wo 2016/04050°7 A 1[I I P00 00O RO

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2016/040507 A1

17 March 2016 (17.03.2016) WIPO | PCT
(51) International Patent Classification: (74) Agents: CORDER, Allison M. et al.; Valauskas Corder
GO6F 19/00 (2011.01) LLC, 150 S. Wacker Drive, Suite 620, Chicago, Illinois
. .. 60606 (US).
(21) International Application Number:
PCT/US2015/049224 (81) Designated States (unless otherwise indicated, for every
. . kind of national protection available). AE, AG, AL, AM,
(22) International Filing Date: AO, 151", AU, Ag, BA, BB, BG, BH), BN, BR, BW, BY,
9 September 2015 (09.09.2015) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
(25) Filing Language: English DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
) HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
(26) Publication Language: English KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
(30) Priority Data: MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
62/048,073 9 September 2014 (09.09.2014) US PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
(71) Applicant: xCORNELL UNIVERSITY [US/US]; Center TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
for Technology Licensing ("CTL") at Cornell University, . o
395 Pine Tree Road, Ithaca, New York 14850 (US). (84) Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
(72) Inventors: GUIMBRETIERE, Francois; 404 Winthrop GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,

Dr, Ithaca, New York 14850 (US). IM, Sangha; 629 Mil-
lich Dr., Campbell, CA 95008 (US). BAUDISCH,
Patrick; Oranienburger Strasse 17, 10178 Berlin (DE).
MULLER, Stafanie; Schillerstrasse 27, 10625 Berlin
(DE). GUREVICH, Serafima; Ridbacher Str. 57 A, 12621
Berlin (DE). PFISTERER, Lisa; Liideritzstralle 3, 13351
Berlin (DE). TEIBRICH, Alexander; Wattstrasse SA,
14482 Potsdam (DE).

TZ, UG, ZM, ZW), Burasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SF, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: SYSTEM AND METHODS FOR THREE-DIMENSIONAL PRINTING

166

(57) Abstract: A fast and economical

system and methods directed to low-fi-

Controller
102

.

delity fabrication of three-dimensional
(3D) objects using 3D printing. The in-
vention facilitates rapid prototyping by

providing a wireframe structure in the

form of the underlying design structure

Procassor
104

Memory
106

of'a 3D model, which may be useful for
a variety of reasons including to
provide a prototype preview that may

be used for design validation of a 3D

108

model.

75

o,

FIG. 1



WO 2016/040507 A1 WK 00 VN 000 O

Declarations under Rule 4.17:

—  before the expiration of the time limit for amending the
— as to the identity of the inventor (Rule 4.17(i)) claims and to be republished in the event of receipt of

—  of inventorship (Rule 4.17(iv)) amendments (Rule 48.2(h))

Published:
—  with international search report (Art. 21(3))



WO 2016/040507

10

15

20

25

PCT/US2015/049224

SYSTEM AND METHODS FOR THREE-DIMENSIONAL PRINTING

CROSS-REFERENGCE TO RELATED APPLICATIONS
This application claims the benefit of U.5. Provisional Patent Application

No. 62/048,073 filed September 8, 2015, incorporated by reference.

FIELD OF THE INVENTION

The invention relates generally {o compuler systems and methods for
fabricating thres-dimensional (3D) objects using 3D printing. More spedcifically,
the invention is directed to Tast fabrication (i.e., rapid prototyping) of 3D objects in
the form of wireframe structures. The wireframe structures may be ussful for a
variety of reasons including o provide a prololype preview that may be used for

design validation of a 3D model.

BACKGROUND OF THE INVENTION

Three-dimensional (3D} printing is any process used to manufacture a 3D
object. For example, material may be deposited sequentially by a 3D printer {ie.,
print head) fo manufacture an object. 3D printers are used, for sxample, in
industrial, sducational, and demonsirative applications and are capable of
manufacturing large objects as well as nanoscale-size objects. For example, 3D
printing is used as a rapid prototyping tool alliowing designers o protolype “one-
off” objects and to iterate over designs.

