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" (57) Abstract: The present disclosure provides methods and systems for printing a three-dimensional (3D) object. A method for printing
a 3D object may comprise receiving a computer model of the 3D object in computer memory and generating a parametric representation
of the computer model of the 3D object. Next, a first edge in a parametric representation of a curved surface of the computer model
may be selected, and a 3D tool path may be generated at least in part by: (i) selecting a first set of points on the first edge; and (ii)
computing coordinates of a second set of points on a second edge parallel to the first edge in the parametric representation, wherein
the first edge and the second edge define the 3D tool path. Printing instructions may then be generated for printing at least a portion
of the 3D object along the tool path.
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SYSTEMS AND METHODS FOR DETERMINING TOOL PATHS IN THREE-
DIMENSIONAL PRINTING

CROSS-REFERENCE

[001] This application claims priority to U.S. Provisional Patent Application No. 62/506,308,

filed on May 15, 2017, which is entirely incorporated herein by reference.

BACKGROUND

[002] Additive manufacturing is a process of creating three-dimensional parts by depositing

overlapping layers of material under the guided control of a computer. Techniques of additive

manufacturing include, without limitation, fused deposition modeling (FDM), fused filament

fabrication (FFF), Plastic Jet Printing (PJP), stereolithography (SLA), selective laser sintering

(SLS), selective laser melting (SLM), and material jetting (MJ). Using this technique, a material

(e.g., a heated and/or pressurized thermoplastic) passes through a print head. The print head is

moved in a predefined trajectory (or a tool path) as the material discharges from the print head,

such that the material may be deposited in a particular pattern and shape of overlapping layers.

The material, after exiting the print head, may harden.

[003] Composite material has been used in three-dimensional (3D) printing which provides

high performance designs by utilizing anisotropic stiffness, strength, thermal and electrical

properties. For example, the strength in the fiber direction of a fiber composite material is much

greater (perhaps ten times greater or more, in some cases) compared to the transverse direction.

In this case, if the high stress directions are known from calculations (such as finite element

analysis) the fiber direction can be aligned to provide a much stronger structure compared with

many other materials. Similar considerations can be applied to structural stiffness, thermal

conductivity, electrical conductivity, and the like. Conventional slice algorithms for filament

deposition method (e.g., discontinuous fiber) may not allow detailed control of the tool path. For

instance, tool path generated by the conventional slicer may not be fine controlled so as to take

advantage of the preferred fiber directions. In other cases, such as continuous fiber deposition,

there can be other conflicting requirements which may limit the ability to realize the analytically

predicted design. Due to the complexity of geometry, it may be difficult to automate the tool

path decision process. Additionally, existing methods may lack the capability for determination

of complex 3D tool paths.



SUMMARY

[004] Recognized herein are various issues with prior methods for three-dimensional (3D)

printing. For example, prior methods may not be able to fully account for the actual tool path or

an anisotropic nature of a printed part. In particular, prior methods may not be capable of

providing fine-grained controlled 3D tool paths generation in a complex curved surface in an

automated fashion.

[005] The present disclosure provides systems and methods that may address various problems

with certain existing methods for 3D printing. In some cases, such systems and methods are used

for determining tool paths for printing 3D parts or objects.

[006] In an aspect of the present disclosure, a method for generating printing instructions for

printing a three-dimensional (3D) object is provided. The method comprises: (a) receiving a

computer model of the 3D object in computer memory; (b) generating a parametric

representation of the computer model of the 3D object; (c) selecting a first edge in a parametric

representation of a curved surface of the computer model; (d) generating a 3D tool path by: (i)

selecting a first set of points on the first edge; and (ii) computing coordinates of a second set of

points on a second edge parallel to the first edge in the parametric representation, wherein the

first edge and the second edge define the 3D tool path; and (e) generating the printing

instructions for printing at least a portion of the 3D object along the tool path generated in (d).

[007] In some embodiments, the curved surface is a three-dimensional curved surface. In some

embodiments, the first edge is selected based on fiber direction. In some cases, the fiber direction

is determined using finite element analysis. In some embodiments, the method further comprises

using a 3D printer that uses the printing instructions to print the at least the portion of the 3D

object. In some embodiments, the first edge or second edge is three-dimensional. In some

embodiments, the first edge and the second edge is separated by a constant distance. In some

embodiments, the 3D tool path generated in (d) has a constant width.

[008] In some embodiments, the method further comprises generating a second 3D tool path by

using the second edge in (d) as a first edge of the second 3D tool path and generating a second

edge of the second 3D tool path by performing step (d). In some embodiments, the method

further comprises generating one or more subsequent 3D tool paths by repeating (c) and (d) until

the curved surface is filled with tool paths. In some cases, the one or more subsequent 3D tool

paths have the same constant width. In some cases, one or more subsequent 3D tool paths lie on

the curved surface. In some cases, at least one of the one or more subsequent 3D tool paths has

an edge not parallel to an edge of another 3D tool path.



[009] In some embodiments, the method further comprises determining a parametric point as an

end of an incomplete tool path. In some cases, the parametric point defines a region wherein 3D

tool path of constant width cannot fit in. In some instances, the region is filled with materials

different from the materials printed along the 3D tool path generated in (d).

[010] In some embodiments, the parametric representation of the curved surface is non-uniform

rational B-spline (NURBS). In some embodiments, the method further comprises repeating (b),

(c), (d) for a second curved surface of the computer model. In some cases, the second curved

surface is at a constant distance from the curved surface. In some cases, the method further

comprises generating 3D tool paths for one or more subsequent curved surfaces until the

computer model of the 3D object is filled.

[011] Another aspect of the present disclosure provides a non-transitory computer readable

medium comprising machine executable code that, upon execution by one or more computer

processors, implements any of the methods above or elsewhere herein.

[012] Another aspect of the present disclosure provides a system comprising one or more

computer processors and computer memory coupled thereto. The computer memory comprises

machine executable code that, upon execution by the one or more computer processors,

implements any of the methods above or elsewhere herein.

[013] In some embodiments, the system is provided for generating printing instructions for

printing a three-dimensional (3D) object. The system comprises: computer memory that stores a

computer model of the 3D object; and one or more computer processors operatively coupled to

the computer memory, wherein the one or more computer processors are individually or

collectively programmed to: (a) generate a parametric representation of the computer model of

the 3D object; (b) select a first edge in a parametric representation of a curved surface of the

computer model; (c) generate a 3D tool path by: (i) selecting a first set of points on the first edge;

and (ii) computing coordinates of a second set of points on a second edge parallel to the first

edge in the parametric representation, wherein the first edge and the second edge define the 3D

tool path; and (d) generate the printing instructions for printing at least a portion of the 3D object

along the tool path generated in (c).

[014] In some embodiments, the system may further comprise a print head that uses the

printing instructions to print the three-dimensional object. In some embodiments, the first edge is

selected based on fiber direction. In some embodiments, the first edge or second edge is three-

dimensional. In some embodiments, the 3D tool path in (c) has a constant width in some

embodiments, the one or more computer processors are individually or collectively programmed



to repeat (b) and (c) until the curved surface is filled. In some embodiments, one or more

subsequent 3D tool paths generated by repeating (b) and (c) have the same constant width. In

some cases, at least one of the one or more subsequent 3D tool paths has an edge not parallel to

an edge of another 3D tool path. In some cases, the one or more subsequent 3D tool paths lie on

the curved surface.

[015] In some embodiments, the parametric representation of the curved surface is non-uniform

rational B-spline (NURBS). In some embodiments, the one or more computer processors are

individually or collectively programmed to iteratively perform (b) and (c) for other curved

surfaces of the computer model of the 3D object. In some cases, the other curved surfaces are

offset by a constant distance from one another.

[016] Additional aspects and advantages of the present disclosure will become readily apparent

to those skilled in this art from the following detailed description, wherein only illustrative

embodiments of the present disclosure are shown and described. As will be realized, the present

disclosure is capable of other and different embodiments, and its several details are capable of

modifications in various obvious respects, all without departing from the disclosure.

Accordingly, the drawings and description are to be regarded as illustrative in nature, and not as

restrictive.

INCORPORATION BY REFERENCE

[017] All publications, patents, and patent applications mentioned in this specification are

herein incorporated by reference to the same extent as if each individual publication, patent, or

patent application was specifically and individually indicated to be incorporated by reference. To

the extent publications and patents or patent applications incorporated by reference contradict the

disclosure contained in the specification, the specification is intended to supersede and/or take

precedence over any such contradictory material.

BRIEF DESCRIPTION OF THE DRAWINGS

[018] The novel features of the invention are set forth with particularity in the appended claims.

A better understanding of the features and advantages of the present invention will be obtained

by reference to the following detailed description that sets forth illustrative embodiments, in

which the principles of the invention are utilized, and the accompanying drawings (also "Figure"

and "FIG." herein), of which:

[019] FIG. 1 illustrates an example system, which may be used to make and/or analyze a part

having any desired shape, size, and structure;



[020] FIG. 2 is a flow chart depicting a method that may be implemented by a computing

device to fabricate part via printer and/or to analyze part;

[021] FIG. 3 shows an example of creating parametric representation of a three-dimensional

(3D) surface using two parametric curves to create a "ruled surface";

[022] FIG. 4 illustrates a curved surface in which curves cannot be evenly spaced;

[023] FIG. 5 illustrates an example of determining a tool path for a 3D curved surface;

[024] FIG. 6 illustrates an example of computing a second edge parallel to a first edge of a tool

path;

[025] FIG. 7 shows an example of a starting edge which is not parallel to any edge of the

curved surface;

[026] FIG. 8 and FIG. 9 illustrate examples of generating tool paths in a 3D solid region;

[027] FIG. 10 shows a method of generating tool paths for a 3D solid region, in accordance

with embodiments of the invention; and

[028] FIG. 11 shows a computer system that can be configured to implement any computing

system disclosed in the present application.

