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(57) Abstract: Methods, systems, and devices for extrusion-based three-dimensional printing are provided. The methods, systems,
and devices allow for the printing materials such as fabrics, clothing, and wearable and/or implantable devices. A number of differ-
ent enhancements are provided that allow for this improved form of three-dimensional printing, including: (1) printing using a poly-
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SYSTEMS, DEVICES, AND METHODS FOR DEPOSITION-BASED THREE-
DIMENSIONAL PRINTING

CROSS REFERENCE TO RELATED APPLICATION

[0001] The present disclosure claims priority to U.S. Provisional Application No.
62/266,082, entitled “Systems, Devices, and Methods for Extrusion-Based Three-
Dimensional Printing,” which was filed on December 11, 2015, and which is incorporated by

reference herein in its entirety.

GOVERNMENT RIGHTS

[0002] 'This invention was made with Government support under Grant No. SMA-1415129
awarded by the National Science Foundation. The Government has certain rights in the

invention.

FIELD

[0003] The present disclosure relates to systems, devices, and methods for three-
dimensional printing, and more particularly relates to deposition-based (e.g., extrusion-based)
processes, systems, and devices to additively manufacture materials with controlled strength
and flexibility, such as fabrics and other materials that can comfortably fit contoured

surfaces.

BACKGROUND

100041 Medical textiles are often used in surgeries where tissues need to be covered,
connected, or held in place, which is common in sports medicine, as well as cardiovascular,
orthopedic, bariatric, and cosmetic surgeries, among others. Soft tissue repair surgeries are
extremely common as every year there are an estimated 1 million hernia repair surgeries,
300,000 pelvic organ prolapse repairs, 260,000 stress urinary incontinence surgeries, 300,000
breast reconstructions/augmentations, and ~55,000 rotator cuff repairs in the United States.
The most prominent examples of treatments that depend on medical textiles include hernia
repair, in which a textile can hold protruding tissue in place, aortic grafts to repair blood
vessels, artiticial skin grafts to cover burnt skin, braces to immobilize sprained ankles, and

compression stockings or hosiery to improve circulation. Mesh (typically knitted/woven
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synthetic polymer) is commonly used to mechanically support tissue as it heals and to reduce

injury recurrence rates because it can allow for a tension-free repair.

[0005] Many patients suffer serious complications after mesh implantation, as existing
meshes can weaken and irritate body tissues. For example, 25% of abdominal hernias recur
within three years because mesh migrates or abdominal tissue does not heal, up to 43% of
hernia patients experience chronic pain, and 10% of hernia patients suffer infections requiring
mesh replacement. Many complications are caused by mismatches between mesh, which is
typically flat with a uniform mechanical stiffness, and human tissue, which can have great
variation in properties such as curvature, stiffness, and direction of motion within a single
patient, and across similar locations for different patients. Items worn on or in the human
body, ranging from clothing and eyeglasses to prostheses and medical implants, typically are
fitted to the person that wears it for the item to be effective for that individual. Similarly,
meshes work better, whether in terms of comfort, aesthetics, or other function, when their
geometry is tailored to the user. Currently, such tailoring is accomplished by: 1) producing
various standard sizes; 2) making the device size adjustable, for example through clasps or
straps; and 3) by bespoke tailoring, where these items are individually handmade to
measurements of a person. The first two of these only imperfectly approximate different
body shapes, while bespoke tailoring is prohibitively expensive for the vast majority of

applications.

[0006] Three-dimensional (“3D”) printing is growing in popularity as a way to produce
objects, including but not limited to medical implants. There are multiple known techniques
for printing three-dimensionally, such as non-extrusion based processes like
stereolithography and PolylJet processing, and extrusion-based processes like fused deposition
modeling (FDM). While these techniques do offer benefits, such as allowing for high
resolution printing, they suffer from a number of shortcomings as well. For example, many
objects printed using known, traditional 3D-printing techniques produce parts that have
significantly poorer mechanical properties than those produced by traditional fiber composite
manufacturing processes. This is at least because the existing 3D-printing technigues are not
as adaptable or configurable to easily provide a variety of properties across a surface area of
the printed object {e.g., it 15 difficult to change the strength and/or flexibility of a printed
object across a surface area of the object). Most 3D-pritning materials are either hard and

staff, and thus difficult to conform to surfaces and uncomfortable to wear, or they are
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mechanically fragile. The latter is true particularly for materials printed that are intended to

be bincompatible, such as hydrogels (~200kPA tensile strength).

[0007] One example of a 3D printing techmique that does not provide strength and
flexibility that is often desirable for an object to have is a technigue known as selective laser
sintering (SLS). During an SLS printing process, a roller distributes powder in layers that are
then partially melted by a laser to induce bonding in a pattern. This process can print metals
and is relatively rapid, but its mechanical properties tend to be relatively poor due to residual
thermal stresses and porosity, as well as the machines being relatively expensive to buy and

an.

[0008] Additive manufacturing generally refers to manufacturing a part by adding material
as opposed to subtracting, and thus is a way by which parts can be printed three-
dimensionally. Additive manufacturing techniques include some of the aforementioned
techniques (e.g., FDM), as well as others, such as fused filament fabrication (FFF). This
technique is different from other 3D-printing techniques because it allows deposited material
to be added on top of and bonded to previously deposited material rather than relying upon an
existing mold or subtracting material from a mass of material to produce a 3D-object.
Additive manufacturing is growing in popularity as a 3D-printing technique because it allows
users to create unique geometries and process unique material compositions. However, even
existing additive manufacturing 3D-printing techniques are limited in their ability to print a
variety of materials, at a desirable manufacturing rate, and at a desirable manufacturing cost.
Further, even existing additive manufacturing 3D-printing techniques suffer from similar
deficiencies as other 3D-printing techniques when it comes to printing objects that are
adaptable or configurable to easily provide a variety of properties across a surface area of the
printed object. For example, even using existing additive manufacturing 3D-printing
techniques, it is still difficult to change the strength and/or flexibility of a printed object, such
as a surgical mesh, across a surface area of the object. Generally, fabrics and the like
produced using existing additive manufacturing 3D-printing techniques are of significantly
poorer quality than those produced by traditional fiber compositing manufacturing processes.
This is at least because existing additive manufacturing 3D-printing techniques result in
poorer molecular alignment along a fiber axis and issues related achieving strong inter-layer

bonding. Still further, additively manufactured parts typically have a relatively homogenous
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structure, most simply featuring isotropic or uncontrolled anisotropic bonding, which makes

parts brittle and stiff, and thus unsuitable for wear.

[0009] Accordingly, there remains a need to improve methods, systems, and devices for
producing 3D-printed parts that allow the parts to be printed to have a desirable strength and
flexibility, thereby allowing the printed parts to be adaptable or customizable as desired.
While the present disclosures are by no way limited to 3D-printed parts in the medical field,
within that field there is a need for improved methods, systems, and devices for producing
3D-printed medical components (e.g., medical textiles and medical implants), by way of non-
limiting example, surgical meshes for soft tissue repair surgeries, that have a desirable
strength and flexibility for use in various surgical procedures and that can be customized and
configured based on the needs of a patient and/or surgical procedure, and/or the preferences

of a surgeon or other clinician.

SUMMARY

[0010] The present disclosure generally relates to deposition-based (e.g., extrusion-based)
three-dimensional printing methods, systems, and devices, and it provides for a number of
different advances in three-dimensional printing. Each of the advances, by themselves and in
any combination, allows for the printing of materials such as fabrics, packaging, clothing, and
wearable and/or implantable devices. The present disclosure highlights some of these
advances with more particularity than others, although such highlighting by no means
indicates the inventive nature of one advance or aspect in comparison to another. A person
skilled in the art, in view of the present disclosure, will be able to determine numerous

advances, and combinations of advances, that represent inventive subject matter.

[0011] In one exemplary embodiment of a method for printing in three dimensions, the
method includes depositing a filament onto at least one of a surface and one or more
previously deposited filaments, and modulating adhesion of the filament to the at least one of
the surface and the one or more previously deposited filaments across a length of the filament

to form a fabric.

[0012] In some embodiments the filament contacts but is unbonded with respect to the
surface and/or the previously deposited filament(s) in one or more locations along a length of
the surface and/or the previously deposited filament(s). The fabric can have a varied

mechanical response that can result from configuration of the fabric in which a first region



WO 2017/100783 PCT/US2016/066205

across a surface area of the fabric has smaller pores formed between one or more deposited
filaments than pores formed between one or more deposited filaments of a second region
across the surface area of the fabric. The filament can include at least one of a continuous,
pre-made filament, an adhesive-coated filament, and an adhesive filament. In some

embodiments, the surface onto which the filament is deposited is an adhesive surface.

[0013] A number of ways by which adhesion can be modulated are provided for herein or
are otherwise derivable from the present disclosures. For example, modulating adhesion can
include performing photopolymerization on a bonding agent that is in contact with the
deposited filament. Other examples include: (1) bringing the filament into contact with the
surface and/or the previously deposited filament(s); (2) controlling a rate at which a solvent
associated with the filament evaporates prior to the filament coming into contact with the
surface and/or the previously deposited filament(s); (3) selectively exposing regions before,
during, or after depositing the filament to light able to cure a photopolymer, or a material
having light-responsive bonding agents associated therewith; (4) selectively exposing regions
to heat before, during, or after depositing the filament; (5) selectively using an adhesive at
regions before, during, or after depositing the filament; and (6) selectively using an adhesive
to provide bonding between the filament and the previously deposited filament(s). In some
instances, modulating adhesion can include controlling one or more of the following fabric
properties: deformation, electrical conductivity, thermal conductivity, and toughness.
Modulating adhesion of the filament using the techniques provided for herein can control a

shear modulus of the fabric.