Unfortunately, certain 3D printers are inherently slow by Tabricating obiecls
voxel-by-voxel and layer-by-layer. Therefore, a reasonably sized object may take
a long time to print {i.e., overnight, days, etc.) slowing the design process — such
as producing a single iteration per day. This supports that 3D printers used for

guick design iteration is not yet entirely optimal. In other disciplines, such as in
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user interface design, designers achieve a fast and efficient process by #terating
from low-fidelity prototyping techniques to high-fidelity techniques.

In order o aliow designers {o ilerate quickly, low-fidelity techniques, such
as sketching and paper prototyping, give priority to speed over functionality. This
trade-off pays off in the sarly phases of design because it encourages the quick
exploration of several versions before committing further resources, eveniually
leading o a betler design.

Certain personal fabrication methods include newly proposed interfaces
for a wide variety of protolype applications, for example, Prinfed Optics for optical
sensors and display elements, Printing Teddy Bears for fabrication of soft objects
for wearable technology, manufacture of free-form audio technology, and Sauwron
for creation of interactive confrollers using a single camera. With these newly
proposed interfaces, the traditional workflow remains the same in that users first
create a digital model in a CAD program.

In contrast, interactive fabrication sysiems offer an aiternalive between
user and system control. For instance, ModelCraft allows users to modify
physical paper models by annotating dirsclly on the model, CopyCAD allows
users (0 copy geometry from existing obiects using a miliing machine, and a
consiructable interactive fabrication system allows users 1o directly draw on the
work-piece inside a laser culler using a handheld laser pointer. Different
approaches try 0 reduce 3D printing time by either massively parallelizing the
printing process using mulliple heads or by assembling objects layer-wise from
prefabricated voxels of equal size.

According to the typical iraditional workflow, a 30 model is printed using

slow hi-fidelity fabrication. In contrast, low-fidelity fabrication prints all
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intermediale versions using fast low-fidelity fabrication crealing prolotype
previews. Only at the end of the design process, whan the design is finished, the
complete 30 model is printed using hi-fidelity fabrication.

One low-fidelity fabrication approach s known as “faBrickation”. This
approach limits the 3D printing process {0 regions where high-resolution is
required and substitutes less crucial portions of a 3D model with Lego-style
bricks. Unfortunately, faBrickation requires manual assembiy of the bricks,
effectively trading in printing time for manual effort.

Therefore, there is a need for an improved 3D printing low-fidelity
approach that is fully automated for fast fabrication of 3D objects. More
specifically, there is a need for 3D printing of wireframe structures, which may be
useful as prototypes enabling designers to preview designs for validation of a 3D

model. The invention salisfies thase needs.

SUMMARY OF THE INVENTION

The invention relales generally {0 computer systems and methods for
three-dimensional (3D} printing. The invention provides a low-fidelity fabrication
approach that is fully automated and fast. In particular, the invention is directed
to 3D printing for fast fabrication of 3D objects in the form of a wireframe
structureg, which may be used as a prolotype preview. The termt “prototype
preview” rafers {0 a visual presentation of the underlying design struciure of a 3D
model, which may be useful for a variety of reasons including to provide a
prototype preview that may be used for design validation of a 3D model.

More specifically, a protolype preview is constructed of a wireframe
struclure — a 3D printed object whose surfaces have been replaced with

wireframe mesh, otherwise referred o as “mesh patlten”. A mesh patlem is
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created by speciiving sach edge of the physical object where two mathematically
continuous smooth surfaces meet, or by connecting an object's constituent
vertices using straight lines or curves. The mesh or mesh patiern is not limited to
any particular geomelry or configuration.

30 wireframe struclures created according to the invention allow designers
to quickly validate the high-level design of a 3D object, such as its ergonomic fit,
As an example, if a designer notices that a particular botlle design does not yet
rest comioriably in the hand, the designer can change the model by adjusting the
thickness of the botile in & 3D modeling program. The 3D object is converted
according fo the system and methods of the invention and it is reprinted. The
designer may repeat the process until the botlle achieves the desired fit.