DETAILED DESCRIPTION

[029] While various embodiments of the invention have been shown and described herein, it

will be obvious to those skilled in the art that such embodiments are provided by way of example

only. Numerous variations, changes, and substitutions may occur to those skilled in the art

without departing from the invention. It should be understood that various alternatives to the

embodiments of the invention described herein may be employed.

[030] The term "three-dimensional printing" (also "3D printing"), as used herein, generally

refers to a process or method for generating a 3D part (or object). For example, 3D printing may

refer to sequential addition of material layer or joining of material layers or parts of material

layers to form a three-dimensional (3D) part or structure, in a controlled manner (e.g., under

automated control). In the 3D printing process, the deposited material can be fused, sintered,

melted, bound or otherwise connected to form at least a part of the 3D object. Fusing the material

may include melting or sintering the material. Binding can comprise chemical bonding.

Chemical bonding can comprise covalent bonding. Examples of 3D printing include additive

printing (e.g., layer by layer printing, or additive manufacturing). The 3D printing may further

comprise subtractive printing.



[031] The term "three-dimensional object" (3D object), as used herein, generally refers to a part

that may be generated using 3D printing methods and systems of the present disclosure. The 3D

object may be a portion of a larger object or an entirety of the object. The 3D object may have

various form factors, as may be based on a model of such part. Such form factors may be

predetermined. The 3D object may be generated in accordance with a computer model of the 3D

object, such as a computer-aided design (CAD) mode.

[032] Examples of 3D printing methodologies comprise extrusion, wire, granular, laminated,

light polymerization, or power bed and inkjet head 3D printing. Extrusion 3D printing can

comprise robo-casting, fused deposition modeling (FDM) or fused filament fabrication (FFF). In

some cases, the 3D printing may be performed without extrusion. For example, beads may be

deposited (e.g., in FFF) in a manner that does not involve extrusion. Wire 3D printing can

comprise electron beam freeform fabrication (EBF3). Granular 3D printing can comprise direct

metal laser sintering (DMLS), electron beam melting (EBM), selective laser melting (SLM),

selective heat sintering (SHS), or selective laser sintering (SLS). Power bed and inkjet head 3D

printing can comprise plaster-based 3D printing (PP). Laminated 3D printing can comprise

laminated object manufacturing (LOM). Light polymerized 3D printing can comprise stereo-

lithography (SLA), digital light processing (DLP) or laminated object manufacturing (LOM).

[033] 3D printing may be performed using various materials. In some examples, a material that

may be used in 3D printing includes a polymeric material, elemental metal, metal alloy, a

ceramic, an allotrope of elemental carbon, or a combination thereof. The allotrope of elemental

carbon may comprise amorphous carbon, graphite, graphene, diamond, or fullerene. The

fullerene may be selected from the group consisting of a spherical, elliptical, linear, and tubular

fullerene. The fullerene may comprise a buckyball or a carbon nanotube. The material may

comprise an organic material, for example, a polymer or a resin. The material may comprise a

solid or a liquid. The solid material may comprise powder material. The powder material may be

coated by a coating (e.g., organic coating such as the organic material (e.g., plastic coating)). The

powder material may comprise sand. The material may be in the form of a powder, wire, pellet,

or bead. The material may have one or more layers. The material may comprise at least two

materials.

[034] In some cases, the material may comprise a reinforcing material (e.g., a fiber). The

reinforcing material may comprise carbon fiber, Kevlar®, Twaron®, ultra-high-molecular-

weight polyethylene, or glass fiber. The fiber may be continuous or discontinuous. The fiber can

include one or more strands, such as one or more strands of a polymeric material. The fiber may



include a plurality of strands. In some cases, the material may include matrix material, for

example, a resin, a polymer, concrete, a metal slurry, and the like. The matrix material may be a

singular homogenous material. As an alternative, the matrix material may be mixed with,

contain, or otherwise coat one or more reinforcements (e.g., continuous or chopped fibers, such

as carbon fibers, glass fibers, metallic fibers, etc.).

[035] An object to be printed may be either scanned or created via three-dimensional rendering

software. 3D printable models may be created with a computer aided design package, or via a 3D

scanner, or via a plain, digital camera, and photogrammetry software. The manual modeling

process of preparing geometric data for 3D computer graphics is similar to other plastic parts

such as mold making and sculpting. 3D scanning is a process of analysis and collection of

topographical, digital data of the surface shape and appearance of a real object. Based on this

data, three-dimensional models of the scanned object can then be produced.

[036] In some cases, regardless of the 3D modeling software used, the 3D model (e.g., in .skp,

.dae, .3ds or some other format), needs to be converted to either an .STL or an .OBJ format, to

allow the printing software to be able to read it and deposit layers according to the desired build

material, desired tolerances and other aspects. STL is a file format native to the stereolithography

CAD (computer-aided design) software created by the "3D Systems®" company located in the

United States. This file format is supported by many other software packages; it is widely used

for rapid prototyping and computer-aided manufacturing. STL files describe the surface

geometry of a three dimensional object without representation of color, texture, or other common

CAD model attributes. The STL format specifies both ASCII (American Standard Code for

Information Interchange) and binary representations. Generally, binary files are more common,

since they are usually more compact. Also, generally, each STL file describes a raw unstructured

triangulated surface by the unit normal and vertices (ordered by the right-hand rule) of the

triangles using a three-dimensional Cartesian coordinate system. Various other formats may be

used such as Additive Manufacturing File Format (AMF), Polygon File Format (PYF) and the

like.

[037] The .STL file or the AMF file may be processed by a software stage called a "slicer." A

conventional slicer may convert the model into a series of thin layers automatically. The layers

are generated at the thickness appropriate for the predetermined build material and desired

resolution. This produces a "G-code file" containing instructions tailored to a specific type of 3D

printer. A vast majority of contemporary 3D printers execute printing commands and perform

head path-planning using the numerical control programming language G-Code. Indeed, G-Code



remains an industry standard for controlling automated machine tools, e.g., a 3D printer, during

computer-assisted manufacturing. However, different programming techniques may be required

to transform user-input parameters into printing parameters, and, moreover, into head path-

planning. A G-Code may send discrete pulses to an electric motor, and thereby allows the user to

control machine movement. In 3D printing, it instructs mechanical movement in the machine

during the 3D printing process. Methods of the present disclosure may be used in place of or in

combination with a slicer to automate a tool paths generation process or to generate tool paths in

any arbitrary 3D region.

[038] The present disclosure provides systems and methods for generating improved tool paths

in an automated fashion. The tool paths may be generated to meet complex 3D geometry

requirements. The tools paths can be controlled and designed with improved resolution in order

to meet fine requirement, such as preferred fiber direction in three dimensions. The systems may

be fully automated or semi-automated with algorithms that are configured to produce tool path

commands that can be directly sent to an actuator to control the tool path. In some cases, the

system may be fully automated that the tool paths in any 3D surface or 3D volume can be

generated without or with reduced human intervention. For instance, predetermined rules may be

loaded to the system to automate the decision making process during tool paths generation.

Alternatively or additionally, the system can be semi-automated that human interaction may be

allowed which can help guide the complex decision making in determining tool path(s).

[039] Systems and methods of the present disclosure may be capable of producing tool paths in

a 3D surface and/or 3D volume/region. The 3D surface may be a surface determined upon

executing a computer algorithm, such as finite element analysis that may involve finite element

calculations. For instance, the 3D surface may be a surface determined by stress analysis so as to

improve a property or performance of the printed 3D object. As recognized herein, an advantage

of printing composite material is the ability to utilize anisotropic stiffness, strength, thermal and

electrical properties to produce high performance designs. For example, the strength in the fiber

direction of a fiber composite material is much greater (perhaps ten times greater, in some cases)

compared to the transverse direction. In this case, if the high stress directions are known from

calculations (such as finite element analysis) the fiber direction can be aligned to provide a much

stronger structure compared with many other materials. Similar considerations can be applied to

structural stiffness, thermal conductivity, electrical conductivity, and the like. The tools paths

may then be generated for the surface determined according to the complex geometric, structural,

mechanical, thermal and/or electrical conductivity properties of the material and the performance

of the design. Examples of methods, systems that may be used to determine preferred fiber



directions, stress orientations etc are provided in PCT Patent Publication No. WO 2018/031594,

which is entirely incorporated herein by reference

[040] In some cases, design requirements may be used for determining a 3D surface or a 3D

layer. For instance, a part may be partitioned into a stack of 3D layers according to different

physical characteristics (e.g., stress direction) that under the design requirements. Design

requirements can be selected from a group that includes, for example, strength, structural

deflections, stress, strain, tension, shear, load capacity, stiffness, factor-of safety, weight,

strength to weight ratio, envelop geometry, minimal print time, thermal performance, thermal

capacitance, thermal conductance, electrical performance, electrical capacitance, electrical

inductance, electrical resistance, porosity, infill, number of shells, layer height, extruder

temperature, solid density, melt density, printing speed, print head movement speed, or the

material and density to direct heat through a specific area of the part and the like.

[041] Systems and methods of the present disclosure can be applied to any 3D printing systems,

structural design process, or other fabrication/manufacturing systems and methods. In some

cases, 3D object may be fabricated layer-by-layer using an apparatus. The apparatus may be a

3D printer. The 3D printer may be in communication with at least one computing device. In

some cases, 3D printer may be configured to create part under the guided control of computing

device, for example by way of an additive manufacturing process. Tool paths may be generated

for each layer for controlling the trajectory of the printer head. The layers can be any layer

having arbitrary geometries. Geometries of the layers may be determined for desired

performance of the part. Although a reinforced filament fusion (RFF) process will be described

below as one example of how part may be created or generated, other processes may be utilized

for this purpose. Other examples of methods, systems and materials that may be used to create or

generate objects or parts are described elsewhere herein.