[0014] The method can further include depositing one or more additional filaments onto at
least one of a surface and one or more previously deposited filament, and likewise
modulating adhesion of the one or more additional filaments to the at least one of the surface
and the one or more previously deposited filaments across a length of the one or more
additional filaments. In such instances, the method can also include locally adjusting at least
one of an orientation, thickness, and composition of at least one of: (a) the deposited
filament(s); and (b) one or more adhesives used in conjunction with the one or more
deposited filament(s), such that the fabric has a varied mechanical response to application of
an outside force across a surface area of the fabric. Locally adjusting at least one of the
orientation, thickness, and composition of the deposited filament and/or the adhesive(s) used

in conjunction with the deposited filament(s) can further include: (1) modulating shear stress
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of the fabric by changing interfilament bonding; (2) modulating out-of-plane extension of the
fabric in response to in-plane compression or tension of the fabric; (3) modulating tensile
stiffness of the fabric through localized filament slack; and (4) modulating Poisson’s ratio

through filament and bonding patterns.

[0015] Many different materials can be used in conjunction with the above-discussed
methods. For example, the material of the deposited filament(s) and/or the material of one or
more adhesives used in conjunction with the filament(s) can include either or both of a
thermoplastic polymer and a thermoset polymer, among other materials. In some
embodiments, the filament and an adhesive used in conjunction with the filament can be the

same material.

[0016] The method can further involve dissolving a polymer in a solvent to form a viscous
fluid. In such instances, the step of depositing a filament onto at surface and/or previously
deposited filament(s) can include extruding the viscous fluid through a nozzle to form the
filament. Many different ways by which a filament can be extruded are provided in the
present disclosure. In some embodiments, steps related to extruding can include a step that is
sometimes referred to in the present disclosure as stretching. For example, extruding the
viscous fluid through a nozzle to form a filament can include positioning the nozzle at a first
location with respect to the surface and/or previously deposited filament(s) and depositing an
initial portion of the filament from the nozzle at a first site on the surface and/or previously
deposited filament(s). The process can continue by moving the nozzle to a second location
with respect to the surface and/or the previously deposited filament(s) while depositing an
additional portion of the filament from the nozzle towards the surface and/or the previously
deposited filament(s) to stretch the additional portion of the filament. Still further, the
process can continue by positioning the nozzle at a third location with respect to the surface
and/or the deposited filament(s) and depositing an end portion of the filament from the nozzle

at a second site on the surface and/or the previously deposited filament(s).

[0017] In some embodiments that involve stretching, moving the nozzle to a second
location can also include the action of raising the nozzle to the second location with the
second location being above the first location with respect to the surface and/or the
previously deposited filament(s). The nozzle can also be accelerated when it is being raised
to the second location. In some instances, regardless of whether the nozzle is raised when

moving to the second location, the nozzle can be accelerated after positioning the nozzle at a

—6—
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third location to straighten the additional portion of the filament. The first and third location

as defined more generally by the method can both be proximate to the surface.

[0018] One exemplary embodiment of a garment, medical textile, or medical implant
includes a plurality of filaments disposed with respect to each other to form a non-woven
fabric that has a plurality of intersection locations at which a portion of one filament of the
plurality of filaments intersects another filament of the plurality of filaments. The filaments
at one or more intersection locations of the plurality of intersection locations are bonded
together, while the filaments at one or more other intersection locations of the plurality of
intersection locations are not bonded together. The one or more intersection locations that
are bonded together are non-stochastically and rationally distributed with respect to a volume

of the garment, medical textile, or medical implant.

[0019] The garment, medical textile, or medical implant can be configured such that when
it is laid out with no folds or wrinkles onto a planar surface, the garment, medical textile, or
medical implant conforms to the non-planar surface. The non-woven fabric can be devoid of
interstices between the filaments that are bonded together. In some embodiments, the
properties of the non-woven fabric can be impacted by changing a patterning of at least one
of the filaments and an adhesive used in conjunction with the filaments, with respect to other
filaments or other adhesives used in conjunction with the filaments. In some embodiments,
the properties of the non-woven fabric can be impacted by changing a composition of at least
one of the filaments and an adhesive used in conjunction with the filaments in a first region
of the fabric while not necessarily changing a composition of at least one of the filaments and

an adhesive used in conjunction with the filaments in a second region of the fabric.

[0020] A first region across a surface area of the non-woven fabric can have smaller pores
formed between one or more filaments than pores formed between one or more filaments of a
second region across the surface area of the garment, medical textile, or medical implant. In
some embodiments, a diameter of filament of the plurality of filaments can be at least about
200 microns. In some instances, the garment, medical textile, or medical implant is a surgical
mesh, such as one that can be used to treat hernias, while in other instances, the garment,
medical textile, or medical implant is a stent that is configured to change to a predetermined
and customized shape based on a configuration of the plurality of filaments and/or any

adhesive of the non-woven fabric.
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[0021] In another exemplary embodiment of a method for printing in three dimensions, the
method includes dissolving a polymer that includes cellulose acetate in a solvent to form a
viscous fluid, extruding the viscous fluid through a nozzle to form a filament, and depositing

the filament onto a surface in layers to form a three-dimensional part.

[0022] In some embodiments, the solvent includes acetone. The method can also include a
step of controlling a level of adhesion by the filament to at least one of the surface, one or
more other surfaces, and one or more deposited filaments. Controlling a level of adhesion by
a filament can be achieved, for example, by adjusting a distance between the nozzle and the
at least one of the surface, the one or more other surfaces, and the one or more deposited
filaments onto which the filament is deposited. Other methods for controlling a level of
adhesion are also provided in the present disclosure, and include: (1) adjusting a
concentration of the solvent, and (2) adjusting a rate at which the viscous fluid is deposited
out of the nozzle. The surface onto which the filament is deposited can be a three-
dimensional template, and the deposited filament can substantially conform to the shape of

the three-dimensional template.

[0023] The method can further include depositing a plurality of filaments onto at least one
of the surface, one or more other surfaces, and one or more deposited filaments. Each
filament of the plurality of filaments can be formed by extruding the viscous fluid through the
nozzle. In some embodiments, a stretching step can be utilized for at least one of the steps of
depositing filament onto a surface and depositing a plurality of filaments onto at least one of
the surface, one or more other surfaces, and one or more deposited filaments.. For example,
the method can include positioning the nozzle at a first location in space to deposit an initial
portion of the filament at a first site on the surface, on one or more other surfaces or on one or
more deposited filaments onto which the filament is being deposited. The nozzle can be
raised to a second location in space that is above the first location while depositing an
additional portion of the filament on the surface, on one or more other surfaces , or on one or
more deposited filaments onto which the filament is being deposited. Still further, the
nozzles can be positioned at a third location in space to deposit an end portion of the filament
at a second site on the surface, on one or more other surfaces, or on one or more deposited
filaments onto which the filament is being deposited. In some embodiments, in addition to
raising the nozzle to a second location, the nozzle can be accelerated. Further, in some

instances, regardless of whether the nozzle is raised when moving to the second location, the
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nozzle can be accelerated after positioning the nozzle at a third location to straighten the
additional portion of the filament. The first and third location as defined more generally by

the method can both be proximate to the surface.

[0024] In some aspects, the present disclosure provides for methods, systems, and devices
that print three-dimensionally by using a polymer dissolved in a solvent. Dissolving the
polymer in the solvent can form a viscous fluid, sometimes referred to as “dope.” While
and/or after the viscous fluid is ejected out of one or more print nozzles, the solvent
evaporates, leaving the polymer in filament form. In some instances, a filament can stop
being adhesive once the solvent evaporates. A combination of deposited filaments results in
a three-dimensionally printed object. Many examples of three-dimensionally printed objects
are provided for herein, including but not limited to fabrics, clothing, wearable devices, and
implantable devices. In some instances in the present disclosure, reference to ejecting or
depositing a viscous fluid or dope is used interchangeably with reference to ejecting or
depositing a filament since the result of ejecting the dope is a filament. A person skilled in
the art will understand this interchangeable use, and as such, reference to ejecting or
depositing a filament can include ejecting or depositing a material, such as dope, that will

eventually become a filament.

[0025] The rate at which the solvent evaporates can be controlled, thereby allowing for
different configurations and characteristics of the printed material. The rate can be controlled
by adjusting a number of different parameters, including but not limited to a distance between
a depositing end of a nozzle and a surface or other object (including a previously deposited
filament) onto which the dope is printed, a concentration of the solvent, the nozzle
temperature, the deposition chamber temperature, and a rate at which the dope is deposited
out of the nozzle. The dope, and thus ultimately the filament, can be deposited on any
number of surfaces, including a flat surface, a contoured surface, previously deposited
fluid/filament, etc. In some instances, the surface can be a three-dimensional template, to
which the deposited filament can substantially conform, thereby taking the shape of the three-

dimensional template.

[0026] In some exemplary embodiments, the polymer includes cellulose acetate and the
solvent includes acetone. A person skilled in the art, in view of the present disclosure, can
recognize other polymers and solvents that can be used in conjunction with the present

disclosures. Performing chemical reactions, such as hydrolysis, on the deposited filament can

—9_
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further strengthen or harden the filament, or provide diverse other characteristics such as
hydrophilicity, by replacing the molecules on the cellulose acetate molecule. By way of non-
limiting example, when hydrolysis is performed on cellulose acetate, the resulting material
can be cellulose. It is also possible to produce diverse other cellulose derivatives by this
method, including carboxymethyl cellulose and methylcellulose. Some exemplary, non-
limiting materials that can be used in conjunction with performing chemical modifications,
such as hydrolysis, include sodium hydroxide and phosphoric acid. A person skilled in the
art, in view of the present disclosures, will recognize how a system or device, such as a
printer, can be made or otherwise adapted for use with polymers and solvents such as
cellulose acetate and acetone, as well as various features that can be included as part of the
systems and devices to operate and/or enhance the performance of the same. Such
adaptations will depend, for example, on the material used as the dope. By way of non-
limiting example, if the system includes cellulose acetate in acetone, a storage container of
the system or device can be gas tight, while a printing chamber can be well-ventilated. The
printing chamber could also be heated or cooled to modulate the drying kinetics. For other
dopes, or other filament sources such as thermoplastics, conditions related to limiting water
vapor may be important. Still further, an antibiotic agent, photocurable material, electrically
conductive additive, or other functional component can be included as part of any deposited
material, and then an interaction can be initiated, to further enhance the properties and
capabilities of the deposited material. This can be useful, for example, when the printed

material is used in conjunction with an implantable medical device.