30 wireframe structures according to the invention also save on material
cosls in that the wireframe previews use only a fraclion of material required,
making it affordable to iterate designs including during the early stages. i is
contemplated that in addition o solely wireframe structures, hybrid strucitures
may be fabricated that incorporate both wirgframe structures and solid struclures
such as those fabricated using layerwise printing.  Hybrid structures allow
additional detail o be prinled, for example, surface fealures. The mix of both
technigues allows for quick iferation while ensuring enough detail in those regions
where it is reguired.

Yel it is further contemplated that cerlain 3D models may require closed
surfaces. Acoording {0 one embodiment, surfaces may be closed by dipping the
wireframe structure into glue, which may also realize the added advantage of

strengthening the model.
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The invention advaniageously can be implemented in a 3D printer, as a
sarvice, on a peripheral device in communication with a 3D printer, as a stand-
alone device, or as a software program either configured with existing systems
before or after markel. As exampies, the methods according to the invention may
be configured as an option in a print dialog, a selectable control on the printer or
paripheral device, (o name a few.

Although the invention is described according to a 3D printing
embodiment, it is contemplated the invention is applicable o other types of
additive manufacturing embodiments such as extrusion and sintering based
processes. More specifically, it is contemplaled the invention may be used with
any type of additive manufacluring including both delta design and Carlesian-
based printers, for example, stergolithography (SLA), fused deposition modeling
(FDM), selective laser sintering (SL8), selective laser melting (SLM), electronic
beamn melting (EBM), or laminated object manufacturing (LOM). In addition, any
degree of fresdom (DOF) is contemplated. For example, ong embodiment of the
invention is implemented using a 3-axis FDM printer such as those known as
PrintrBot, Kossel mini, MakerBof);, however, any number degree of freedom
(DOF) printing device is contemplated.

According o one particular embodiment, the invention operates
particularly Tast on a delta design since these printers allow the print head to
move up and down quickly. However, it is also contempialed that the invention
be made sgually fast on Carlesian printers with the proper hardware design, i.e.
by changing both the movement/tum ratio and the stepper motor speed in the z-
direction since the axis speed in the z-direction is simply a design decision of the

manufacturers.
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An advantage of the invention is thatl it achieves speed-ups of up o a
factor of 16 compared o fraditional layer-wise (i.e., layer-by-layer) printing. This
is accomplished by reducing the solid model! to a representation of a surface and
then reducing the surface to a wireframe mesh. In particular, the voiume of the
object is reduced by using an efficient mesh pattern. In certain embodiments, the
mesh pattern may be, for example, a “zig-zag” iype patlern, bul any suiiable
patiemn is contemplated.

Although the invention may print an object layer-wise, it is a preferred
embodiment of the invention that filament be directly exiruded into 3D space.
This creates the edges of the wireframe model directly one stroke at g time.
Ancther advantage of the invention is that # requires less support edges than
regular layer-wise 3D printing with capability of printing overhangs of up to 80°.
This is accomplished by extruding material under tension.

According to the invention, objecis may be construcied using any type of
filament material, including for exampls, Acrvionitrile Butadiene Styrens {(ABS),
Polylactic Acid or Polylactide (PLA), high-density polyethylene {(HDPL) or any
suitable material that can be extruded to form the object.  In particular
embodiments that require frequent transitions between wireframe and solid,
filament materials that have a quick transition lime are preferred such as ABS
that requires a smaller femperature range 1o change its viscosity from compiliant
to solid.

According to one embodiment of the invention, custom g-code is
generated. G-code is the common name for the most widsly used numerical
control (NC) programming language. However, the invention contemplates any

language in which computerized machine tools are instructed on how o make
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something {(i.e., where 1o move, how fast o move, and through what path to
move). In certain embodiments, the g-code is loaded into standard 3D printing
software for printing. In certain other embodiments, the g-code is integrated inlo
the 3D printing device. Specifically, the custom g-code moves the print head
along the desired path and controls how much material is extruded at which
points in order to fabricate a wireframe structure.