[042] FIG. 1 illustrates an example system 10, which may be used to make and/or analyze a

part 12 having any shape, size, and/or structure. Such shape, size and/or structure may be as

desired or otherwise predetermined. The system 10 may include, among other things, a printer

14 and at least one computing device 15. The at least one computing device 15 may include one

or more computer processors. The printer 14 may be configured to create part 1 under the

guided control of computing device 15, for example by way of an additive manufacturing

process. Although a reinforced filament fusion (RFF) process will be described below as one

example of how the part 12 may be created or generated, other processes may alternatively be

utilized for this purpose. Examples of methods, systems and materials that may be used to create



or generate objects or parts herein, including part 12, are provided in U.S. Patent Publication

Nos. 2014/0232035, 2016/01761 18, and U.S. Patent Application Nos. 14/297,185, 14/621,205,

14/623,471, 14/682,067, 14/874,963, 15/069,440, 15/072,270, 15/094,967, 15/471,786,

PCT/US2017/035551, each of which is entirely incorporated herein by reference.

[043] Printer 14 may comprise components that are controlled to create part 12 layer-by-layer

using RFF technology. Specifically, printer 14 may include a support 16, a drive 18, and one or

more heads 20. Each head 20 may be coupled to support 16 via drive 18. In the context of FIG.

1, drive 18 is an overhead gantry capable of moving head 20 in multiple directions during

fabrication of part 12. Although drive 18 is shown as being capable of 3-axis movement, it is

contemplated that any other type of drive 18 (e.g., a robotic arm, an arm/gantry combination,

etc.) capable of moving head 20 in the same or a different manner may also be utilized, if

desired.

[044] Each head 20 (only one shown in FIG. 1, for clarity) may be configured to discharge at

least a matrix material. For the purposes of this disclosure, a matrix material may be any material

that can be discharged from head 20 and include, for example, a resin, a polymer, concrete, a

metal slurry, etc. As mentioned above, the matrix material may be a singular homogenous

material. As an alternative, the matrix material may be mixed with, contain, or otherwise coat

one or more reinforcements (e.g., continuous or chopped fibers, such as carbon fibers, glass

fibers, metallic fibers, etc.). The matrix material and the fiber(s) may be supplied to head 20 from

a common source 22 (as a fiber core coated with a solid thermoplastic sleeve). As an alternative,

the matrix material and fiber(s) may be provided separately. The matrix material may be

supplied in a solid, plastic, or liquid state, and head 20 may be capable of liquefying (e.g.,

melting) the matrix material. The fiber(s) may be coated with the matrix material before and/or

while passing through head 20. As the matrix-coated reinforcements(s) discharge from head 20,

the matrix material may harden.

[045] Drive 18 may move head 20 in a particular trajectory (e.g., a trajectory corresponding to

an intended shape and size of part 12) at the same that the matrix-coated fiber(s) discharge from

head 20, such that continuous tracks T of matrix-coated fiber(s) are formed along the trajectory.

These tracks T of matrix-coated fiber(s) can be laid adjacent and/or on top of each other while

the matrix is still in a liquid or semi-liquid state. The adjacent tracks T of matrix-coated fiber(s)

form a connected layer, and the overlapping layers are built up to form part 12.

[046] These tracks may form tool paths. The tracks or tool paths may lie in a 3D surface or

layer. A single track may have any number of continuous fibers and/or chopped fibers coated in



a matrix material M . It is contemplated that track T may have any number and lengths of fibers F

(e.g., only one), and that the fibers F may be radially dispersed with the matrix M or located at a

general center thereof. Alternatively or additionally, the track may not include any fibers (i.e.,

that includes only the matrix material M).

[047] It has been determined that a trajectory of portions of the material that make up each of

the tracks T may contribute to a characteristic (e.g., a stiffness) of part 12. For instance, the

continuous fibers F or chopped fiber may contribute to the stiffness of the part. In particular, the

continuous fibers F, because of the way in which they are fed through head 20 (referring to FIG.

1) and deposited within elongated tracks T, are generally aligned with the tool path of head 20.

This general alignment may function to increase a stiffness of tracks T in an axial direction. In

another example, although the chopped fibers may not be as aligned with the tool path of head

20 as the continuous fibers F may be (e.g., because of their shorter lengths and disconnected

nature), the chopped fibers F may still align somewhat with the tool path because of the way in

which the chopped fibers F are fed through head 20. The chopped fibers F may align by at least

50%, 60%, 70%, 75%, 80%, 85%, 90%, 95% or more with the tool path of the head 20. In some

examples, the chopped fibers F align by as much as 75-90% with the tool path of the head 20.

This general alignment, like the alignment of the continuous fiber F, may also function to

increase a stiffness of tracks T in an axial direction. In another example, polymer chains PC, like

the chopped fibers F, may still be caused to generally align with the tool path of head 20 during

flow of the matrix M flows through head 20. This general alignment, like the alignment of the

continuous fiber F and the chopped fibers F, may also function to increase a stiffness of tracks T

in an axial direction. It should be noted that, the polymer chains PC may still exist and contribute

to the stiffness of tracks T, along with the continuous and/or chopped fibers F.

[048] The alignment of the continuous fibers, chopped fibers, and polymer chains, along with

properties of the matrix, properties of the fiber(s), a ratio of fiber volume-to-matrix volume

within each track, and the like, may have an effect on a performance (e.g., a strength, a

deformation, a deflection, etc.) of part 12. Accordingly, the performance of part 12 may be

selectively adjusted by adjusting the trajectory of head 20 during layer formation and/or

adjusting the properties of the matrix, the properties of the fiber(s), the ratio of fiber area-to-

matrix area, and the like.

[049] The trajectory or the tool path may be applied to a 3D surface having any geometry

determined above. In some instances, the tool paths have constant spacings or widths, which may

conflict with other design requirements. The present disclosure provides algorithms for



computing and generating optimal trajectories for a 3D surface and/or 3D volume resolving the

various conflicts. The trajectories or tool path may be fine-grained controlled so as to meet the

complex geometric requirement with improved performance of the 3D object.

[050] Any number of separate computing devices 15 may be used to control the trajectory of

head 20 during formation of part 12 and/or to analyze the performance characteristics of part 12

before and/or after formation. Computing device 15 may include a display 24, one or more

computer processors ("processors") 26, any number of input/output ("I/O") devices 28, and one

or more memories 30 for storing programs 32 and data 34. Programs 32 may include, for

example, any number of analysis and/or printing apps 36 and an operating system 38.

[051] Display 24 of computing device 15 may include a liquid crystal display (LCD), a light

emitting diode (LED) screen, an organic light emitting diode (OLED) screen, and/or another

display device. Display 24 may be used for display of data under the control of processor 26.

[052] Computer processor ("processor") 26 may be a single or multi-core processor, in some

cases configured with virtual processing technologies, and use logic to simultaneously execute

and control any number of operations. Processor 26 may be configured to implement virtual

machine or other technologies to execute, control, run, manipulate, and store any number of

software modules, applications, programs, etc. In addition, in some cases, processor 26 may

include one or more specialized hardware, software, and/or firmware modules (not shown)

specially configured with particular circuitry, instructions, algorithms, and/or data to perform

functions of the disclosed methods. It is appreciated that other types of processor arrangements

may be implemented that provide for the capabilities disclosed herein.

[053] Memory 30 can be a volatile or non-volatile, magnetic, semiconductor, tape, optical,

removable, non-removable, or other type of storage device or tangible and/or non-transitory

computer-readable medium that stores one or more executable programs 32, such as analysis

and/or printing apps 36 and operating system 38. Common forms of non-transitory media

include, for example, a flash drive, a flexible disk, a hard disk, a solid state drive, magnetic tape

or other magnetic data storage medium, a CD-ROM or other optical data storage medium, any

physical medium with patterns of holes, a RAM, a PROM, and EPROM, a FLASH-EPROM or

other flash memory, NVRAM, a cache, a register or other memory chip or cartridge, and

networked versions of the same.

[054] Memory 30 may store instructions that enable processor 26 to execute one or more

applications, such as analysis and/or printing applications 36, operating system 38, and any other

type of application or software available or executable on computer systems. Alternatively or



additionally, the instructions, application programs, etc. can be stored in an internal and/or

external database (e.g., a cloud storage system - not shown) that is in direct communication with

computing device 15, such as one or more databases or memories accessible via one or more

networks (not shown). Memory 30 can include one or more memory devices that store data and

instructions usable to perform one or more features provided herein. Memory 30 can also include

any combination of one or more databases controlled by memory controller devices (e.g.,

servers, etc.) or software, such as document management systems, Microsoft SQL databases,

SharePoint databases, Oracle™ databases, Sybase™ databases, or other relational databases.

[055] Computing device 15 may be communicatively connected to one or more remote

memory devices (e.g., remote databases - not shown) through a network. The remote memory

devices can be configured to store information that computing device 15 can access and/or

manage. By way of example, the remote memory devices may be document management

systems, Microsoft SQL database, SharePoint databases, Oracle™ databases, Sybase™

databases, Cassandra, HBase, or other relational or non-relational databases or regular files.

Systems and methods provided herein, however, are not limited to separate databases or even to

the use of a database.