[0027] In some other aspects, the present disclosure provides for methods, systems, and
devices that control whether or not particular portions of a deposited filament bond to a
surface or other object (including a previously deposited filament; to the extent the term
“other object” is used herein, it typically also includes a previously deposited filament, unless
otherwise specified) upon extrusion. A number of different parameters can be monitored and
controlled to impact whether a bond is formed, including but not limited adjusting a distance
between a depositing end of a nozzle through which dope that forms the filament is deposited
and a surface or other object onto which the filament becomes disposed, a concentration level
of a solvent used in forming the dope, and the rate at which the dope is deposited out of the
nozzle. Furthermore, the bonding can also be controlled for printing materials that are not
polymers dissolved in solvent. Non-limiting examples of these include thermoplastic

polymers, photopolymers, thermoset polymers, and pre-made continuous, semi-continuous,

10—
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or non-continuous fibers that are mixed with a material that can be made adhesive. In each of
these cases, by systematically controlling when bonding takes place, the bonding of a

filament to any given surface or other object can be controlled.

[0028] In some exemplary embodiments, a printed filament can be stretched as it is
deposited on, or at least towards, a surface or other object. More specifically, a nozzle can be
positioned at a first location with respect to a surface or other object, and an initial portion of
a filament can be deposited from the nozzle at a first site on the surface or other object. The
nozzle can be moved to a second location with respect to the surface or other object, and
while the nozzle is being moved, an additional portion of the filament can be deposited from
the nozzle. Then the nozzle can be positioned at a third location with respect to the surface or
other object, and an end portion of the filament can be deposited at another site on the surface

or other object. This process can be repeated for an arbitrary number of points.

[0029] As part of inducing the stretching, the nozzle can be raised and/or accelerated as the
nozzle moves to the second location, or any point subsequent to the first. Further, the
deposited filament can be straightened by accelerating the nozzle at, near, or after the nozzle
is positioned at the third location, or ay point subsequent to the first. The amount of
acceleration, which can also be zero or negative, can depend on many factors, including but
not limited to the desired amount of stretching, the desired printing outcome, and other
parameters that impact stretching of a filament, but in some exemplary embodiments, the
acceleration that occurs as the nozzle(s) moves from the second to the third location (for
instance by advancing and moving towards a surface) can be greater than the acceleration that
occurs as the nozzle(s) moves from the first location to the second location (for instance by

advancing and moving away from a surface).

[0030] The first and third locations can be proximate to the surface or other object to form
anchors with the surface or other object at both ends of the filament, though any combination
of locations can serve as anchors for printing filament. In some embodiments, the process
can be repeated in substantially the same manner at different locations and positions
(sometimes just slightly different locations and positions) to help form a three-dimensional
object. Likewise, in some embodiments, multiple nozzles can be operated at the same time.
A person skilled in the art, in view of the present disclosures, will understand how to print

multiple filaments sequentially and/or simultaneously, and how to adapt various methods,
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systems, and devices provided for herein to accommodate multiplexing, i.e., the use of

multiple nozzles at the same time.

[0031] A level of adhesion by any deposited filament to a surface and/or other object can
be controlled using any number of techniques provides for herein or otherwise known to
those skilled in the art. The level of adhesion can, for example, be controlled by the rate at
which a solvent associated with the dope evaporates. As with the earlier described aspects,
the rate at which the solvent evaporates can be controlled by adjusting a number of different
parameters, including but not limited to a distance between a depositing end of a nozzle and a
surface or other object onto which the dope is printed, a concentration of the solvent, and a
rate at which the dope is deposited out of the nozzle. The dope, and thus ultimately the
filament, can be deposited on any number of surfaces, including a flat surface, a contoured
surface, previously deposited fluid/filament(s), etc. In some instances, the surface can be a
three-dimensional template, to which the deposited filament can substantially conform,
thereby taking the shape of the three-dimensional template. Further, the filament can include
a wide variety of materials, including but not limited cellulose acetate, a thermoplastic, a
thermoset plastic, nylon, polyester, and silk, alone or, in some instances, in combination.
Still further, an antibiotic agent, electrically conductive additive, photocurable material, or
any other functional additive can be included as part of any deposited material, and in some
cases an interaction can then be initiated, to further enhance the properties and capabilities of
the deposited material. This can be useful, for example, when the printed material is used in

conjunction with an implantable medical device.

[0032] A person skilled in the art, in view of the present disclosures, will recognize how a
system or device, such as a printer, can be made or otherwise adapted to control whether or
not particular portions of a deposited filament bond to a surface or other object, as well as
various features that can be included as part of the systems and devices to operate and/or
enhance performance of the same. Components of a printer can include, but are not limited
to, one or more drivers to advance one or more printheads on which one or more nozzles can
be disposed, as well as a controller to control and/or operate, among other things, a print path
along which the printhead(s) are moved and/or components of the printer that help control the
rate at which a solvent associated with the dope disposed in the printer evaporates, or the rate
at which a material loses its ability to adhere by another means (e.g., thermoplastics or

thermosets).

—12 -



WO 2017/100783 PCT/US2016/066205

[0033] In still some other aspects, the present disclosure provides for methods, systems,
and devices that produce a three-dimensional printed object such as a fabric or a fabric-like
part by creating a fully or partially-woven pattern, or a pattern that is not woven but bonded
to create fabric-like mechanics. The present disclosure provides some non-limiting examples
of paths (sometimes referred to as toolpaths) that nozzles can follow to produce the three-
dimensional printed object. A person skilled in the art will recognize a variety of other paths
that can be followed to create three-dimensional printed objects in view of the present
disclosures without departing from the spirit of the present disclosure. By way of non-
limiting example, although the embodiments illustrated in Appendix A illustrate the toolpaths
as horizontal and vertical straight lines that are approximately 90 degrees with respect to each
other, such illustration is only for purposes of easily describing representative, but non-
limiting, embodiments. A person skilled in the art, in view of the present disclosures, will
recognize many other configurations and paths that can be used. By way of non-limiting
examples, one or more of the toolpaths illustrated as being parallel to each other can be
angled with respect to each other, and one or more of the toolpaths illustrated as being
perpendicular to each other can be at a non-right angle with respect to each other. By way of
still further non-limiting examples, no toolpath needs to be straight from one end to the other.
Each toolpath can have any number of twists, turns, contours, or other configurations.
Likewise, any paths in the third-dimension (the z-direction or axis, i.e., into or out of the
paper in at least some of the illustrated embodiments of Appendix A) can also take on any
type of configuration, including being angled with respect to the x-direction or axis, y-
direction or axis, and/or the x-y plane, and any toolpath in the z-direction can be straight,

curved, twisted, etc.

[0034] In some exemplary embodiments, a three dimensional object is printed using a
combination of warp and weft nozzles, such as a plurality of warp nozzles and one weft
nozzle. As described herein, generally a warp nozzle can extrude filament that takes the
place of warp filament in a traditional textile, while a weft nozzle can extrude filament that
takes the place of weft filament in a traditional textile. A first subset of the warp nozzles can
be advanced in a first direction while also ejecting a filament from one or more of the warp
nozzles of the first subset. Subsequently, the weft nozzle can be advanced in a second
direction. After that, a second subset of the warp nozzles, e.g., those warp nozzles that were
not advanced as part of the first subset, can be advanced in the first direction while also

ejecting a filament from one or more of the warp nozzles of the second subset. Subsequently,
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the weft nozzle can be advanced in the second direction, or alternatively, in a third direction
that is opposite of the second direction with the second and third directions being

approximately parallel with respect to each other.

[0035] In some embodiments, the second and third directions can be approximately
perpendicular to the first direction, although, as described above, they do not necessarily have
to be in such a configuration, nor do the first, second, and third directions have to be
represented by straight lines. For example, an angle formed by the first and second directions
can be approximately in the range of about 30 degrees to about 90 degrees, and in some
embodiments the angle formed by the first and second directions is approximately 90
degrees. Regardless of the angles formed by any of the first, second, and third directions, the
advancing of the first and second subsets of warp nozzles and the weft nozzle while also
ejecting filament can be repeated one or more times until a desired three-dimensional printed
object is formed. In fact, in some embodiments, the orientation of the paths, and which

nozzles deposit filament during which passes along the paths, can change.

[0036] The weft nozzle can be advanced in the first direction without ejecting filament so
that the weft nozzle can pass across different portions of filament ejected by the apparatus. In
some embodiments, more than one weft nozzle can be used and/or weft or warp printheads
can contain multiple weft and warp nozzles, respectively. Further, any of the ejected
filaments can be stretched and/or straightened in a manner as described above or elsewhere
herein, e.g., raising and/or accelerating nozzles and/or otherwise controlling a rate at which a
solvent associated with an ejected dope or filament evaporates, or modulating filament length
by any other method appropriate for that filament, as described herein or otherwise known by
those skilled in the art in view of the present disclosure. The filament bonding can likewise
be controlled by adjusting a number of different parameters, including but not limited to a
distance between a depositing end of a nozzle and a surface or other object onto which the
dope or filament is printed, a concentration of the solvent, and a rate at which the dope or
filament is deposited out of the nozzle or any other method appropriate for that filament, as
described herein or otherwise known by those skilled in the art in view of the present

disclosure.