The invention and iis atlribules and advantages may be further
understood and appreciated with reference 0 the detailed description bslow of
one contemplated embodiment, taken in conjunction with the accompanying

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The preferred embodiments of the invention will be describad in
conjunction with the appended drawings provided o lllustrate and not o limit the
invention, where like designations denote like elements, and in which:

FIG. 1 Hllustrates an exemplary system that may be used 1o implement the
invention.

FIG. 2A lilustrates a block diagram of a collision constraint according to the
invention.

FIG. 2B illustrates ancther block diagram of the collision consiraint
according o the invention.

FIG. 3A iliustrates a block diagram of a deformation constraint according
to the invention.

FiG. 3B Hlustrates ancther block diagram of the deformation constraint

according o the invention.
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FiG. 4A illustrates a Dblock diagram of a material transition constraint
according o the invention.

FIG. 4B jllustrates another block diagram of the malerial transition
constraint acoording to the invention.

5 FIG. § iHlustrates a flow chart of a method according 1o one embodiment of

the invention.

FiG. 6 illustrates a flow chart of another method according to ancther
embodiment of the invention.

FIG. 7 iHllustrates a block diagram of a segment according 1o one

10 embodiment of the invention.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

Unlike traditional 3D printers that stack filament material on filament

material, the invention fabricales objects by alternaling between (a) printing a

Y
[$3}

contour or fayer and (b) printing a mesh patiern on top of the contour.

FIG. 1 Hlustrates an exemplary 30 printing device 100 according o the
invention. 3D printing device 100 is capable of fabricating a 3D object and
includes at least a condroller 102, a processor 104, and a memory 1068. The
printing device 100 includes a print head 108 that exirudss filament material onto
20 a support surface 75 such as a platform or plate. The device 100 uses digital

data such as a CAD model.

The invention advantageously can be implemented in a 3D printer, for
example, as software stored in memory 106. The sofiware may be in the form of

a program corfigured with exisling systems either before or after market. The
25  software is processed by the processor 104 such that the controlier 162 controls

the device 100, i.s., moves the print head along the desired path and controls
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how much material is extruded at which points in order o fabricale a wireframe
structure.

The methods according to the invention can be implemented on any
printing device based on the following parameters — (1) diameter ¢ of the print
head and (2} angle o of the slanted portion of the print head. These paramelers
are used 1o delermine the mash pattern of the wireframe siructure such that
collisions — between filament material and/or filament material and the print head
- are prevented. The printer parameters may dictate the depth the print head
can reach 1o extrude filament material without colliding with already printed
material and the distance the print head can travel to exirude filament with a
spacing that avoids collisions with already printed material.

Specifically, the diameler ¢ of the print head limils the spacing between
two vertical or support edges. As shown in FIG. 2A, two vertical edges nesd (o
be spaced at least half the diameter of the print head apart 1o avoid a collision
between the print head and already printed material.

In certain embodiment, the angle « ¢of the sianted portion of the print head
{along with the diameter §) may be used o determine the depth or how far the

print head can reach while printing a wireframe structure without the print head
colliding with that already printed: max depth = @) tang. However, in cerlain

other embodiments, the depth the print head can be increased beyond the max
depth by using an exiendsr glement attachable fo the print head. In either
contemplated embodiment material cannot be exiruded at a depth stegper than
the slant of angle o or the print head iisell as shown in FIG. 2B, as steeper edges
can cause the slanted tip of the print head o collide with either that already

printed or with that currently being prinied.
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FIG. 3A and FIG. 3B illustrate block diagrams of an edge deformation
constraint according to the invention. Edge deformation must be considered
resulfing when filament material is not yet solidified during fabrication. In order 0
abtain the intended result in FIG. 3A, it can be seen thatl the filament material
acling as a support edge must be cooled and solidified prior {o fabricating any
downward edges. This may be done by simply adding a temporal pauss or delay
at the end of each floating edge allowing filament material to cool and harden.

in addition to compensating for edge deformation, material transition fime
must be considered. As shown in FIG. 4A and FIG. 4B, the invention anticipates
deformation by exlending the vertical movement of the print head before
beginning the downward stroke o fabricate the downward edge.