[056] Programs 32 may include one or more software or firmware modules causing processor

26 to perform one or more functions disclosed herein. Moreover, processor 26 can execute one

or more programs located remotely from computing device 15. For example, computing device

15 can access one or more remote programs that, when executed, perform one or more functions

disclosed herein. In some cases, programs 32 stored in memory 30 and executed by processor 26

can include one or more of analysis and/or printing apps 36 and operating system 38. Analysis

and/or printing apps 36 may cause processor 26 to perform one or more functions of the

disclosed methods.

[057] Operating system 38 may perform operating system functions when executed by one or

more processors such as processor 26. By way of example, operating system 38 may include

Microsoft Windows™, Unix™, Linux™, OSX™, and IOS™ operating systems, Android ™

operating systems, or another type of operating system 38. Accordingly, disclosed embodiments

can operate and function with computer systems running any type of operating system 38.

[058] I/O devices 28 may include one or more interfaces for receiving signals or input from a

user and/or printer 14, and for providing signals or output to printer 14 that allow part 12 to be

printed. For example, computing device 15 can include interface components for interfacing with

one or more input devices, such as one or more keyboards, mouse devices, and the like, which



enable computing device 15 to receive input from a user (not shown).

[059] FIG. 2 is a flow chart depicting a method 200 that may be implemented by computing

device 15 to fabricate part 12 via printer 14 and/or to analyze part 12. The method 200 may

allow for generating tool paths in a 3D layer. The 3D layer may have complex geometries. In

some cases, the 3D layer may have constant thickness. Alternatively, the 3D layer may have

varied thickness. In some cases, the tool paths generated for forming the 3D layer may have

constant widths within a single layer. The methods and associated algorithms may be based on

parametric representation of curves, surfaces and solids. For example, the geometry

representation of the tool path may be generated based on parametric representation of 3D

objects.

[060] In some instances, the method 200 may begin with generating parametric representation

of a 3D model (operation 201). A 3D model of a part is received and parametric representation of

the 3D model may be generated. The 3D model may comprise 3D geometric data such as point

cloud data, range image, polygon soup, STL data, or other geometric data such as IGES (Initial

Graphics Exchange Specification). Alternatively, the 3D model may comprise parametric

representations.

[061] The 3D model may be included in a printing job. A printing job may comprise 3D model

of one or more parts. The term "part," as used herein, generally refers to an object. A part may be

generated using 3D printing methods and systems of the present disclosure. A part may be a

portion of a larger part or object, or an entirety of an object. A part may have various form

factors, as may be based on a model of such part. Such form factors may be predetermined.

[062] The 3D model may be the model of a part or the model a partition of a part. The partition

of a part may be two dimensional or three dimensional. A partition may be from any arbitrary

region or any portion of a part. In some cases, the partition of the part may be a 3D curved

surface or 3D solid that can be expressed using parametric representation.

[063] Generating parametric representation of a 3D model may comprise constructing

parametric representations for 3D curves, 3D surfaces and 3D solids. The parametric

representation of a 3D object can be generated using any suitable methods. In some cases,

parametric representation of curves may be spline, Bezier curves, b-splines or non-uniform

rational b-splines (NURBS). An example of a parametric surface may include non-uniform

rational B-spline (NURBS) surfaces which are useful in CAD and computer-aided-manufacture

(CAM) applications. The parametric surface representation may be B-spline surface or tensor

product surface. The parametric representation of 3D solids can be constructed using techniques



such as extrusion, sweeping, and/or 3D tensor product solids. FIG. 3 shows an example of

creating parametric representation of a 3D surface using two parametric curves to create a "ruled

surface."

[064] As shown in FIG. 3, there are two parametric directions denoted as u and v. In the

illustrated example, u ranges from 0 to 1 and v ranges from 0 to 1. The parametric origin

(u=v=0) is point 1 . The parametric representation of a surface is given by a vector function

s(u,v). The first component of s provides the physical x coordinate of a point on the surface

whose parametric coordinates are u and v. The second component of s provides the physical y

coordinate of a point whose parametric coordinates are u and v and similarly for the z physical

coordinate. The complete physical surface in the physical x-y-z coordinate system can be

expressed in terms of parametric coordinates (u,v) that range over [0,1].

x(u, )

[065] s(u,v)

z(u,v)

[066] For example the curve going through points (1,2,3,4), or curve "a" in FIG. 3, is obtained

by setting v=0 and letting u range from 0 to 1 . The curve going through points (5,6,7,8), or,

curve "d", is obtained by setting v=l and letting u range from 0 to 1 . Intermediate curves shown

in FIG. 3 are obtained (in this example) by setting v=l/3 (for curve "b") and v=2/3 (for curve

"c") and letting u range from 0-1. Similarly, the transverse curves can be obtained in a similar

manner. For a properly formed surface the iso-curves (that is holding one of the parametric

variable constant and allowing the other to vary) may not intersect.

[067] The curves (e.g., curves labeled a, b, c and d) may be used to generate the tool path for a

3D printer. The tool path for 3D printing can be curved, however, the distance between the

curves is desired to be constant. For example, if the distance si between curves "a" and "b" is

approximately constant, and, similarly for s2 and s then using these curves to directly drive tool

paths is feasible . A tool path with varied width may be realized to some extent. For instance,

FDM printing the extrusion (or mass flow rate) of the material can be adjusted somewhat to

compensate for non-constant distances between curves. However, in the case of using continuous

fiber, adjusting the extrusion rate to compensate for unequal spacing of the tool path can result in

fiber bunching or buckling in which case tool path of constant width is desired.

[068] These curves can be used for controlling tool path such as defining a printing direction.

In some cases, curves with constant spacing may be desired. In some situations, curves having

constant spacing cannot be fit within a 3D surface. FIG. 4 illustrates a curved surface in which



curves cannot be evenly spaced. For instance, distances between portions of the curves (e.g. di,

d2 and d ) may be different. Assuming the boundary of the surface (curves "a", "d", "e" and " ')

is fixed and cannot be changed, and, assuming the desired print direction is "along" curves "a"

through "d," it may be difficult to achieve the unequal spacing by changing extrusion rate. The

present disclosure describes tool path generation algorithm for generating 3D part in a flexible

manner while leveraging the advantage of 3D printing for such parts.

[069] The tool path generation algorithm may be an algorithm for generating tools paths of

constant spacing or constant width in a 3D curved surface. FIG. 5 illustrates an example of

determining a tool path for a 3D curved surface. The curved surface is displayed on a plane in

FIG. 5 . However, the surface may be a 3D curved surface where the z-coordinate of the points on

the surface can vary. As mentioned above, a 3D curved surface can be represented using a

NURBS representation. For example, using a tensor product form for the NURBS surface

representation, the 3D curved surface can be represented as below:

[070] s(M, ) (1)

[071] In Equation (1), N k(u) is the i'th b-spline function of degree k-1 , hy are the associated

weights and P,j are the control points which determine the geometry of the surface. Associated

with these non-rational b-spline functions are knot vectors which together with the control points

provide much flexibility in curve and surface definitions. Any surface of engineering interest can

be represented using a representation similar to Eqn (1). Other parametric representation as

described above can also be used to construct the curved surface. The parametric variable (u,v)

in Eqn (1) vary over the range [0,1]. The curves labeled a, b, c, d correspond to v=0, 1/3, 2/3, 1

respectively while edge (e) corresponds to u=0 and edge f corresponds to u=l. The curves a, b,

c, d may not be desirable for generating tool path directly as they are not evenly spaced or having

constant width. In some cases, constant width paths are used for 3D printing, such as when using

FDM or DED (direct energy deposition).

[072] The provided tool generation algorithm is provided for generating a 3D tool path on a

curved surface. Tool paths with constant width lie on the surface s(u,v). The tool paths generated

by the algorithm may be continuous and complete in at least a region of the surface. The

provided algorithm is also capable of generating incomplete tool paths in a region where

complete tool paths do not fit.

[073] FIG. 5 shows an example of generating tool path in a curved surface. In some cases, a

tool path may comprise two parallel edges separated by width (w) and at least one of the two



edges may be computed using the provided algorithm. The tool paths generation process may

begin with selecting a starting edge as the first edge of a first tool path. In the illustrated

example, edge (a) is selected as a starting edge. The starting edge can be an edge of the curved

surface. The starting edge can be determined using finite element analysis. For instance, the

starting edge may be aligned with a preferred direction determined based on displacement, stress,

stiffness, and strain measurements of the model.

[074] Upon selection of the first edge, a predetermined number of points (u0o,v0o), (u 10 ,v 10), . . .,

(uno,Vno) may be selected along the first edge. For example, for edge (a), points (u0o,v0o)= (0,0),

(uio,vio)= (0. 1,0) . . . (uno,Vno) = ) m a b selected providing n+l=l 1 points. These parametric

points lie on the edge of the curve. Any number of points may be selected. These points may or

may not be evenly spaced. For instance, points with smaller spacing may b e selected in a

segment of the edge with greater curvature. Alternatively, the number of points can be evenly

distributed regardless of the shape of geometry of the edge. In some cases, the number of points

may be pre-determined. In some cases, the spacing of the points may be pre-determined. In some

cases, the number and/or distribution of the points may be determined based on pre-determined

rules.

