combination may be directed to a subcombina-
tion or variation of a subcombination.

[0150] Similarly, while operations are depicted in the
drawings in a particular order, this should not be understood
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as requiring that such operations be performed in the parti-
cular order shown or in sequential order, or that all illu-
strated operations be performed, to achieve desirable results.
In certain circumstances, multitasking and parallel proces-
sing may be advantageous. Moreover, the separation of var-
ious system modules and components in the embodiments
described above should not be understood as requiring such
separation in all embodiments, and it should be understood
that the described program components and systems can
generally be integrated together in a single software product
or packaged into multiple software products.

[0151] Particular embodiments of the subject matter have
been described. Other embodiments are within the scope of
the following claims. For example, the actions recited in the
claims can be performed in a different order and still achieve
desirable results. As one example, the processes depicted in
the accompanying figures do not necessarily require the par-
ticular order shown, or sequential order, to achieve desirable
results. In some cases, multitasking and parallel processing
may be advantageous.

What is claimed is:

1. (canceled)

2. A computer-implemented method comprising:

determining, by a three-dimensional modelling system,

one or more infill structures for a three-dimensional
model of a solid object, wherein the one or more infill
structures are located in an interior of a hollow shell of
the three-dimensional model, the hollow shell and the
one or more infill structures together defining a modified
object for the three-dimensional model;

determining, by the three-dimensional modelling system,

that creation of the modified object, by the three-dimen-
sional printer, using the one or more infill structures and
the hollow shell satisfies one or more efficiency criteria
by comparing data representing the one or more infill
structures and the hollow shell of the modified object
with data for the solid object; and

providing data for the one or more infill structures and the

hollow shell that is useable to cause the three-dimen-
sional printer to create the modified object after determi-
nation that the one or more efficiency criteria are
satisfied.

3. The computer-implemented method of claim 2, wherein
the one or more efficiency criteria comprise a strength of the
modified object being within a threshold value.

4. The computer-implemented method of claim 3, compris-
ing determining the threshold value for the strength based ona
material to be used by the three-dimensional printer to create
the modified object and pressures to be applied to the modified
object.

5. The computer-implemented method of claim 3, wherein
the one or more efficiency criteria further comprise (i) a quan-
tity of material saved by creating the modified object with the
hollow shell and the one or more infill structures instead of
creating the solid object, and (ii) an amount of time saved by
creating the modified object with the hollow shell and the one
or more infill structures instead of creating the solid object.

6. The computer-implemented method of claim 3, wherein
determining the one or more infill structures comprises balan-
cing a material necessary to support a top section of the mod-
ified object with a time necessary to deposit the material.

7. The computer-implemented method of claim 2, wherein
determining the one or more infill structures comprises
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selecting an infill structure to minimize material necessary
to create the interior of the hollow shell while providing an
appropriate strength.

8. The computer-implemented method of claim 7, wherein
determining the one or more infill structures by selecting an
infill structure comprises:

analyzing interior surface angles formed by the hollow

shell;

selecting a first type of infill structure when an angle of an

interior surface of the hollow shell falls within a first
angle range; and

selecting a second type of infill structure when an angle of

an interior surface of the hollow shell falls within a sec-
ond angle range.

9. The computer-implemented method of claim 2, wherein
determining the one or more infill structures comprises:

analyzing interior surface angles formed by the hollow

shell; and

skipping generation of any infill structure for at least one

interior surface of the hollow shell having an angle that
does not satisfy a threshold angle.

10. The computer-implemented method of claim 9, com-
prising determining the threshold angle based on a configura-
tion of the three-dimensional printer and a material to be used
by the three-dimensional printer to create the modified object.

11. The computer-implemented method of claim 9, com-
prising determining different thicknesses for different por-
tions of the hollow shell depending on a location of each of
the different portions of the hollow shell.

12. The computer-implemented method of claim 11, com-
prising determining a minimum thickness for the hollow shell
based on a material of the modified object and expected forces
that will be applied to the modified object.

13. The computer-implemented method of claim 2,
wherein the providing comprises:

generating slices of the three-dimensional model;

generating tool path data in each of the slices, the tool path

data indicating paths for a tool-head in the three-dimen-
sional printer; and

sending the tool path data to the three-dimensional printer,

thereby causing the three-dimensional printer to create
the modified object by moving the tool-head in accor-
dance with the paths.

14. The computer-implemented method of claim 13,
wherein generating the tool path data comprises, in at least
one of the slices, splitting the slice into regions for separate
printing of each of the regions so that forces in each of the
regions, created because of the printing, manifest at a smaller
spatial scale compared to not splitting the slice into the regions
for separate printing.

15. The computer-implemented method of claim 13,
wherein determining the one or more infill structures com-
prises using an open cell lattice infill in which X-Y sections
contain no toolpaths connecting unit cells, resulting in smaller
deposited beads of material during printing, which localizes
contractive forces on the unit cells as the deposited beads of
material cool.

16. The computer-implemented method of claim 2,
wherein determining the one or more infill structures com-
prises determining sizes of respective regions of infill in a
slice of the three-dimensional model using a determined max-
imum fill line length.

17. The computer-implemented method of claim 16,
wherein determining the sizes of the respective regions of
infill comprises adjusting the sizes based on a type of material
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to be used to create the one or more infill structures in the
respective regions.