The quality of the sysiem and methods of the invention is improved by not
only reducing overall speed with which the print head moves, but also allowing
filament material to solidify as it is being printed. In one embodiment, this may be
achigved by using an air flow {0 codl the material. For example, one or more air
jets controllable by a solencid valve may be attached to the print head. The
additional cooling causes the filament matlerial (o solidify faster after extrusion. it
is alse contemplated that the alr flow can be reduced or tumed off such as in
circumstances in which filament mailerial needs to stick o another part of the
model.  Alternatively, the invention may make use of g buill-in fan or integrate an
additional pause to wait for material {o solidify before continuing on {o print the
next fealure. 1t is contemplated that a more aggressive codling process
increases speed of fabrication.

FiG. 5 iHllustrates a flow chart of a method 200 according to one

embodiment of the invention. At step 210, a 3D model is received for processing.

10
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According 1o one embaodiment the 3D moedel is in stereclithography {(STL) format,
but any format is contemplated such as polygon file format or a triangle format
(PLY).

The 3D model is converied 1o a vector representation at step 230. The
vector representation may include one or more points, lines, cures, polygons, sic.
The vecior representation is used o determine the print order of the object at
step 250 as more fully discussed in reference o FIG. 8. Al step 270, the veclor
representation is translated into g-code of a 3D printer representation of the
wireframe struciture based on the order for printing segmenis of the wvecior
represeniation.

At step 280, the printer is instrucled 1o execute the g-code o print the
printer representation. Al step 300, the wireframe structure is printed as strokes
in 3D space. According to one sxemplary embodiment, the invention creates
segments by moving the print head up and down repeatedly. Specifically, the
printing device extrudes filament material from the print head based on the order
for printing segments to fabricate the wireframe structure. 1t should be noted that
a larger opening in the exirusion nozzie print head leads 1o thicker and thus
sturdier edges and thus (o sturdier objects. On the flipside, thicker edges require
more time o cool down, which slows down the printing process. As an example,
in one embodiment a 0.7mm exirusion nozzie provides both slurdy and fast o
print resulis.

FIG. 6 illustrates a flow chart of a method 250 for determining the print
order of the object according to one embodiment of the invention. Parameters of
the printing device are registered at step 251, The parameters include an angle

of the print head defined from a horizontal axis and a diameter of the print head.

11
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These parameters diclate the constraints of the mesh pattern used in fabricating
the wirgframe siructure of the 3D modsl in order 10 prevent collisions with
filament material during printing. More specifically, the printer paramesters o and
% may dictate the depih the print head can reach o extrude filameni mailerial
without colliding with already printed material and the distance the print head can
travel to exirude filament material with spacing to avoid collisions with already
printed material

in particuiar, the paramsters are used 1o calculate a depth at step 253
defined along a vertical axis at which the print head deposits a material and at
step 255 to define a plane al the angle of the print head at which the print head
deposits the material. The depth and the plane define a portion of space viable
for printing the wireframe structure without collisions.  As mentioned above, the
depth may be increased though use of an exiender element attachable 1o the
print head

Al step 257, the model is sliced into segments using the depth as ths
maximum thickness or height of the segment (see FIG. 7). As mentioned above,
the depth cannol be steeper than the slant of angle « or the print head itself.

The iocations of the segments are determined by (1) important features on
the model geomelry, and (2} the minimum and maximum height of the mesh
pattern between two subssquent segments. In one embodiment, the invention
slices the 3D modsl into segments along a z-axis forming horizontal slices {(width
and fength of the objecl’s bounding box) at a spedific height using a Boolean
intersect operation. It is also contemplaled the 3D model may be sliced inlo

segments along an x-axis forming one or more vertical slices.

12
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According to a particular embodiment, for each segment the invention
extracis the fop layer by converting it o a high-resclution bitmap and then
applying an algorithm, for example, OPENCV'S FINDCONTOUR. If there are muitiple
lavers on one segment, the relationship to each other is known, Le. whether they
are located next {0 each other or contained in sach other.