[075] A second edge parallel to the first edge may be computed. In some cases, the second edge

may be desired to be parallel to the first edge such that a single tool path has a constant width. A

second set of parametric points (u0 1,v0 1), (un,vn), . . ., (u l ,v l ), on the opposite parallel edge

(i.e., second edge) of the tool path may be generated, such that the straight line distance between

the opposite points and the corresponding base points (uoo,voo), (u 10 ,v 10) . . ., (uno, vno) is equal to

the constant width w . FIG. 6 illustrates an example of computing a second edge 603 parallel to

the first edge 601 and the distance between the two edges 601, 603 is equal to the constant width

w . It is assumed that the distance on the curved surface is equal to the straight line distance

between two opposite points. This is an accurate assumption for small line widths w which are

typical in 3D printing technology. By selecting the second set of points on the opposing edge, the

second set of points (e.g., (u0 1,v0 1), (un,vn), . . .) also lie on the curved surface. This may prevent

deviation of the newly generated edge locations (versus desired physical locations) as the

number of tool paths is increased. FIG. 6 shows two points on opposite edges 601, 603 of a tool

path. Each edge of the tool path is defined by (n+1) points. The set of parametric points (u,v) on

the second edge (e.g., edge 603) can b e computed such that



R * R = w2 and R*t = 0 (2)
[076]

where R(u,v) =s(u,v)-s(u ,v )

[077] where s(u,v) is the 3D surface definition, given for example by Eqn (1), and t is the edge

tangent vector which can be computed from the specified surface by

[079] The first of Eqn (2) guarantees that the path width (at 0,v0) is given by w, and, the

second of Eqn (2) guarantees that the distance is measured perpendicular to edge (a). Eqn (2)

constitutes two equations for the two unknown parametric coordinates (u,v). Once the two

parametric values (u,v) are determined they are stored as one of the points on the new edge. The

process is then repeated for all of the other predetermined points along edge (a) thus creating a

new array of parametric points (u0i,v0i), (un,vn), . . ., (u l ,v l) for the second edge 603. This

array of n+1 points can then be used to create a B-spline curve to represent the parametric points

on the second edge of the tool path, that is

[080] c( = (3)

[081] Where the P ' are control points (in parametric space) and t is a new parametric variable

(that ranges from t=0 to t=l) used to interpolate new values of the surface parametric variables

u,v. Note that all of the computed physical points are guaranteed to lie on the surface s(u,v). The

width w of the resulting path may be exactly determined at the points where Eqn (2) are solved.

In between these locations the actual width may deviate somewhat from the desired width w,

however, this deviation can be controlled to any desired accuracy by choosing a sufficient

number of (n+1) points. In some cases, the number of points required to maintain the required

accuracy may be at least 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200 or more for each tool

path. The inaccuracy for a given tool path may not build up for subsequent tool paths as the

widths are re-enforced for each subsequent tool path edge and the points may always lie on the

specified surface s(u,v).

[082] In some cases, a solution to Eqn (2) may not exist. In this case, if a complete tool path

can be inserted (e.g. Path m 504 of FIG. 5) and a solution to Eqn (2) does not exist (this may

occur near the end points, u=0 or u=l), such points whose coordinates cannot be computed may



not be included in the curve fit of Eqn (3). The parametric values of t where u=0 (or u=l) can be

computed by extrapolation from the parametric description of Eqn (3). In some cases, a complete

tool path may not be inserted or exist (e.g. Path m+1 507 of FIG. 5) in which case an algorithm

for generating incomplete path is provided and is described later herein.

[083] It should be noted that the same approach can also be used to generate a tool path of

varied width if desired. For instance width w may be variable and the coordinates of the second

set of points can be computed accordingly. The second edge or the opposing edge of a tool path

may be computed such that the width of the tool path can be controlled in high precision.

[084] Referring back to FIG. 5, subsequent paths can be generated using the same approach.

The second edge of the previous adjoining tool path can be used as the first edge of the

subsequent tool path. In some cases, the same process may be repeated until a selected region is

filled with tool paths. In some cases, all the tool paths may have the same width in a continuous

region. For instance, tool path 501 and tool path 503 may have the same width w. In alternative

cases, tool paths of different width may be generated in a continuous region. For instance, tool

path 501 and tool path 505 may have different widths. The width of a single tool path or the

widths of multiple paths can be controlled at different level. For instance, the width of a tool path

may be constant or variable according to a pre-determined function, and the width of a tool path

may or may not be the same to the width of other paths in a curved surface.

[085] In some embodiments, a curved surface or a selected region may be filled with tool

paths according to a tool path generation strategy. The tool path generation strategy may

determine the order of tool paths generated, the number and/or width of tool paths in a selected

layer/surface, the starting edge in a selected surface or layer, or the number and/or width of tool

paths in different layers and the like. In some cases, a given tool path generation strategy may

determine how subsequent tool paths are generated or how a first edge of a tool path is selected.

In the example illustrated in FIG. 5, a given tool path generation strategy may determine that a

number of tool paths (e.g., tool path 501, 502, 503) parallel to edge (a) are generated first, then a

number of tool paths (e.g., tool path 504, 505, 506) parallel to edge (d) are generated to fill the

surface/region. In a different tool path generation strategy, all the tool paths may be generated

sequentially to be parallel to edge (a). In another example, the tool path generation strategy may

be different across different layers or surfaces so that appropriate overlapping of the intersection

regions may occur. In another example, the tool path generation strategy may determine the

precision of how a single tool path can be controlled such as by controlling the number of points

and/or distribution of points lie on an edge. Such tool path generation strategy may be pre-



determined by the system or defined by a user. The tool path generation strategy may be

automatically selected for a given layer/surface. The tool path generation strategy can be

adjusted or modified manually by a user such as via a user interface.

[086] The aforementioned incomplete tool paths may be generated in a region where a

complete tool path cannot fit. As shown in FIG. 5, a complete, continuous tool path cannot be

generated across a region defined by path m 504 and tool path 503. An algorithm for generating

incomplete tool path in an unfit region is provided by the present disclosure.

[087] The algorithm may be configured to first determine a complete tool path cannot be

generated thus an incomplete tool path is to be generated. In some cases, this may be determined

by checking whether a point lies on a second edge of a tool path also lies inside a previously

generated tool path. For example, when the solution of Eqn (2) shows that the solution for (u,v)

lies inside a previously generated tool path, it indicates that a new complete and continuous tool

path that spans the complete parametric coordinate ( [0 to 1] in FIG. 5) is not possible.

[088] When a complete tool path is determined to not exist or an incomplete tool path is to be

generated, a parametric point defining the end of the incomplete tool path may be determined. As

shown in FIG. 5, point ( p,vp) 508 is the parametric point defining the end of the incomplete tool

path m+1 507. The parametric point can be determined by: (i) finding the current unacceptable

parametric point (from the maximum possible n+1 points previously described) where a solution

to Eqn (2) is not possible; and (ii) given the last acceptable parametric point and the current

unacceptable parametric point, searching for the parametric point in-between these two points

where a normal vector R can be constructed and just fit in. The normal vector R can be

constructed and determined using the method described in FIG. 6 . The parametric point 508 is

then used as an end of the incomplete and continuous path 507.

[089] The parametric point can also be used to determine an unfit region 509. The unfit region

509 may be a region where a complete tool path of width w cannot fit. The unfit region may be

filled according to a predetermined filling strategy. For instance, the materials and filling process

in the unfit region may or may not be different from other regions. In some cases, the unfit

region may be filled with materials different from materials used for the region filled with

complete tool paths. For instance, the unfit region may be filled with chopped or neat matrix

material. In some cases, the unfit region may be void region. Alternatively, the unfit region can

be filled with the same material but in a separate process. The unfit region may be filled

according to the requirement of the part. The same strategy can be applied to Path (m+2) and

repeated until the entire unfit region is filled. The algorithm for generating incomplete tool paths



can be applied to any region where a complete and continuous tool path of constant width does

not fit in.

[090] Referring back to FIG. 2, the method 200 may utilize the aforementioned algorithms to

generate tool paths in a complex, 3D surface or layer. In some cases, tool paths of constant with

may be generated for a selected 3D layer. A 3D layer may be determined (operation 205). In

some cases, the 3D layer may have complex 3D geometries in order to provide improved design

performance as described above. In some cases, the 3D layer may be determined according to

finite element analysis. It should be noted that the 3D layer can be any arbitrary curved surface.

[091] The process may proceed with selecting a first edge (operation 203). The first edge or

starting edge (if the first tool path of the layer) may be a curved edge. The starting edge may be

selected according to a tool path generation strategy as described above. In some cases, the tool

path generation strategy may determine which edge is the starting edge of the entire layer or the

first edge of a tool path. The starting edge may or may not be a geometric edge of the curved

surface. The starting edge can have any direction or geometry. FIG. 7 shows an example of a

starting edge 701 not parallel to any geometric edge of the curved surface. In some cases, the

starting edge may be determined using finite element analysis. For instance, the starting edge

may be aligned with a preferred direction determined based on displacement, stress, stiffness,

and strain measurements of the model. In some cases, the starting edge may be aligned with the

preferred fiber direction.

[092] The tool path generation strategy may be automatically selected (operation 207) from a

library of tool path generation strategies. Alternatively or additionally, the tool path generation

strategy may be pre-determined and/or manually selected by a user. In some cases, the starting

edge may be selected according to a preferred fiber direction which is calculated using finite

element analysis.

[093] A tool path may be generated by computing a second edge parallel to the first edge

(operation 209) such that the tool path may have a constant width. The tool path may be

complete and continuous across the 3D layer and the tool path can be generated using the

algorithm described with respect to FIG. 5 and FIG. 6 . In the case when a complete tool path

cannot fit in a region, incomplete tool paths may be generated (operation 213). The

aforementioned algorithm can be used to determine whether an incomplete path is needed. For

instance, when a point on a second edge of a tool path is determined to be inside a previously

generated tool path, the process may proceed to step 213. The algorithm for generating

incomplete tool as described in FIG. 5 may be used (operation 2 11). Operations 203, 209, 2 11,



213 may be repeated until the entire layer or surface is filled. In some cases, the parametric point

may be used to determine an unfit region and upon determining an unfit region, a filling strategy

may be selected for filling the unfit region. In some cases, the filling strategy applied to the unfit

region may be different from the strategies applied to other regions.