[0037] In some embodiments, the process can be repeated in substantially the same manner
at different locations and positions (sometimes just slightly different locations and positions)

to help form a three-dimensional object. Likewise, in some embodiments, multiple nozzles
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can be operated at the same time. A person skilled in the art, in view of the present
disclosures, will understand how to print multiple filaments sequentially and/or
simultaneously, and how to adapt various methods, systems, and devices provided for herein

to accommodate such multiplexing.

[0038] The dope, and thus ultimately the filament, can be deposited on any number of
surfaces, including a flat surface, a contoured surface, previously deposited dope/filament(s),
etc. In some instances, the surface can be a three-dimensional template, to which the
deposited filament can substantially conform, thereby taking the shape of the three-
dimensional template. Further, the filament can include a wide variety of materials, including
but not limited to cellulose acetate, a thermoplastic, thermoplastic polyurethane,
polypropylene, a thermoset plastic, nylon, polyester, silk, elastomers, continuous fiber, semi-
continuous fiber, and non-continuous pre-made fiber alone or, in some instances, in
combination. Still further, an antibiotic agent, a photocurable material, an electrically
conductive material, or any other functional material can be included as part of any deposited
material, and then, at least in some cases, an interaction can be initiated to further enhance the
properties and capabilities of the deposited material. This can be useful, for example, when
the printed material is used in conjunction with an implantable medical device and/or a

wearable sensor.

[0039] A person skilled in the art, in view of the present disclosures, will recognize how a
system or device, such as a printer, can be made or otherwise adapted to print using warp and
weft nozzles to print a three-dimensional object, as well as various features that can be
included as part of the systems and devices to operate and/or enhance performance of the
same. Components of a printer can include, but are not limited to, one or more drivers to
advance the warp and weft nozzles, as well as a controller to control and/or operate, among
other things, the one or more drivers to selectively advance the nozzles as desired and/or
components of the printers that help control the rate at which a material changes in its
capacity to bond, for example how quickly solvent associated with the dope disposed in the
printer evaporates, and/or how quickly a thermoplastic polymer cools, and/or how rapidly a

thermoset polymer is heated.

[0040] Non-limiting examples of three-dimensional objects that can be printed using the
methods, systems, and devices provided for herein include an article of clothing, an

implantable medical device, and a wearable medical device. In view of the present
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disclosures, a produced three-dimensional object can be fully woven. Likewise, in view of
the present disclosures, a produced three-dimensional printed object can be fully assembled
without stitching, or with substantially less stitching than an object produced by methods not
provided for in the present disclosure. In other words, once the system or device deposits
filament, no further steps are needed to hold the printed filaments together because the
system or device already sufficiently secured the filaments with respect to each other. Of
course, other methods of bonding materials together, including but not limited to stitching,
can be performed during or after the printing is completed; the present disclosure, however, is

capable of significantly reducing and/or eliminating a need to do so.

[0041] In still further other aspects, the present disclosure provides for methods, systems,
and devices that produce a three-dimensional printed object by printing across multiple
layers, i.e., printing on multiple x-y planes during a single pass of a nozzle from one end of
its path to another. In other words, an entire layer of a three-dimensional object is not
necessarily completed before printing portions of another layer, each layer (i.e., each x-y
plane) being at a different location along the z-axis. Furthermore, the difference in the z-
height between each x-y plane may be less than the filament diameter, which can result in a

partial mixing of layers.

[0042] In some such embodiments, filament can be deposited onto a surface or other
objects from one or more warp nozzles as the nozzles make a first pass in an x-direction of a
three-dimensional x-y-z coordinate plane, with the one or more warp nozzles moving in both
the x-direction and a z-direction of the coordinate plane during the pass. Filament can be
deposited during the pass, and, as a result, it can be deposited in multiple x-y planes.
Likewise, filament can be deposited onto the surface or other objects from a weft nozzle as
the nozzle makes a first pass in a y-direction of the coordinate plan, with the weft nozzle
moving in both the y-direction and the z-direction of the coordinate plane during the pass.
Filament can be deposited during the pass, and, as a result, it can be deposited in multiple x-y
planes. Additional filament can be deposited by the one or more warp nozzles and/or the
weft nozzle in a similar fashion such that the additional filament is also deposited in multiple
x-y planes. As a result, multiple layers in the z-direction are printed simultaneously such that
a single layer in an x-y plane of the multiple x-y planes remains incomplete while printing a

portion of another layer in another x-y plane of the multiple x-y planes. It is also possible to
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make such parts with just a single muzzle moving in a similar manner instead of separate

warp and weft nozzles.

[0043] The angles formed by the X, y, and z directions can vary. By way of non-limiting
example, in one embodiment the x-direction can be any direction that forms an angle
approximately in the range of about 45 degrees to about 90 degrees with respect to the y-
direction in an x-y plane of the multiple x-y planes. By way of further non-limiting example,
in one embodiment the y-direction can be any direction that forms an angle approximately in
the range of about 45 degrees to about 90 degrees with respect to the x-direction in an x-y
plane of the multiple x-y planes. By way of still a further non-limiting example, the z-
direction can be any direction that forms an oblique angle with any x-y plane of the multiple

x-y planes.

[0044] Any of the ejected filaments can be stretched and/or straightened in a manner as
described above or elsewhere herein, e.g., raising and/or accelerating nozzles and/or
controlling a rate at which a solvent associated with an ejected dope or filament evaporates.
The latter can likewise be controlled by adjusting a number of different parameters, including
but not limited to movement of the nozzle from which the filament is deposited in the z-
direction, a solvent concentration associated with the deposited filament, and a rate at which

the filament is deposited out of the nozzle.

[0045] The dope, and thus ultimately the filament, can be deposited on any number of
surfaces, including a flat surface, a contoured surface, previously deposited dope, etc. In
some instances, the surface can be a three-dimensional template, to which the deposited
filament can substantially conform, thereby taking the shape of the three-dimensional
template. Further, the filament can include a wide variety of materials, including but not
limited to cellulose acetate, a thermoplastic, thermoplastic polyurethane, a thermoset plastic,
nylon, polyester, silk, an elastomer, a continuous pre-made fiber, a semi-continuous pre-made
fiber, and/or a non-continuous pre-made fiber, alone or, in some instances, in combination.
Still further, an antibiotic agent, a photocurable material, an electrically conductive material,
or any other functional material can be included as part of any deposited material, and then an
interaction can be initiated, to further enhance the properties and capabilities of the deposited
material. Such a combination can also include a pre-made continuous or semi-continuous
filament, such as cotton, ballistic nylon, carbon fiber, cotton, nylon, polyester, rayon,

cellulose acetate, polyurethane, an elastomer, polyester, silk, wool, or another fiber
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commonly used in textiles. This can be useful, for example, when the printed material is

used in conjunction with an implantable medical device.

[0046] A person skilled in the art, in view of the present disclosures, will recognize how a
system or device, such as a printer, can be made or otherwise adapted to print using warp and
weft nozzles to print across multiple layers of x-y planes at the same time, as well as various
features that can be included as part of the systems and devices to operate and/or enhance
performance of the same. Components of a printer can include, but are not limited to, one or
more drivers to move the warp and weft nozzles, as well as a controller to control and/or
operate, among other things, the one or more drivers to selectively advance the nozzles as
desired. The controller can also be used to control and/or operate parameters that impact
stretching of filament as it is being deposited, e.g., raising and/or accelerating nozzles and/or
adjusting one or more of a distance between an ejecting nozzle and a surface or object onto
which the filament is ejected from the nozzle, a concentration of solvent associated with the
filament to be printed by the nozzle, and a rate at which filament is deposited from the

nozzle.

BRIEF DESCRIPTION OF DRAWINGS

[0047] 'This disclosure will be more fully understood from the following detailed

description taken in conjunction with the accompanying drawings, in which:

[0048] FIG. 1is a perspective view of one exemplary embodiment of a 3D-printing device;

[0049] FIG. 2 is a schematic illustration of one exemplary embodiment of a tool path for

use in conjunction with 3D-printing methods provided for herein;

[0050] FIG. 3A is a schematic perspective view of another exemplary embodiment of a 3D-

printing device;

[0051] FIG. 3B is a schematic top view of the 3D-printing device of FIG. 3A;

[0052] FIGS. 4A-4F is a schematic illustration of one exemplary embodiment of a printing
method involving a plurality of nozzles, with each figure providing for a different stage in the
method as nozzles of the plurality of nozzles move with respect to a surface onto which

printing occurs;
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[0053] FIG. 5A is a top view of one exemplary embodiment of a mesh produced using an
exemplary printing technique provided for herein, the mesh having a central region that

includes bonded nodes and a periphery portion that does not included bonded nodes;

[0054] FIG. 5B is a top view of another exemplary embodiment of a mesh produced using
an exemplary printing technique provided for herein, the mesh having all interlayer nodes

bonded, and a weighted component being associated with the mesh;

[0055] FIG. 5C is a top view mesh having similar characteristics as the mesh of FIG. 5B
except rather than having all interlayer nodes bonded, nodes in a central region are not

bonded, the mesh having the weighted component of FIG. 5B associated therewith;
[0056] FIG. 5D is a detailed top view of a central region of the mesh of FIG. 5B; and
[0057] FIG. 5E is a detailed top view of the central region of the mesh of FIG. 5C.
DETAILED DESCRIPTION

[0058] Certain exemplary embodiments will now be described to provide an overall
understanding of the principles of the structure, function, manufacture, and use of the
systems, devices, and methods disclosed herein. One or more examples of these
embodiments are illustrated in the accompanying drawings. Those skilled in the art will
understand that the systems, devices, and methods specifically described herein and
illustrated in the accompanying drawings are non-limiting exemplary embodiments and that
the scope of the present invention is defined solely by the claims. The features illustrated or
described in connection with one exemplary embodiment may be combined with the features
of other embodiments. Such modifications and variations are intended to be included within
the scope of the present invention. Further, to the extent a term like “filament” is used herein
a person skilled in the art, in view of the present disclosure, will understand that it includes a
polymer extruded from a nozzle, a continuous, semi-continuous, or non-continuous pre-made
fiber, or combinations thereof. As provided for herein, a filament can include a continuous,
pre-made filament, an adhesive-coated filament, and an adhesive filament (i.e., where the
material that the filament is composed of is itself made adhesive), among other filament
configurations. Additionally, to the extent the terms “depositing” and “extruding” are
described in the present disclosure, a person skilled in the art will recognize that “extruding”

is one form of depositing a filament, and that it typically involves ejecting a material from a
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nozzle, while “depositing” more generally describes a variety of ways by which a material
can be printed. While the present disclosure primarily describes depositing materials for
printing via one or more nozzles, and thus primarily describes extruding, a person skilled in
the art will recognize that the same techniques can be applied to other techniques for
depositing materials during 3D printing, including powder bed sintering and
stereolithographic methods. Accordingly, to the extent the term nozzle is used herein, a
filament guide or other object used for depositing material can be used interchangeably or in

conjunction with a nozzle.