Al step 258, a mesh pattern is defined. Again, the mesh patiern is
determined by the paramesters of the print head of the printing device. For
exampls, as described more fully in reference o FIG. 7, the verlical or support
aedges of an exemplary mesh patlemn have a height equal o the depth the print
head can reach (also equal (0 the maximum thickness or height of the segment).
The downward edges of the exemplary mesh pattern are limited by the angle or
slanted edge of the print head. The mesh patlern is posilioned between two
consecutive contours or layers,

When generating the mesh pattern, the invention maximizes the object’s
physical stability by aligning all vertical lines across segments. Simply using the
points from the segment below does not work, because subseguent segments
might: (1) have a different length, which can lead to insufficient space between
two subsequent points (print head collision), and (2} segmenis might have
different heighis, which can lead to invalid printing angles. Therefore, a mixed
approach is used by first caloulating the oplimal even spacing of points for each
laver and then calculating the minimum distance from a point on the botlom
segment to the top segment. The average of both is used to promote good
stability and a comparably homogeneous spacing. In the case where two vertical
lines are siill oo close 1o sach other, one is simply ignored.  In addition, all

geometrical modifications are implemented due o the mechanical properties of

13
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the filament material and print head such as removing the last diagonal edge of
the mesh pattern from the list of edges to avoid print head collision.  In other
embodiments where a segment has a single contour and its subsequent segment
has two confours {(and vice versa), they are printed on top of each other without
the intermediate mesh patltern. This particular approach may be used in
instances o ensure that any maesh patler of each new segment has filament
material printed undemseath it

FIG. 7 illustrates a block diagram of a segment 300 according {0 one
embodiment of the invention.  The embodiment as shown in FIG. 7 is in the form
of a “zig-zag” type pattern thatl is triangle based, howsver any suitable patlern is
contemplated such as one that is not triangle-based (.2, withoutl a support edge,
for example). As shown, each segment 300 includes a first laver or contour 310

positioned from a second layer or contour 320, The distance belween the
contours 310, 320 is equal to the depth — {9 tan 0{) or as determined by using an

exiender slement atiachable to the print head. The surface 315 between the
favers 310, 320 is replaced with the mesh pattern 330. The mesh 330 joins the
first layer 310 and the second layer 320 and includes a support edge 332
connectad to a downward edge 334, the downward edge 334 limiled by the angle
of the print head from a horizontal axis shown by «a.

As mentioned abovs, the invention transiates the vector representation
into a printer representation using g-cods. Specifically, a list of edges including
all contours and mesh patlerns are exported for printing. The coordinates for the
start point and end point of sach edge are used 1o generaie the movement

commands for the print head and the length of the edge to determine how much

14
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extrusion is required. Additionally, g-code is generated {o command any cooling
mechanism, L.e., turn the fan on/ off 1o properly cool the wiregframe edges.

As mentioned above, the invention may be used in combination with layer-
wise printing o obtain a hybrid structure. This is accomplished by generaling
additional segments between two subssquent segments. The number of
additional segments depends on the printing resclution {(e.g. if two wireframe

segments are 3.5mm apart and the extrusion nozzle is 0.7mm, the invention

generates 3.5mm/0.7mm = 5 additional layers). After generating the segments
and extracting their contours, the invention analyzes which portion is selected for
laver-wise printing in order 1o cut the conlours at the start point and end point of
the selected portion, the remaining which is filled with the mesh patlern.

Furthermore, whether a wireframe siructure or hybrid structure, the
invention prints all detall of the same segment. For example, if a segment
contains muitiple disconnected contours, the invention prints all contours located
on the same segment first before moving up o the next segment.