[094] Although FIG. 2 shows a method in accordance with some embodiments a person of

ordinary skill in the art will recognize that there are many adaptations for various embodiments.

For example, the operations can be performed in any order. Some of the operations may be

precluded, some of the operations may be performed concurrently in one step, some of the

operations repeated, and some of the operations may comprise sub-steps of other operations. For

instance, in some cases the parametric representation may be readily available in the received 3D

model. In some cases, the subsequent tool paths may use the second edge of the previous tool

path as the first edge by default such that only the starting edge of the first path needs to be

selected. Alternatively, the first edge for each subsequent tool path may be selected individually.

The method may also be modified in accordance with other aspects of the disclosure as provided

herein.

[095] The method of FIG. 2 can be implemented in hardware components, software component

or combinations of hardware and software. For example, the method can be implemented by one

or more processors that can be a single or multiple microprocessors, field programmable gate

arrays (FPGAs), ASICs, special purpose computers, general purpose unit, graphic processing

unit (GPU) or digital signal processors (DSPs) capable of executing particular sets of

instructions. Computer-readable instructions can be stored on a tangible non-transitory

computer-readable medium, such as a flexible disk, a hard disk, a CD-ROM (compact disk-read

only memory), and MO (magneto-optical), a DVD-ROM (digital versatile disk-read only

memory), a DVD RAM (digital versatile disk-random access memory), or a semiconductor

memory.

[096] The present disclosure also provides methods for generating tool paths for 3D solid

regions. The method may be similar to the method for generating tool paths for a curved surface.

FIG. 8 and FIG. 9 illustrate examples of generating tool paths in a 3D solid region. The 3D solid

region may be partitioned into stack of layers. In some cases, the stack of layers may be

preferred to have constant thickness. In some cases, for each layer, tool paths may be generated

using the aforementioned methods. Solid 3D regions can be represented parametrically similar to

the 3D surface as illustrated in FIG. 3 . Various other methods can be used to construct the

parametric representation of the 3D solid. The parametric representation of 3D solids can be



constructed using techniques such as extrusion, sweeping, and/or 3D tensor product solids. Using

a NURBS representation for the 3D solid, a 3D solid can be expressed in the form

q n m q n m

[097] p ( , , ) = ¾ ( )¾ P / ( ) ¾ (4)

[098] The 3D solid in this case is constructed as a tensor product of a parametric curve in the

parametric w direction and a surface defined in the parametric (u,v) directions. For example the

w=0 parametric surface is obtained from Eqn (4) by letting w=0 and is illustrated in FIG. 8 .

Since the w=0 plane is a surface with the representation s(u,v) =p(u,v,0), the same algorithms

and method as described in FIG. 3 - FIG. 6 can be used to generate the tool path for the surface

corresponding to w=0. The same algorithms and method as described above can be used to

generate the tool paths for any curved surface (e.g., surface corresponding to w=l).

[099] In some cases, a layer (for example corresponding to the surface w=0) may be desired to

have constant thickness for 3D printing using FDM or other technologies. However, it may be

difficult to fit layers of constant thickness in any arbitrary 3D solids. The present disclosure

provides methods and algorithms to generate layers of constant thickness using approach similar

to the 3D surface case as illustrated in FIG. 5 . The difference is that, in this case instead of

generating a parametric curve (eft) given by Eqn 3, which gives the parametric coordinates of a

second edge offset relative to a first/starting edge), a second surface from the solid definition is

generated. The second surface may be generated such that it is offset from the first surface of the

layer by a constant distance. The second surface s of a layer may be defined from the

requirements that it is offset by a constant distance (e.g., physical distance h) from a first surface

of the layer (e.g., starting surface (s0)) as illustrated in FIG. 9 .

[0100] As shown in FIG. 9, a starting/first surface (e.g. s0(u,v) 901 ) may be selected. The

second surface s 903 of the layer is to be generated such that it is a constant thickness h normal

to the surface s0(u,v). A first tool path on the starting/first surface s0(u,v) may be generated using

method described in FIG. 2 . This tool path may be defined in terms of a number of spline curves

eft) which define the values of (u,v) which in turn are used in the surface definition to generate

edges of the different tool paths. For a given curve eft) that defines a given edge of the tool path

in surface s0, (n+1) parametric points (e.g. (u0i,v0i), ( ,v ) , (unl ,vnl) ) may be computed.

Each of these points may lie on the surface s0(u,v) within any desired accuracy. Such accuracy

may be determined by constant width w. For instance, smaller width w leads to higher accuracy.

For each of these points, for example (u0,v0) , the normal to the surface so(u,v) can be computed

using



[0102] The values for the new parametric point on the second layer surface is determined using

the equations:

R
R*R = 22 and • n = l (5)

[0103] |R

where R ,v,w) = p(u, v,w)-s 0(u0, ,w

[0104] The requirements of Eqn (5) defines a unique point in parametric space (u,v,w) whose

physical location lies a distance h from the physical location of parametric point {u0, v0, 0) and

is perpendicular to the starting surface s0. Other methods such as iterative search can also be used

to find the parametric coordinates of this point subject to the appropriate constraints (for example

w _< v< 7) . This process can be repeated for all points extracted from the tool path curves

previously constructed on surface s0. Alternatively or additionally, additional one or more sets of

parametric coordinates on s0 can be used. Note that the surface so in Eqn (5) has the argument wo.

For the starting surface w0=0 (the top surface of the solid can also be used as the starting surface

thus w0=l), subsequent starting/first surfaces may be functions of (u,v,w) where w is

interpolated using a parametric representation for a surface in parametric space. Each

subsequently generated surface may be defined by two new parametric variables, (r,t) that range

from 0 to 1 . The (r,t) parametric points may provide the (u,v,w) parametric points whose

physical locations lie on the new surface within any desired accuracy. The second surface whose

distance from the first surface is a constant thickness h in the normal direction is then defined.

This surface definition can in-turn be used to generate tool paths on this arbitrary curved surface

using the methods previously described. This is analogous to how the eft) function is defined for

generating tool path edges (see Eqn 3). The parametric surface describing the parametric

coordinates is defined as

[0106] The parametric coordinates (r,t) are then used in place of (u,v) for the parametric

coordinates for the surface definition. The P ' are control points (for the parametric locations

(u,v,w)) that are chosen so as to create a surface in terms of (r,t) which interpolates the

parametric coordinates of the points on the next layer that satisfy Eqn (5). The physical locations



of points on the new surface can be obtained from the solid definition using

[0107] (r,t) =p(u(r,t), v(r ,t), w(r ,t)) (7)

[0108] here p(u,v,w) is given by Eqn (4) and (u,v,w) as a function of r, and t is given by Eqn (6).

Using Eqn (7) as the new definition of the surface, the same algorithm described above for

creating tool paths on an arbitrary curved surface can be applied to the curved surface defined by

Eqn (7). Again the values of ,v,w) used to create the parametric surface in Eqn (6) may be

determined using the requirements imposed by Eqn (5). The points defined by Eqn (7) may lie

on surfaces that are in the solid p(u,v,w) and the layers are of constant thickness h within a

desired accuracy.

[0109] Generation of each surface and layer may be repeated as needed. Similarly, tool path

generation strategies may be selected for generating tool paths in 3D solids. The tool path

generation strategy may determine, for example, the order of generating different layers. For

example, a first the layer that starts at so may be generated, where the first layer has a second

surface above s0. Next, a subsequent layer under surface s may be generated in a direction

normal to s0. This may be helpful to ensure that on these two surfaces s0 and s1 there are be no

"jagged" regions caused by the inability to deposit a complete layer of thickness h .

[0110] There may be unfit region where a complete layer of constant thickness cannot fit in. In

this case, the similar approach for determining incomplete tool paths as described in FIG. 2 may

be applied. The approach may be configured for staggering tool paths in the thickness (h)

direction as opposed to the tool path width (w) direction in the single surface situation. The unfit

region can be determined and filled using similar method as described elsewhere herein.

[0111] FIG. 10 shows a method 1000 of generating tool paths for a 3D solid region, in

accordance with embodiments of the invention. The process may be fully automated without

user input. Alternatively, the process may be semi-automated where user may provide input via a

user interface to guide the tool path generation process. One or more parameters can be modified

or specified by a user at different operations.

[0112] The process 1000 may begin with receiving a 3D part model (operation 1001). In some

cases, the 3D model may be partitioned into multiple layers. In some cases, a layer may be a

curved layer or curved surface. The layer may be preferred to have constant thickness. It should

be noted that the same approach can also be used to generate tool paths if a layer of varied

thickness if desired. The 3D model may be automatically partitioned according to pre

determined rules. In some cases, a user may be allowed to specify a rule for partitioning the part.



Alternatively or additionally, the 3D model may be partitioned by a user manually. As described

elsewhere herein, design requirements may be used for determining a 3D surface or a 3D layer.

For instance, a part may be partitioned into a stack of 3D layers according to different physical

characteristics (e.g., stress direction) that under the design requirements. Design requirements

can be selected from a group that includes, for example, strength, structural deflections, stress,

strain, tension, shear, load capacity, stiffness, factor-of safety, weight, strength to weight ratio,

envelop geometry, minimal print time, thermal performance, thermal capacitance, thermal

conductance, electrical performance, electrical capacitance, electrical inductance, electrical

resistance, porosity, infill, number of shells, layer height, extruder temperature, solid density,

melt density, printing speed, print head movement speed, or the material and density to direct

heat through a specific area of the part and the like.

[0113] Parametric representation of a layer or the 3D model may be created (operation 1003).