[0059] The present disclosure generally relates to systems, devices, and methods for three-
dimensional printing, and more particularly relates to deposition-based (e.g., extrusion-based)
processes, systems, and devices to additively manufacture materials with controlled strength
and flexibility, resulting in the ability to produce fabrics and other objects that are wearable
and otherwise are conformable to a surface onto which they are placed. Each of the advances
provided for herein, by themselves and in any combination, allows for the printing of
materials such as fabrics, packaging, garments, clothing, medical textiles, medical implants,
and wearable and/or implantable devices. The present disclosure highlights some of these
advances with more particularity than others, although such highlighting by no means
indicates the inventive nature of one advance or aspect in comparison to another. The present
disclosure includes some illustrations and descriptions that include prototypes or bench
models. A person skilled in the art will recognize how to rely upon the present disclosure to
integrate the provided techniques, systems, and methods into a product, such as a consumer-

ready, factory-ready, warehouse-ready, or lab-ready three-dimensional printer.

[0060] There are four aspects of the presently disclosed embodiments that are particularly
useful in achieving 3D-printed objects (e.g., fabrics) that conform to surfaces: (1) the
materials that are deposited during the printing process; (2) the ability to control inter-
filament bonding between printed filaments; (3) toolpaths used to produce interwoven layers;
and (4) the devices and systems that are used to produce fully woven fabrics. To that end, the
resulting produced objects, which include but are not limited to fabrics, garments, and
clothing, as well as medical components (e.g., medical textiles and medical implants) such as
meshes, also represent significant developments in the field given the configuration of the
produced objects in comparison to similar objects printed using more traditional methods.

One key aspect to achieving objects of this nature is that the systems, devices, and methods
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provide for the local manipulation of the connectively between the material being deposited
and the underlying support (e.g., the surface on which it is being printed, which may be an

outside surface, or may be a previously deposited material(s)).

[0061] FIG. 1 provides one exemplary embodiment of a three-dimensional printing device
or printer 100 set-up for printing in an x-y coordinate plane. The illustrated embodiment
includes nozzles 110 and an air pump 120 for deposition of materials used in the printing
process, but a person skilled in the art will recognize that various means of depositing
materials onto a printing surface can be used. The materials deposited by the air pump 120
can include liquid inks that can be used to dissolve cellulose, cellulose acetate, as well as
other materials. These materials can then be dissolved in a solvent that bonds as the solvent
evaporates, thereby allowing rapid part production. The solvent used can be acetone, but a
person skilled in the art will recognize that other solvents having rapid evaporation
capabilities can also be used. Additional information about materials that can be used in
conjunction with the printing devices, systems, and methods provided for in the present
disclosure, including various deposition materials, solvents, adhesives, and materials to wash
away materials that provided adhesive forces following deposition, are provided below, as

well as throughout the present disclosure and those disclosures incorporated herewith.

[0062] In a bench model of the printer 100, the printer is a modified Printrbot Simple
Metal, manufactured by Printrbot Inc. of Lincoln, California, where such modifications
include replacing the standard printhead with the air-powered Nordson Ultimus I syringe
pump, manufactured by Nordson Corporation of Westlake, Ohio. The air-powered syringe
pump becomes a printhead 130 in this modified version of the 3D printer. However, many
different 3D printers and air pumps, or similarly capable components, can be used in
conjunction with the present disclosures. Components of a printer can include, but are not
limited to, one or more drivers to advance one or more printheads on which one or more
nozzles can be disposed, as well as a controller to control and/or operate, among other things,
a print path along which the printhead(s) are moved and/or components of the printer that
help control the rate at which a solvent associated with the dope disposed in the printer
evaporates, or the rate at which a material loses its ability to adhere by another means (e.g.,
thermoplastics or thermosets). Various chambers for housing materials to be printed can also
be part of the printer. The printer 100 is able to move across an x-y plane to deposit material

onto a surface. The movement of the printer 100 in the x-y plane is a capability of 3D
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printers, and thus a description of how it is able to move in the x-y plane is unnecessary since

it is understood by those skilled in the art.

[0063] The surface upon which the deposited materials can be printed can be any surface.
In the illustrated embodiment, a surface 108 is substantially flat, and thus has its own x-y
plane. However, in view of the present disclosures, the printer 100 can print onto a more
contoured surface at least because the disclosures provided for herein allow the printed
materials to conform to the surfaces onto which they are printed. Further, because 3D
printing necessarily results in an object having three dimensions, and because the present
disclosures relate to additive manufacturing, printing also occurs onto material that has
already been deposited, such as filament or other materials previously deposited by the
printer 100. In some embodiments, the surface onto which the material is deposited is an

adhesive surface (i.e., a surface that is covered in an adhesive material).

[0064] As described in greater detail below, for instance when describing toolpaths and
stretching a filament, a z-height of the printhead 130 can also be adjusted, thus allowing the
printer 100 to print in three dimensions. A person skilled in the art understands how a 3D
printer is able to move in a third plane to adjust a location of one or more nozzles 110 of the
printhead 130, and thus further explanation is not provided herein. With that said, the actual
process for how the printing is done, including but not limited to the toolpaths, the localized
modulation of adhesion between printed materials, and stretching described below, are not

disclosures that were generally within the art prior to the present disclosure.

[0065] Materials that can be used in conjunction with the devices and systems provided for
in the present disclosure, like the printer 100, are vast, and can depend on a variety of factors,
including but not limited to the desired properties of the object being printed (e.g., flexible
and strong) and the desired use of the object being printed (e.g., a mesh for use in a soft tissue
repair, such as a hernia). The present disclosures allow the materials being used to form a

fabric that includes robust, locally defined mechanics that can be tailored to fit any surface.

[0066] In some exemplary embodiments, cellulose and cellulose acetate can be used for
structural materials and 3D printing. The celulose molecule can be a linear polymer with a
repeating unit consisting of two anhydroghicose rings, (COHI1003n where n = 10000 to

15000, that can be linked by covalent bonds. Cellulose can a preferred material because it is
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the primary reinforcement phase of many biclogical organisms, including trees, plants, algae,

some sea creatures, and bacteria, and is also the most abundant organic polymer on Earth.

[0067] One having ordinary skill in the art will appreciate that in some embodiments,
cellulose acetate, which is a functionahized form of cellulose, can be used instead of celhulose.
Both cellnlose and cellulose acetate are biocompatible, biodegradable, pleasant to the touch
and inexpensive, making them excellent choices for mass manufacture of wearables and
implantable devices. Both molecules are also compostable, dry quickly, are shrink, mildew,
and moth resistant, are washable or dry cleanable, and are easily dyed. Cellulose acetate
differs from cellulose in that approximately 2/3 of the hydroxyl groups on the celiulose
molecule have been replaced by acetate groups. While this can reduce the number of
hydrogen bonds in the material and thus its tensile strength, the cellulose acetate can become
soluble in acetone, which enables the 3D printing process described berein. Additionally, {or
applications in filtration or microfluidics, cellulose acetate is also hydrophilic, has high
surface area, and absorbs organics, allowing it to be used to produce specially structured
separation membranes or even implantable sensors/filtration devices. Itis also strongly
dielectric and can be used to produce actuators in prostheses, as well as in robotics or haptic

interfaces.

[0068] In some exemplary embodiments, cellulose acetate, after printing, can also be
converted into pure cellulose for structural materials and 3D printing by treating the cellulose
acetate in sodivm hydroxide. Use of pure cellulose can enable the manufacture of parts with
exceptional mechanical properties, or conversion into other cellulose derivatives such as
rapidly biodegradable methyleellulose. Cellulose is also a very versatile material in that it is
easily functionalized into forms with other useful properties such as methyleellulose and
carboxymethyi celhilose, both of which are water soluble and rapidly biodegradable. In
addition to its Jow cost and environmental benefits, celiulose can have specific tensile
strength and stiffness in its crystalline form of 4.75 GPa cm’/g and up to 138 GPa cm’/g,

respectively.

[0069] Converting 3D printed cellulose acetate parts into pure celhulose enables the 3D
printing of exceptionally strong but flexible materials that are also much more mobile than
cellulose to allow the molecules to more easily align. The flexibility of the cellulose acetate
filaments to selectively slide over each other can also enable production of flexible and

conformable parts. For example, pure ceflulose has an axial tensile strength of ~25MPa and
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an inter-filament tensile strength of ~13MPa, which is comparable to other polymers such as
nylon, polyester, and silk that are used in textiles. Highly aligned pure cellulose can be used
where high tensile strength is required, for example in hernia repair, while methylcelhulose
can be used for applications where relatively rapid biodegradation in the body is desired. The
resultant textiles can also locally be coated with drugs or cell-growth medium to further
improve their interface with the body and their therapeutic value. In some embodiments,
materials such as thermoplastics (e.g., Nylon or polypropylene), thermosets, or polymers can
be used to additively manufacture fabrics using the extrusion-based processes described
below. One or more of these materials can be used in combination on a per-filament or per-
object basis. For example, different materials can be used to produce different rates of
biodegradation, and thus mechanical compliance with time spent implanted, for a medical

implant.