While the disclosure is susceptible to various modifications and alternative
forms, specific exemplary embodimenis of the inveniion have been shown by
way of example in the drawings and have been described in detall. 1 should be
understood, however, that there is no intent o limit the disclosure to the particular
embodiments disclosed, bul on the conlrary, the intention is to cover all
modifications, equivalents, and allernalives falling within the scope of the

disciosure as defined by the appended daims.
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wireframe strucliure on z surface, the printing device including a print head, the
steps comprising of:

registering parameters of the printing device, whergin the paramelers
include an angle of the print head detined from a horizonial axis and a diameter
of the print head,

calculating from the angle and the diameter a depth defined along a
vertical axis ai which the print head deposits a material; and

defining a plane at the angle of the print head at which the print head
deposits the malterial, the depth and the plane defining a portion of space viable

for printing the wireframe structure on the surface.

2. The method for adapting a printing device for fabrication of a
wireframe structure according to olaim 1 further comprising the steps of:

receiving a 3D model for fabrication;

converting the 3D model inlo a veclor representation (of one or more
points, lines, curves, polygons, elc.);

determining an order for printing segments of the vecior representation;

greating a 3D representation of the wireframe siructure based on the order

for printing segments.

3. The method for adapting a printing device for fabrication of a
wireframe structure according to claim 2 further comprising the step of:
exiruding the material from the print head based on the order for printing

segments 1o fabricate the wireframe siruciure.

4. The method for adapting a printing device for fabrication of a
wireframe structure according o claim 2, wherein the step of determining an
order of printing segmenis of the vector representation further comprising the
steps of

slicing the 3D model inlo segments, sach segment defined by a first layer

positioned from a second laver at a distance equal o the depth; and

16



WO 2016/040507

[$3}

16

15

20

25

30

PCT/US2015/049224

defining a mesh pattern joining the first layer and the second layer, the
mesh patiern including a support edge connected 1o a downward edge, the

downward edge limited by the angle of the print head from a horizonial axis,

5. The method for adapting a printing device for fabrication of a
wireframe structure according to claim 1, wherein the malerial is Acryionitrile
Butadieng Styreng (ABS).

6. The method for adapting a prinling device for fabrication of a
wireframe structure according to claim 1, wherein the material is Polylactic Acid
or Polyiactide {(PLA).

7. The method for adapting a printing device for fabrication of a
wireframe structure according to claim 2, wherein the segments are slices along

the z-axis forming one or more horizontal slices.

8. The method for adapting a printing device for fabrication of a
wirgframe structure according o claim 2, wherein the segments are slices along

the x-axis forming one or more veriical slices.

g The method for adapting a printing device for fabrication of a
wireframe structure according to claim 3 wherein the extruding step is performed

by repeated vertical movement of the print head of the printing device.

10.  The method for adapling a printing device for fabrication of a
wirgframe structure according t© dlaim 3, wherein the extruding step further
comprising the step of cooling the material to accelerale solidification of the

material.
11, The method for adapling a printing device for fabrication of a

wireframe structure according 1o olaim 3, wherein the wireframe slructure

includes one or more solid surfaces.
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12. A systemn for fabricating of a wireframe structure on a surface, the
systern including a processor, a controller and a print head, the system
comprising:

a processor that executes g-code causing the print head to extruds
filament material in the form of 2 mesh patlern, the mesh patlern determined from
one or more parameters of the print head, the one or more paramelers including
an angle of the print head defined from a horizontal axis and a diameter of the

print head.

13.  The system for fabricating of a wirgframe struciure on a surface
according to claim 12, wherein the mesh patlern comprises a first layer, a second
laver, and a downward edge, the first laver and the second laver separaited by a
distance calculated from the angle of the print head and the diameter of the print

head and the downward edge limited by the angle of the print head.

14.  The system for fabricating of a wireframe struciure on a surface
according to claim 13, wherein the mesh pattern further comprises a support

edge connectaed o the first layer, the second layer and the downward edge.

15. A method for converting a 3D model {o a wireframe representation
for fabrication by a printing device, comprising the steps oft

shicing the 3D model! into one or more segments, each segment defined by
a thickness equal or less than a distance a print head of the printing device can
descend without colliding with printed material; and

defining a mesh pattern {0 replace one or more surfaces of the 30 model,
wherein the mesh pallern is defined o prevent collisions between printed

material.
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