The parametric representation may be constructed using the method as described in FIG. 3 . Next,

tool paths may be generated for a first layer (operation 1005). The first layer may be a curved

layer or a layer having complex geometries. Methods and algorithms for generating tool paths in

a curved layer have been described in detail elsewhere herein. For instance, the process may

begin with selecting a starting edge to guide the direction of a tool path. The starting edge can be

any arbitrary edge. The starting edge, in some cases, may be determined according to a preferred

fiber direction. Tool paths of constant width may be generated to fill in the first layer. Unfit

region within the layer may be determined and filled using a given strategy as described above.

[0114] Next, tool paths for subsequent layers may be generated (operation 1007). The

subsequent layers may have constant thickness. These layers may or may not have the same

thickness across different layers. Unfit region in the height direction may be determined and

filled using a given strategy as described above.

[0115] Once the tool paths for the 3D model are generated, one or more numerical control

programming codes (e.g., G-code) may be produced. Then the G-code file may be transmitted to

a 3D printer for execution (operation 1009).

[0116] There are various alternatives or modifications to the method of FIG. 10. For example,

the operations can be performed in any order. Some of the operations may be precluded, some of

the operation may be performed concurrently in one operation, some of the operation repeated,

and some of the operation may comprise sub-operations of other operations. The method may

also be modified in accordance with other aspects of the disclosure as provided herein.

[0117] The method for generating tool paths for printing may optionally comprise receiving user



inputted data via a user interface and/or electronically outputting the result such as a 3D model

with tool paths on the user interface. The result may be in any form such as text, numerical

numbers, graphical elements, and the like. The result may comprise dynamically rendering the

layer, 3D solid or part with one or more properties specified by the inputted parameters. For

example, a user may provide input indicating adjustment of a toolpath for a given curved surface,

upon receiving the input, the print head toolpath may be electronically applied to the

corresponding surface outputted on a graphical user interface. In another example, user may

provide input specifying how a part is partitioned or indicating selection of a starting layer. For

instance, a user may be allowed to specify a rule for partitioning a part via the GUI. Alternatively

or additionally, the 3D model may be partitioned by a user manually via the GUI. The user

interface may also be configured to import files such as printing job files, standard CAD files,

STL, STEP or IGES, and/or data specifying preferred fiber orientation.

[0118] In some cases, the user interface may incorporate a design environment, such as a web-

based CAD platform or the like that users can employ to modify designs and submit designs or

components of a design to printing resources. This may facilitate drag-and-drop fabrication of a

complete, multi-part CAD design. A user may also or instead be able to select portions of an

assembly and print only those portions. In some cases, the user interface may provide tools for

model design, print previews, file repairs, topology optimization, size optimization (e.g., to fit

the models in a build volume), hollowing, compensation for build flaws (e.g., shrinking, curling,

and so on), surface texturing, optimized grouping, material selection, nesting, coloring,

smoothing, contouring, multi-platform support, mesh repair, and so forth.

[0119] In some cases, the user interface may provide a photorealistic rendering mode that shows

how the model will look when printed. In some cases, tool paths for a given layer, selected

multiple layers, a 3D region, a part can be shown to a user within the user interface. The

rendering may include support structures such as rafts and the like, as well as other features such

as striations, surface textures and finish, and the like, or the rendering may omit some or all of

these ancillary structures. The renderings may show surface finishes such as matte surfaces

versus glossy surfaces. The rendering may be created using information pertaining to light

sources (e.g., virtual lighting of the rendered model), layer heights, toolpaths, orientations,

tessellations, colors, and so on.

[0120] The present disclosure provides computer systems that may be programmed or otherwise

configured to implement devices, methods and systems of the present disclosure. The processor

may be a hardware processor such as a central processing unit (CPU), a graphic processing unit



(GPU), or a general-purpose processing unit. The processor can be any suitable integrated

circuits, such as computing platforms or microprocessors, logic devices and the like. Although

the disclosure is described with reference to a processor, other types of integrated circuits and

logic devices are also applicable. The processors or machines may not be limited by the data

operation capabilities. The processors or machines may perform 512 bit, 256 bit, 128 bit, 64 bit,

32 bit, or 16 bit data operations.

[0121] In some embodiments, the processor may be a processing unit of a computer system.

FIG. 11 shows a computer system 1101 that can be configured to implement any computing

system disclosed in the present application. The computer system 1101 can comprise a mobile

phone, a tablet, a wearable device, a laptop computer, a desktop computer, a central server, etc.

[0122] The computer system 1101 includes a central processing unit (CPU, also "processor"

and "computer processor" herein) 1105, which can be a single core or multi core processor, or a

plurality of processors for parallel processing. The CPU can be the processor as described above.

The computer system 1101 also includes memory or memory location 1110 (e.g., random-access

memory, read-only memory, flash memory), electronic storage unit 1115 (e.g., hard disk),

communication interface 1120 (e.g., network adapter) for communicating with one or more other

systems, and peripheral devices 1125, such as cache, other memory, data storage and/or

electronic display adapters. In some cases, the communication interface may allow the computer

to be in communication with another device such as the imaging device or audio device. The

computer may be able to receive input data from the coupled devices for analysis. The memory

1110, storage unit 1115, interface 1120 and peripheral devices 1125 are in communication with

the CPU 1105 through a communication bus (solid lines), such as a motherboard. The storage

unit 1115 can be a data storage unit (or data repository) for storing data. The computer system

1101 can be operatively coupled to a computer network ("network") 1130 with the aid of the

communication interface 1120. The network 1130 can be the Internet, an internet and/or extranet,

or an intranet and/or extranet that is in communication with the Internet. The network 1130 in

some cases is a telecommunication and/or data network. The network 1130 can include one or

more computer servers, which can enable distributed computing, such as cloud computing. The

network 1130, in some cases with the aid of the computer system 1101, can implement a peer-to-

peer network, which may enable devices coupled to the computer system 1101 to behave as a

client or a server.

[0123] The CPU 1105 can execute a sequence of machine-readable instructions, which can be

embodied in a program or software. The instructions may be stored in a memory location, such



as the memory 1110. The instructions can be directed to the CPU 1105, which can subsequently

program or otherwise configure the CPU 1105 to implement methods of the present disclosure.

Examples of operations performed by the CPU 1105 can include fetch, decode, execute, and

writeback.

[0124] Methods and systems of the present disclosure can be implemented by way of one or

more algorithms. An algorithm can be implemented by way of software upon execution by the

central processing unit 1105. The algorithm can, for example, partition a computer model of a

part according to a hierarchy, receive user inputted data for modifying one or more parameters

and produce a machine code.

[0125] The CPU 1105 can be part of a circuit, such as an integrated circuit. One or more other

components of the system 1101 can be included in the circuit. In some cases, the circuit is an

application specific integrated circuit (ASIC).

[0126] The storage unit 1115 can store files, such as drivers, libraries and saved programs. The

storage unit 1115 can store user data, e.g., user preferences and user programs. The computer

system 1101 in some cases can include one or more additional data storage units that are external

to the computer system 1101, such as located on a remote server that is in communication with

the computer system 1101 through an intranet or the Internet.

[0127] The memory 1110 can be a volatile or non-volatile, magnetic, semiconductor, tape,

optical, removable, non-removable, or other type of storage device or tangible and/or non-

transitory computer-readable medium that stores programs, such as the tool generation

algorithms and operating system. Common forms of non-transitory media include, for example, a

flash drive, a flexible disk, a hard disk, a solid state drive, magnetic tape or other magnetic data

storage medium, a CD-ROM or other optical data storage medium, any physical medium with

patterns of holes, a RAM, a PROM, and EPROM, a FLASH-EPROM or other flash memory,

NVRAM, a cache, a register or other memory chip or cartridge, and networked versions of the

same.

[0128] The memory 1110 may store instructions that enable processor to execute one or more

applications, such as the tool generation algorithms and operating system, and any other type of

application or software available or executable on computer systems. Alternatively or

additionally, the instructions, application programs, etc. can be stored in an internal and/or

external database (e.g., a cloud storage system - not shown) that is in direct communication with

computing device, such as one or more databases or memories accessible via one or more

networks (not shown). The memory 1110 can include one or more memory devices that store



data and instructions usable to perform one or more features provided herein. The memory 1110

can also include any combination of one or more databases controlled by memory controller

devices (e.g., servers, etc.) or software, such as document management systems, Microsoft SQL

databases, SharePoint databases, Oracle™ databases, Sybase™ databases, or other relational

databases. Data used in the slicing process such as hierarchies, rules for portioning a model

corresponding to each hierarchy, valid range for some or all of the parameters, printer

configurations, printer specifications, and the like may be stored in the one or more databases.

[0129] The computer system 1101 may be communicatively connected to one or more remote

memory devices (e.g., remote databases - not shown) through a network. The remote memory

devices can be configured to store information that computer system 1101 can access and/or

manage. By way of example, the remote memory devices may be document management

systems, Microsoft SQL database, SharePoint databases, Oracle™ databases, Sybase™

databases, Cassandra, HBase, or other relational or non-relational databases or regular files.

Systems and methods provided herein, however, are not limited to separate databases or even to

the use of a database.

[0130] The computer system 1101 can communicate with one or more remote computer systems

through the network 1130. For instance, the computer system 1101 can communicate with a

remote computer system of a user. Examples of remote computer systems include personal

computers, slate or tablet PC's, smart phones, personal digital assistants, and so on. The user can

access the computer system 1101 via the network 1130.

[0131] Methods as described herein can be implemented by way of machine (e.g., computer

processor) executable code stored on an electronic storage location of the computer system 1101,

such as, for example, on the memory 1110 or electronic storage unit 1115. The machine

executable or machine readable code can be provided in the form of software. During use, the

code can be executed by the processor 1105. In some cases, the code can be retrieved from the

storage unit 1115 and stored on the memory 1110 for ready access by the processor 1105. In

some situations, the electronic storage unit 1115 can be precluded, and machine-executable

instructions are stored on memory 1110.