[0070] In accordance with the present disclosures, adhesives can be used both to pattern
filament, for example when moving a pre-made filament over an adhesive surface to draw the
filament out of the nozzle, and to modulate the structure and mechanics of meshes, for
example by bonding pre-made filament at different positions to give a mesh a desired
geometry and mechanical response. If an adhesive is used to help manufacture a mesh, but is
not required or wanted in the eventual mesh, then the adhesive can be washed off during or
after the manufacturing process. In a typical case, a surface covered in water soluble
adhesive can be used to draw pre-made filament out of a nozzle, and once all of the filament
has been deposited and the permanent adhesive (that which is intended to be a permanent part
of the mesh) has also been deposited onto the mesh, the mesh can be washed in water to
remove the unwanted adhesive. Permanent adhesive is typically used to bond pieces of pre-
made fiber to give a mesh cohesion and to modulate its geometry and mechanics. The use of
permanent adhesive thus allows the manufacture of a desired shape from fibers that would

otherwise not bond to one another (such as Kevlar or carbon fiber).

[0071] A number of different techniques can be used to incorporate permanent adhesive as
part of the eventual end product (e.g., a mesh, garment, etc.). In some instances, a pre-made
filament can be deposited in a desired pattern as described herein or as otherwise derivable
from the present disclosures and then adhesive can be deposited onto the patterned filament.
The adhesive can also be used after filament patterning to further modulate printed object

(e.g., mesh) mechanics and geometry, for example by providing an elastic bridge between
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two pieces of filament, or surrounding a filament to increase its effective diameter, and thus
stiffness. Adhesive can also be added at other times of the printing process, depending, at
least in part, on the eventual desired structure and composition of the printed object and the
desired bonding techniques to be used during printing. For example, to insure adhesive
coverage over an entire diameter of filament, it may be helpful to pattern adhesive onto a
surface before the filament is deposited. It may be further helpful to deposit adhesive after
the filament is deposited as well. This can help insure that the underside of the filament is
also covered with adhesive as desired. Similarly, filament may be immersed in photopolymer
and light shone on the regions to be bonded to pattern the adhesive. A person skilled in the
art will recognize other ways by which adhesive can be associated with filament without
departing from the spirit of the present disclosure in view of the other disclosures provided

for herein.

[0072] In an exemplary embodiment of an extrusion-based printing process, a polymer,
such as cellulose acetate, can be dissolved in a solvent to make a viscous fluid, sometimes
referred to as dope. The viscous fluid can then be ejected from the printer 100 through the
nozzle 110 in the printhead 130 to form a filament that is deposited in a series of layers for
additive manufacturing. One having ordinary skill in the art will appreciate that a filament
guide can be used interchangeably or in conjunction with the nozzle, and that the printer 100
can include multiple nozzles that are configured to deposit filament onto a surface. In the
illustrated embodiment of the printer of FIG. 1, the nozzles can have diameters of
approximately 200 pm at their distal tips, though it will be appreciated by one skilled in the
art that the diameter of the nozzles can vary. The nozzles can extrude filament of different
diameters, such as approximately 50 pm, approximately 100 um, approximately 200 pm, and
so forth. Filament having larger diameters, such as filaments greater than 200 pm, can
reduce the surface area of the mesh, which can reduce the reaction from host tissue.
Filaments can also have any size length, depending, at least in part, on the desired size of the
object being printed. In one exemplary embodiment, a diameter of a filament is at least about
1 pm and a length of a filament is at least 10 mm, and in another exemplary embodiment, a
diameter of a filament is at least about 100 pm and a length of a filament is at least 100 mm.
The viscous fluid can be highly adhesive when acetone is present, but the viscous fluid can
bond and harden rapidly as the acetone evaporates. The solution is highly shear thinning, and
the rapid evaporation of the solvent further increases the viscosity of the viscous fluid after

ejection, which results in excellent dimensional control of printed parts.
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[0073] The systems, devices, and methods disclosed herein can allow a user to control
whether the filament bonds to the previously deposited layer at any given point or allows the
layers to slide over each other to make them highly tlexible. Control of interfilament bonding
and interlayer adhesion, referred to herein as modulating adhesion or referenced using other
simnilar terms, can restrict the layers’ ability to conform to surfaces and can be achieved by
changing whether the solvent has evaporated when the extruded filament comes into contact
with the previous layer. Parameters such as printhead z-height, solvent concentration, and
viscous fluid extrusion rate can be changed to influence bonding and adhesion. in some
embodiments, the printhead can be relatively close to the surface, which can cause the
viscous fluid to be adhesive when it reaches the swrface and adhere to the underlying layer.
In some embodiments, the printhead can be positioned at a distance from the surface, such
that the solvent is largely evaporated by the time the filament reaches the substrate, thus
preventing filament bonding. For example, filaments that are extruded from a 200um
diameter nozzle have been shown to no longer be adhesive after ~(.5s8 at 35wt.% cellulose
acetate in acetone. The lack of bonding allows stretching the filament as it is deposited,
which improves molecular alignment and significantly enhances tensile strength. Initially,
when the viscous fluid is extruded, the extrudate has a relatively high surface area:volume
ratio. Higher surface area:volume ratios allow acetone to evaporate more rapidly, which
causes rapid hardening of the polymer. Using solvent evaporation as a means of hardening
the material enables very rapid manufacturing by sidestepping the primary rate limitation of

FDM processes of rapid filament heating without damage.

[0074] Further, many pieces of filament can be deposited simultaneously. The process
outhined herein is very economical because it is rapid and carried out under ambient
conditions with a simple air compressor required for extrusion. Moreover, polymers such as
cellulose and cellulose acetate are highly abundant while the evaporated acetone is both
inexpensive and can be recycled. Additionally, each item is produced as a single part, largely
removing the need for assembly and therefore enabling full automation of the production
process. Also, it will be appreciated by one skilled in the art that the methods disclosed
herein provide for massive parallelization of textile manufactare through the use of multiple

printheads.

{00751 FIG. 2 illostrates a sample toolpath for direct write deposition of a filament material

from a nozzle 110 to produce non-bonded layers of filament. Filament, as described herein,
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an be both a continuous length of material that is passed through a nozzle, but is not shaped
by the nozzle {e.g., a pre-made rope), as well as material that is actively shaped by the nozzle
into a filamentary form {e. g., molten plastic that is extruded through the nozzle). When a
filament is pre-made, continuous length, it can also be described as a fiber or a pre-made
filament. With respect to an entire printed object or part, a continuous filament or fiber may
be an entire Jength of the object or part such that a length of the filament or fiber is the length

of the object or part.

[0076] As shown at (I) of FIG. 2, in preparation for depositing filament, the nozzle 110 can
travel close to a substrate or previously printed part to anchor the filament. To control
interlayer adhesion and bonding, the nozzie 110 can lift off the substrate as it extrudes
filament, while accelerating in a printing direction, as shown at (II) of FIG. 2. Locally
manipulating the connectivity between the material being deposited and the underlying
support by having the filament jump over an orthogonal fiber crossing enables the extruded
material to solidify or cure without adhering to the underlying fiber. This, in turn provides
the fibers with the freedom to slip in the fabric, whereas not jumping causes the fibers to

adhere, resulting in higher local stiffness of the filament.

{0077] 'The ability to control whether interlayer bonding takes place, i.e., modulating
adhesion, represents a unique opportunity to control part rigidity through its topology, and
therefore to make parts that are more flexible and conformable than is possible with
homogenously bonded structures. Adhesion can be modulated on a filament-by-filament
basis (i.e., it can be modulated while an individual filament is being deposited), as well as on
a layer-by-layer basis {(i.e., it can be modulated while one layer of a plurality of filaments is
being deposited on a previous layer of a plurality of filaments), during 3D printing. Further
post-processing of a printed filament(s}, for example hydrolysis in sodium hydroxide, can
significantly further improve the mechanics of the resulting object. The method of
controlling interlayer bonding is not limited to solvent-based deposition systems. In some
embodiments, the same principle can be applied to 3D printing methods where bonding in the
part is controlled by other substances such as thermoplastic polymers, thermoset polymers,
photopolymers, or mixtures thereof. For example, to contro! bonding of a thermoplastic
polymer printed by extrusion, the heated printhead can be lifted up and accelerated to prevent
bonding, then brought down again to bring the filament into contact with the previous layer to

induce bonding. Similarly, for extrusion of a thermoset polymer, as in some embodiments,
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the interlayer bonding can be controlled by providing heat to the polymer by selectively
bringing it into contact with previous layers at temperature at the points where bonding is

desired, for example through a heated nozzle or through a laser.

{00781 Inview of the present disclosures, a non-exhaustive list of the way by which
modulating adhesion of filaments can occur includes: (1) bringing the filament into contact
with the at least one of the surface and the one or more previously deposited filaments; (2)
controlling a rate at which a solvent associated with the filament evaporates prior to the
filament coming into contact with at least one of the surface and the one or more previously
deposited filaments; (3) selectively exposing regions before, during, or after depositing the
filament to light able to cure a photopolymer, or a material having light-responsive bonding
agents associated therewith; (4) selectively exposing regions to heat before, during, or after
depositing the filament; (5) selectively using an adhesive at regions before, during, or after
depositing the filament; and (6) selectively using an adhesive to provide bonding between the
filament and the one or more previously deposited filaments. Any adhesion modulation
technique provided for herein can be used independently, and a person skilled in the art will
recognize that some or even all of the techniques can be used in conjunction with each other,
depending on various factors, including but not limited to the type of object being printed, the
components of the printer, and the preferred techniques of the operator of the printer.