18. A non-transitory computer readable storage medium
storing instructions executable by a data processing apparatus
and upon such execution cause the data processing apparatus
to perform operations comprising:

determining one or more infill structures for a three-dimen-

sional model of a solid object, wherein the one or more
infill structures are located in an interior of a hollow shell
of the three-dimensional model, the hollow shell and the
one or more infill structures together defining a modified
object for the three-dimensional model;

determining that creation of the modified object, by the

three-dimensional printer, using the one or more infill
structures and the hollow shell satisfies one or more effi-
ciency criteria by comparing data representing the one or
more infill structures and the hollow shell of the modified
object with data for the solid object; and

providing data for the one or more infill structures and the

hollow shell that is useable to cause the three-dimen-
sional printer to create the modified object after determi-
nation that the one or more efficiency criteria are
satisfied.

19. The non-transitory computer readable storage medium
of claim 18, wherein the one or more efficiency criteria com-
prise astrength of the modified object being within a threshold
value.

20. The non-transitory computer readable storage medium
of claim 19, wherein the operations comprise determining the
threshold value for the strength based on a material to be used
by the three-dimensional printer to create the modified object
and pressures to be applied to the modified object.

21. The non-transitory computer readable storage medium
of claim 19, wherein the one or more efficiency criteria further
comprise (1) a quantity of material saved by creating the mod-
ified object with the hollow shell and the one or more infill
structures instead of creating the solid object, and (ii) an
amount of time saved by creating the modified object with
the hollow shell and the one or more infill structures instead
of creating the solid object.

22. The non-transitory computer readable storage medium
of claim 19, wherein determining the one or more infill struc-
tures comprises balancing a material necessary to support a
top section of the modified object with a time necessary to
deposit the material.

23. The non-transitory computer readable storage medium
of claim 18, wherein determining the one or more infill struc-
tures comprises selecting an infill structure to minimize mate-
rial necessary to create the interior of the hollow shell while
providing an appropriate strength.

24. The non-transitory computer readable storage medium
of claim 23, wherein determining the one or more infill struc-
tures by selecting an infill structure comprises:

analyzing interior surface angles formed by the hollow

shell;

selecting a first type of infill structure when an angle of an

interior surface of the hollow shell falls within a first
angle range; and

selecting a second type of infill structure when an angle of

an interior surface of the hollow shell falls within a sec-
ond angle range.

25. The non-transitory computer readable storage medium
of claim 18, wherein determining the one or more infill struc-
tures comprises:
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analyzing interior surface angles formed by the hollow

shell; and

skipping generation of any infill structure for at least one

interior surface of the hollow shell having an angle that
does not satisfy a threshold angle.

26. The non-transitory computer readable storage medium
of claim 25, wherein the operations comprise determining the
threshold angle based on a configuration of the three-dimen-
sional printer and a material to be used by the three-dimen-
sional printer to create the modified object.

27. The non-transitory computer readable storage medium
of claim 25, wherein the operations comprise determining dif-
ferent thicknesses for different portions of the hollow shell
depending on a location of each of the different portions of
the hollow shell.

28. The non-transitory computer readable storage medium
of claim 27, wherein the operations comprise determining a
minimum thickness for the hollow shell based on amaterial of
the modified object and expected forces that will be applied to
the modified object.

29. The non-transitory computer readable storage medium
of claim 18, wherein the providing comprises:

generating slices of the three-dimensional model;

generating tool path data in each of the slices, the tool path

data indicating paths for a tool-head in the three-dimen-
sional printer; and

sending the tool path data to the three-dimensional printer,

thereby causing the three-dimensional printer to create
the modified object by moving the tool-head in accor-
dance with the paths.

30. The non-transitory computer readable storage medium
of claim 29, wherein generating the tool path data comprises,
in at least one of the slices, splitting the slice into regions for
separate printing of each of the regions so that forces ineach of
the regions, created because of the printing, manifest at a
smaller spatial scale compared to not splitting the slice into
the regions for separate printing.

31. The non-transitory computer readable storage medium
of claim 29, wherein determining the one or more infill struc-
tures comprises using an open cell lattice infill in which X-Y
sections contain no toolpaths connecting unit cells, resulting
in smaller deposited beads of material during printing, which
localizes contractive forces on the unit cells as the deposited
beads of material cool.

32. The non-transitory computer readable storage medium
of claim 18, wherein determining the one or more infill struc-
tures comprises determining sizes of respective regions of
infill in a slice of the three-dimensional model using a deter-
mined maximum fill line length.

33. The non-transitory computer readable storage medium
of claim 32, wherein determining the sizes of the respective
regions of infill comprises adjusting the sizes based on a type
of material to be used to create the one or more infill structures
in the respective regions.

34. A system comprising:

one or more computers; and

one or more storage devices coupled with the one or more

computers and on which are stored instructions;
wherein the instructions stored on the one or more storage
devices are configured to cause the one or more compu-
ters to
determine one or more infill structures for a three-dimen-
sional model of a solid object, wherein the one or more
infill structures are located in an interior of a hollow
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shell of the three-dimensional model, the hollow shell
and the one or more infill structures together defining a
modified object for the three-dimensional model,
determine that creation of the modified object, by the
three-dimensional printer, using the one or more infill
structures and the hollow shell satisfies one or more
efficiency criteria by comparing data representing the
one or more infill structures and the hollow shell of the
modified object with data for the solid object, and
provide data for the one or more infill structures and the
hollow shell that is useable to cause the three-dimen-
sional printer to create the modified object after deter-
mination that the one or more efficiency criteria are
satisfied.
35. The system of claim 34, wherein the one or more effi-
ciency criteria comprise a strength of the modified object
being within a threshold value.
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