[0132] The code can be pre-compiled and configured for use with a machine having a processor

adapted to execute the code, or can be compiled during runtime. The code can be supplied in a

programming language that can be selected to enable the code to execute in a pre-compiled or as-

compiled fashion.



[0133] Aspects of the systems and methods provided herein, such as the computer system 1101,

can be embodied in programming. Various aspects of the technology may be thought of as

"products" or "articles of manufacture" typically in the form of machine (or processor)

executable code and/or associated data that is carried on or embodied in a type of machine

readable medium. Machine-executable code can be stored on an electronic storage unit, such as

memory (e.g., read-only memory, random-access memory, flash memory) or a hard disk.

"Storage" type media can include any or all of the tangible memory of the computers, processors

or the like, or associated modules thereof, such as various semiconductor memories, tape drives,

disk drives and the like, which may provide non-transitory storage at any time for the software

programming. All or portions of the software may at times be communicated through the Internet

or various other telecommunication networks. Such communications, for example, may enable

loading of the software from one computer or processor into another, for example, from a

management server or host computer into the computer platform of an application server. Thus,

another type of media that may bear the software elements includes optical, electrical and

electromagnetic waves, such as used across physical interfaces between local devices, through

wired and optical landline networks and over various air-links. The physical elements that carry

such waves, such as wired or wireless links, optical links or the like, also may be considered as

media bearing the software. As used herein, unless restricted to non-transitory, tangible "storage"

media, terms such as computer or machine "readable medium" refer to any medium that

participates in providing instructions to a processor for execution.

[0134] Hence, a machine readable medium, such as computer-executable code, may take many

forms, including but not limited to, a tangible storage medium, a carrier wave medium or

physical transmission medium. Non-volatile storage media include, for example, optical or

magnetic disks, such as any of the storage devices in any computer(s) or the like, such as may be

used to implement the databases, etc. shown in the drawings. Volatile storage media include

dynamic memory, such as main memory of such a computer platform. Tangible transmission

media include coaxial cables; copper wire and fiber optics, including the wires that comprise a

bus within a computer system. Carrier-wave transmission media may take the form of electric or

electromagnetic signals, or acoustic or light waves such as those generated during radio

frequency (RF) and infrared (IR) data communications. Common forms of computer-readable

media therefore include for example: a floppy disk, a flexible disk, hard disk, magnetic tape, any

other magnetic medium, a CD-ROM, DVD or DVD-ROM, any other optical medium, punch

cards paper tape, any other physical storage medium with patterns of holes, a RAM, a ROM, a

PROM and EPROM, a FLASH-EPROM, any other memory chip or cartridge, a carrier wave



transporting data or instructions, cables or links transporting such a carrier wave, or any other

medium from which a computer may read programming code and/or data. Many of these forms

of computer readable media may be involved in carrying one or more sequences of one or more

instructions to a processor for execution.

[0135] The computer system 1101 can include or be in communication with an electronic

display 1135 that comprises a user interface 1140 for providing, for example, a scanning

interface or a footwear purchase interface. Examples of UI's include, without limitation, a

graphical user interface (GUI) and web-based user interface. The display may be the same

display 24 as described in FIG. 1 . Alternatively, the user interface may be a separate user

interface.

[0136] Methods and systems of the present disclosure can be implemented by way of one or

more algorithms. An algorithm can be implemented by way of software upon execution by the

central processing unit 1105.

[0137] While preferred embodiments of the present invention have been shown and described

herein, it will be obvious to those skilled in the art that such embodiments are provided by way

of example only. It is not intended that the invention be limited by the specific examples

provided within the specification. While the invention has been described with reference to the

aforementioned specification, the descriptions and illustrations of the embodiments herein are

not meant to be construed in a limiting sense. Numerous variations, changes, and substitutions

will now occur to those skilled in the art without departing from the invention. Furthermore, it

shall be understood that all aspects of the invention are not limited to the specific depictions,

configurations or relative proportions set forth herein which depend upon a variety of conditions

and variables. It should be understood that various alternatives to the embodiments of the

invention described herein may be employed in practicing the invention. It is therefore

contemplated that the invention shall also cover any such alternatives, modifications, variations

or equivalents. It is intended that the following claims define the scope of the invention and that

methods and structures within the scope of these claims and their equivalents be covered thereby.



CLAIMS

WHAT IS CLAIMED IS:

1. A method for generating printing instructions for printing a three-dimensional (3D)

object, comprising:

(a) receiving a computer model of said 3D object in computer memory;

(b) generating a parametric representation of said computer model of said 3D object;

(c) selecting a first edge in a parametric representation of a curved surface of said

computer model;

(d) generating a 3D tool path at least in part by:

(i) selecting a first set of points on said first edge; and

(ii) computing coordinates of a second set of points on a second edge

parallel to said first edge in said parametric representation, wherein said

first edge and said second edge define said 3D tool path; and

(e) generating said printing instructions for printing at least a portion of said 3D

object along the tool path generated in (d).

2 . The method of claim 1, wherein said curved surface is a three-dimensional curved

surface.

3 . The method of claim 1, wherein said first edge is selected based on fiber direction.

4 . The method of claim 3, wherein said fiber direction is determined using finite element

analysis.

5 . The method of claim 1, further comprising using a 3D printer that uses said printing

instructions to print said at least said portion of said 3D object.

6 . The method of claim 1, wherein said first edge or second edge is three-dimensional.

7 . The method of claim 1, wherein said first edge and said second edge is separated by a

constant distance.

8 . The method of claim 1, wherein said 3D tool path generated in (d) has a constant width.

9 . The method of claim 1, further comprising generating a second 3D tool path by using

said second edge in (d) as a first edge of said second 3D tool path and generating a

second edge of said second 3D tool path by performing step (d).



10. The method of claim 1, further comprising generating one or more subsequent 3D tool

paths by repeating (c) and (d) until said curved surface is filled with tool paths.

11. The method of claim 10, wherein said one or more subsequent 3D tool paths have the

same constant width.

12. The method of claim 10, wherein said one or more subsequent 3D tool paths lie on said

curved surface.

13. The method of claim 10, wherein at least one of said one or more subsequent 3D tool

paths has an edge not parallel to an edge of another 3D tool path.

14. The method of claim 1, further comprising determining a parametric point as an end of an

incomplete tool path.

15. The method of claim 14, wherein said parametric point defines a region wherein 3D tool

path of constant width cannot fit in.

16. The method of claim 15, wherein said region is filled with materials different from the

materials printed along said 3D tool path generated in (d).

17. The method of claim 1, wherein said parametric representation of said curved surface is

non-uniform rational B-spline (NURBS).

18. The method of claim 1, further comprising repeating (b), (c), (d) for a second curved

surface of said computer model.

19. The method of claim 18, wherein said second curved surface is at a constant distance

from said curved surface.

20. The method of claim 18, further comprising generating 3D tool paths for one or more

subsequent curved surfaces until said computer model of said 3D object is filled.

2 1. A system for generating printing instructions for printing a three-dimensional (3D)

object, comprising:

computer memory that stores a computer model of said 3D object; and

one or more computer processors operatively coupled to said computer memory, wherein

said one or more computer processors are individually or collectively programmed to:

(a) generate a parametric representation of said computer model of said 3D object;

(b) select a first edge in a parametric representation of a curved surface of said computer

model;



(c) generate a 3D tool path at least in part by:

(i) selecting a first set of points on said first edge; and

(ii) computing coordinates of a second set of points on a second edge parallel to said

first edge in said parametric representation, wherein said first edge and said second

edge define the 3D tool path; and

(d) generate said printing instructions for printing at least a portion of said 3D object

along said tool path generated in (c).

22. The system of claim 21, further comprising a print head that uses said printing

instructions to print said three-dimensional object.

23. The system of claim 21, wherein said first edge is selected based on fiber direction.

24. The system of claim 21, wherein said first edge or second edge is three-dimensional.

25. The system of claim 21, wherein said 3D tool path in (c) has a constant width.

26. The system of claim 21, wherein said one or more computer processors are individually

or collectively programmed to repeat (b) and (c) until said curved surface is filled.

27. The system of claim 21, wherein one or more subsequent 3D tool paths generated by

repeating (b) and (c) have the same constant width.

28. The system of claim 27, wherein at least one of said one or more subsequent 3D tool

paths has an edge not parallel to an edge of another 3D tool path.

29. The system of claim 27, wherein said one or more subsequent 3D tool paths lie on said

curved surface.

30. The system of claim 21, wherein said parametric representation of said curved surface is

non-uniform rational B-spline (NURBS).

31. The system of claim 21, wherein said one or more computer processors are individually

or collectively programmed to iteratively perform (b) and (c) for other curved surfaces of

said computer model of said 3D object.

32. The system of claim 31, wherein said other curved surfaces are offset by a constant

distance from one another.

33 . A non-transitory computer-readable medium comprising machine-executable code that,

upon execution by one or more computer processors, implements a method for generating



printing instructions for printing a three-dimensional (3D) object, said method

comprising:

(a) receiving a computer model of said 3D object in computer memory;

(b) generating a parametric representation of said computer model of said 3D object;

(c) selecting a first edge in a parametric representation of a curved surface of said

computer model;

(d) generating a 3D tool path at least in part by:

(i) selecting a first set of points on said first edge; and

(ii) computing coordinates of a second set of points on a second edge

parallel to said first edge in said parametric representation, wherein said

first edge and said second edge define said 3D tool path; and

(e) generating said printing instructions for printing at least a portion of said 3D

object along the tool path generated in (d).
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