Further, as described in greater detail below, by modulating adhesion, it allows various
properties of the resulting object (e.g., fabric) to be controlled, the properties including

deformation, electrical conductivity, thermal conductivity, and toughness, among others.

[0079] As further shown at (i) of FIG. 2, the nozzle 110 can move back towards the
surface of the substrate to complete the extrusion process. As shown, the location of the
nozzle 110 at (1) and (1) is proximate to the surface. It will be appreciated by one skilled in
the art that the nozzle 110 can continue to be accelerated to further straighten the non-bonded
filament. Once the nozzle 110 returns approximately to its original height or contacts the
substrate, the nozzle 110 can anchor the {ilament (o the substrate, as shown at (IV) in FIG. 2.
In some embodiments, the “anchoring” areas that occur in steps (1) and (IV) to provide
adhesion that allow the stretching of the filament are sometimes larger than would be wanted
in the final part. In this case, some of the anchoring regions can be removed after printing

has occurred in multiple ways, such as by cutting the anchors with a blade.
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[0080] The amount of acceleration during the process, which can also be zero or negative,
can depend on many factors, including but not limited to the desired amount of stretching, the
desired printing outcome, and other parameters that impact stretching of a filament, but in
some exemplary embodiments, the acceleration that occurs as the nozzle(s) moves from the
second to the third location (for instance by advancing and moving towards a surface) can be
greater than the acceleration that occurs as the nozzle(s) moves from the first location to the

second location (for instance by advancing and moving away from a surface).

{00811  Omnce extruded, the non-bonded fitlament can be patterned into fabrics. FIGS. 3A-
3B illustrate the schematics of an embodiment of a 3D printer 100" design for producing fully
woven fabrics using the toolpath described above, in which the arrow indicates the direction
of printing. The printer 100' can include a printhead 130" having one or more nozzles 110’ for
depositing filament onto a substrate or onto another surface, similar to a configuration
described above. By depositing the material on a template surface, for example one made by
30 printing, non-planar fabrics that are exactly fitted to the template surface can be produced.
Addidonally, the configuration of the nozzles can control the location where tilament can be
deposited, which allows for unprecedented castomization at a high manufacturing rate and

low cost because garments without any stitching assembly required can be produced.

{0082}  As shown, the printer 100" includes warp nozzles 112" and weft nozzles 114'. For
ease of illustration, the embodiment provided only includes a single weft nozzle 114/,
although the present disclosure generally provides for multiple warp and weft nozzles. With
that said, embodiments including only a single warp or weft nozzle are still within the spirit
of the present disclosure. In fact, it will be appreciated by one skilled in the art that any
number of warp and weft nozzles can be used without departing from the spirit of the present
disclosure. In an exemplary embodiment, the weft nozzle 114’ can be positioned to travel
substantially perpendicularly to, and in between, the warp nozzles 112". As described in
greater detail with respect to FIGS. 4A-4F, this configuration allows filament deposited from
a one of a weft and warp nozzle to be deposited both above and below a single filament
deposited from the other of the weft and warp nozzle, creating a woven configuration. It will
be appreciated by one skilled in the art that the nozzles can have varying angles, e.g., parallel,

acute, obtuse, and so forth, and travel in varying directions relative to one another.

{00831 The warp nozzles 112’ can each deposit filament, and thus for ease of description,

filament deposited from a warp nozzle 112" is described as a warp filament 117a" herein, and
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filament deposited from a weft nozzle 114’ is described as a weft filament 117b’ herein. It
will be appreciated by one skilled in the art, however, that each nozzle can contain varying
substances that can be used to produce a fully woven fabric since the present disclosure is not

limited to the deposition of filament.

{0084] FIGS. 4A-4F illustrate a tirne-lapse schematic of one embodiment of the nozzles
112", 114" of the printer 100" as they produce fully woven fabric. Filament is deposited in a
grid-like pattern such that a single volume of filament passes alternatively over and then
under adjacent rows of filament to form a fully woven fabric. As shown in FIG. 44, two sets
of three warp nozzles 1124, 112b' and a single weft nozzle 114" are pictured, though again it
will be appreciated by one skilled in the art that various configurations and amounts of

nozzles can be used without departing from the spirit of the present disclosure.

{00851 As shown in FIG. 4B, one set of warp nozzles 112a' advances, depositing warp
filament 117a' as the nozzles advance. The weft nozzle 114’ is then advanced, which can
deposit weft filament 119a’ over the warp filament 1172, as shown in FIG. 4C. Bonding
between the warp filament 117a' and the weft filament 119a’ can occur at the nodes 118/,
which are the intersections of the filaments. The filaments can be bonded or not bonded at
every node. One having ordinary skill in the art will appreciate that the distance between
each node can be configured according to user inputs to the printer 100, which can thus vary
these distances. Appropriate patterning of bonded and non-bonded nodes can give excellent
mechanical control and fabric-like mechanics regardiess of the presence of filament
interweaving. The nodes can bond by different means, which can result in varving
mechanical responses in terms of strength and elasticity. Different means of inducing
bonding at nodes includes but is not limited to: solvent-based, photopolymerization,
thermoplastic, thermoset, or friction through interweaving. The bonding between the
filaments at nodes can also take on different forms that allow for mechanical variation. For
example, a part can include a strong fiber and an adhesive, and/or elastic fiber to provide
tough bonding between strong fibers. In other embodiments, adhesive can be deposited

across different fabrics or within a single fabric.

{0086] After depositing the filament, the weft nozzle 114’ can retract, as shown in FIG. 4D.
Once retracted, the second set of warp nozzles 112b' can advanced. The warp nozzles 112b'
deposit warp filament 117b' over the weft filament 119a’, as shown in FIG. 4E. The weft

nozzle 114' can then advance over the just deposited warp filament 117b' to deposit weft
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filament 119b', as shown in FIG. 4F. Alternating warp filament 117a', 117b" and weft
filament 119a’, 119b' in such a pattern can provide the non-bonded regions of the part with
mechanical stability despite their extremne flexibility. It will be appreciated by one skilled in
the art that the interlayer bonding of a part can be distributed such that desired mechanics are
achieved. Because the vertical motion and rate of filament deposition of each nozzle can be
controlled individually, this method of printing enables the production of non-planar and
arbitrarily shaped fabrics, enabling the full production of garments as a single piece and with

no assembly required.

{0087] It will be appreciated by one skilled in the art that various weaving arrangements are
possible, which can alter the sequences of motion of the nozzles and deposition of filament.
For example, filament can be deposited so as to interweave different layers of filament in a
gnid-like pattern, though it will be appreciated by one skilled in the art that filament can be
distributed in an arbitrary pattern or to produce analogues of any symmetrical weave,
inciuding plain weave and basketweave, that are used in many woven fabric applications such

as apparel and composites.

{00881 A particular advantage of this method of printing fabrics that shosld be noted is that,
while conventional textile production machines only produce planar fabrics, that are then cut
out into standardized shapes, the disclosed process enables the printing of fabrics onto
templates that can be shaped to produce a fabric that conforms to any desired surface. The
fength and position of each of the fibers in the part take on a length that allows coverage of
complex surfaces by printing on the template, the template having a shape that is designed to
produce a part able to conform to a given surface. Notably, the template does not need to
replicate the surface that the printed part is meant to cover because the part is flexible.
Printing the part in one configuration, whether on a template, or on another swrface, may be

easier than printing it in the exact configuration in which it is to be worn.

{0089} It will be appreciated by one having ordinary skill in the art that the bonding
principles described herein can also be applied to material systems that include continuous,
semi-continuous, or non-continuous pre-made fibers. These include carbon fiber, cotton,
nylon, glass, polyester and other fibers commonly used for purposes including, but not
limited to, mechanical reinforcement, garment production, electrical or thermal conductivity,
or other functionalities. Thus, for example, a pre-made fiber could be patterned in the same

way as an extruded filament, but with the difference that another material is used to provide
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the adhesion that other filaments are able to produce on their own through their respective
bonding mechanisms, ¢.g., solvation for dissolved polymers. Further, the modulation of
material and adhesion can be used to control properties of junctions, for example conductivity
and pressure sensitivity, and to produce parts/fabrics with spatially controlled electrical

response.

{0090} Rather than simply changing the outline of the fabric, the systems, devices, and
methods disclosed hergin are capable of controlling the length, orientation, bonding,
conformation, and placement of every individual filament that forms the printed fabric. This

enables the complete customization of the fabric to the surface and forces it will experience.

{0091} These methods also can be used to produce garments or medical textiles that are
distinct and cannot be made in any other way by producing a non-woven fabric where
filament is selectively bonded, instead of or in combination with being interwoven. Filament
can be selectively bonded at junctions at which they intersect, or along longer lengths or
bigger areas, which can be accomplished, for example, by using an elastic adhesive. The
fabric is considered non-woven because each filament or fiber layer is layered on top of
another filament and fabrics do not pass over and under adjacent pieces of filament in the
way that is characteristic of woven fabrics. The distribution of bonding sites in these
garments differs from bonding in traditional nonwoven fabrics in that in traditional
nonwovens the distribution is random, because it is caused by large area techniques sach as
rollers that cannot place discrete bonds at any particular site. The placement of each bonding
site is discrete and/or rational, and deliberate. Additionally, the elasticity or other mechanics
of a part of the instantly disclosed meshes and fabrics produced by these methods can also be
taned by changing the length of diameter of filament in any given section. For example, in
an exemplary embodiment, a filament may be lengthened in a particular section such that
when it is not pulled, it is partially or fully folded, but when pulled it straightens and
eventually becomes taut, which can allow the material to expand. Similarly, in some
embodiments, instead of there simply being a divect bond between two pieces of filament at a
node, another piece of filament or elastic adhesive can be deposited in between the two pieces
of filament forming the node to modulate the mechanics of the node, for example by
increasing its elasticity. In some embodiments, instead of being placed in a nozzle, the
filament can also be gripped at its end and lowered onto a teroplate, thereby confornmung to

-

the surface. The template can be covered in adhesive to keep the filament in place, or
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adhesive can be deposited onto the filament. In other embodiments, multiple pieces of

filament can also he lowered onto the surface in parallel

{00921 FIGS. 5A, 5B, and 5C respectively illustrate examples of a mesh 150, 150", and
150" that can be manufactured via the methods described herein. FIG. 5A provides for a
mesh 150 having a central portion 152 that includes bonded nodes, FIG. 5B, provides for a
mesh 150" in which all interlayer nodes are bonded, and FIG. 5C provides for a mesh 150" in
which a central portion 152" does not have bonded nodes. In general, meshes provided for in
the present disclosure can have a uniform pattern and bonding of filaments throughout, or
alternatively, they can include local variations. Local variations allow different portions of
the mesh across its surface area to have different properties, i.e., it can be stronger and/or
more flexible at some locations than others. The ability to locally vary the properties of the
mesh, and in particular to locally vary them for every iteration of the product (i.e., individual

customization) is another unique feature of this process.

{00931 In the illustrated embodiment of FIG. S5A, the mesh 150 includes a local variation,
as the marked central portion 152 of the mesh 150 includes bonded nodes, while the
remainder of the mesh, i.e. a peripheral region 154, does not. The nodes are the location of
intersection between the filaments. Characteristics of the mesh, such as pore size, can be
varied to customize the fit of the mesh. In the illustrated embodiment, the pores 156 are each
of the spaces disposed between the crossed filaments 158, 160 of the mesh 150. Smaller
pores can cause the central portion 152 to have a greater stiffness than the remainder of the
mesh, which can be a useful feature in preventing a hernia from deforming the mesh and thus
recurring, while larger pores can be used in portions that require closer integration with
tissues. The remainder of the mesh is configured to maintain its flexibility due to non-bonded
nodes, which can minimize discomfort when worn post-surgery. One having ordinary skill in
the art will appreciate that the size of the central portion of the mesh having bonded nodes
can vary. The mesh can also be manufactured such that the central portion includes non-

bonded nodes while the remainder of the mesh includes bonded nodes.

{0094} Prior to the present disclosure, small gaps were typically found at the nodes of
crossing filaments. These gaps are referred to by those skilled in the art as interstices. The
printing techniques provided for herein, such as the selective localized node bonding, allows
the resulting fabric to be devoid of interstices between the filaments that are bonded together.

This is because, prior to the present disclosure, medical meshes were made as knitted or
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woven fabrics in which interstices were naturally formed at places where filament came into
contact or close proximity. These interstices can harbor bacteria, which can be small enough
to enter the interstices while keeping white blood cells out because the white cells can be too
large to enter the interstices. This can lead to severe infections and mesh removal surgery.
The methods of depositing adhesive material in the regions where filament meets provided
for in the present disclosure allows the interstices to be eliminated by being filled with the
adhesive or another material. The ability to create a fabric in a non-woven matter that is
devoid of interstices at locations where filaments are bonded together is a useful development

made possible by the present disclosure.

10095} Additionally, the fibers can be bonded, patterned, or interwoven at selected points o
produce desired mechanics that allow for the production of a fabric or a material with fabric-
hke mechanics. In some embodiments, meshes can feature filament orientation that is
organized {not random) to provide mechanical strength, flexibility, deformation, toughness,
robustness in different direction, and other properties {e.g., electrical or thermal
conductivity). The intersection locations of the filaments can be bonded together non-
stochastically and rationally with respect to a volume of the resulting object {e.g., medical
textile, medical implant, garment, clothing). As described throughout the present application,
properties of the resulting non-woven fabric can be impacted by changing a patterning of at
least one of the filaments of the plurality of filaments and an adhesive used in conjunction
with the plurality of filaments, with respect to other filaments of the plurality of filaments or
other adhesives used in conjunction with the plurality of filaments. Likewise, properties of
the resulting non-woven fabric can be impacted by changing a composition of at least one of
the filaments of the plurality of filaments and an adhesive used in conjunction with the
plurality of filaments in a first region of the fabric while not necessarily changing a
composition of at least one of the filaments of the plurality of filaments and an adhesive used

in conjunction with the plurality of filaments in a second region of the fabric.

[0096] The mesh 150" of FIG. 5B does not generally include any local variations. Instead
each of the interlayer nodes are bonded together. The mesh 150" of FIG. 5C, on the other
hand, includes a local variation in which a central region 152" in which the interlayer nodes
are not bonded together, while a peripheral region 154" includes interlayer nodes that are
bonded together. In each illustration, a same weight 170 is disposed at an end 150e', 150e".

As illustrated, the mesh 150" having interlayer node bonding throughout the mesh, and thus in
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a central region, is less deformed than the mesh 150" in which the central region 152" is
devoid of interlayer node bonding. This demonstrates that interlaying node bonding provides
desirable strength without unwanted deformation of the mesh. The embodiment of the mesh
150 of FIG. 5A is thus particularly advantageous because it provides for a central region 152
that provides the desired strength and stiffness due to the interlayer node bonding, while also
allowing for flexibility in the other regions by not providing interlayer bonding. The
additional flexibility on the peripheral region 154 can minimize discomfort because the mesh

is more conformable and less rigid in the peripheral region.

{0097} The illustrations of FIGS. 5A-5E demonstrate that by locally adjusting at least one
of an orientation, thickness, and composition of the filament(s) and the adhesive(s) used in
conjunction with the deposited filament as described herein, the resulting fabric can have a
varied mechanical response to application of an outside force across a surface area of the
fabric. Local adjustments provided for herein include but are not limited to: (1) modulating
shear stress of the fabric by changing interfilament bonding; (2) modulating out-of-plane
extension of the fabric in response to in-plane compression or tension of the fabric; (3)
modulating tensile stiffness of the fabric through localized filament slack; and (4) modulating
Poisson’s ratio through filament and bonding patterns. Further, modulating adhesion of the
filament controls a shear modulus of the fabric. This can be particularly useful for meshes,
such as those used to repair hernias, because it controls the forces experienced by the wound

during healing, and thus helps determine surgery outcomes.

{0098} Further benefits of the resulting objects (e.g., medical textiles, medical implants,
garments, clothing) are that when the object is laid out on a non-planar surface, the object
conforms to the surface. Thus, no folds or wrinkles occur in the object. This is due, in part,
to the ability to vary the properties of the resulting object across its surface area. Still further,
filament or fiber printed in conjunction with the systems, devices, and methods provided for
herein can have an axial tensile strength that is greater than known 3D printing techniques,
such as FDM, SLS, and stereolithography. For example, the axial tensile strength can be
greater than about 150 MPa.

{0099} In an exemplary embodiment, the in-plane stiffness of a mesh can be tuned by a
factor of 3. Additionally, the displacement at which the stiffening occurs can be specified by
modulating the bonding at interfilament nodes. This enables control of stiffness, pore size,

and load capacity by introducing local slack into the filaments in a given area of the mesh,
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and controlling the diameter, density, and orientation of filament. By way of non-limiting
example, the present disclosures allow for filament or fiber density of a resulting fabric to be
less than or equal to an amount that produces a pore size of 4 mm. Printing onto a 3D
template can also be enabled so that the fabric conformably matches a desired surface (e.g., a
3D printed model of a patient’s organ). Additionally, the surface area of the implant can be
reduced by replacing knots and loops with straight monofilament. The use of loops in knitted
mesh results in very high local surface area that leads to excessive foreign body reaction and
tissue weakening. These loops also present microvoids large enough for bacteria to
penetrate, but too small for white blood cells to reach, preventing the elimination of the
bacteria from the body. Mesh having larger pores, as disclosed herein, can lead to less
foreign body reaction, and having a mesh with the same stiffness as healthy tissue can lead to
healthier tissue ingrowth. In some embodiments, the mesh can contain no loops due to
knitting, which can result in fewer microvoids or interstices. The absence of loops can allow
the mesh to have a larger pore size, which helps with tissue integration. The absence of loops
also allows for the use of larger diameter filament in the mesh while achieving the same
flexibility because each filament does not need to be as highly deformed to produce a desired

mesh deformation. This can further reduce the needed surface area of an implant.

{00100} The local control of mechanics in 3D printed surgical mesh to mirror body
mechanics as well as the customized conformity of a 3D printed hernia mesh can improve
significantly on existing meshes, for example in reducing the incidence of chronic pain after
implantation as well as other complications. Further, modulating properties such as the
microvoids or interstices between the nodes, the pore size distribution of the mesh, and the
porosity can improve in-growth of a patient’s tissue and result in healthier tissue after
surgery. In some embodiments, other mechanical responses of the mesh can be manipulated,
e.g., tensile stiffness in different directions, tensile shear stiffness, and flexural stiffness. In
additional embodiments, the geometry of the mesh, e.g., its 3D curvature and porosity, can
also be manipulated. These mechanical responses can then be customized to fit the
underlying tissue. Material composition can also be tuned throughout the implant to change
properties including absorption by the patient. In some embodiments, the implant can
include a non-absorbable filament such as polypropylene in some parts, which can provide
long-term mechanical support, while other parts can include an absorbable polymer such as
polylactic acid or polyglycolic acid for providing temporary support. The mechanical

support provided by the implant can be spatially and temporally planned to maximize
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comfort and reinforcement while minimizing complications. In some embodiments, the mesh
can be composed of different substances e.g., conductive, elastic, high-strength, or drug

eluting materials, to produce meshes with varying functionality.

{00101} By 3D printing, the part can also be customized through tailoring the geometry and
mechanics using information found about a patient through computed tomography or
ultrasound imaging. Such customization is can be important for complex meshes used in
operations such as repairing pelvic organ prolapse or stress urinary incontinence where
complication rates are currently very high. In some embodiments, the mesh can include
dense filament over the hole to be patched itself, while the remainder of the part can be much
less dense and shaped such that it simply maintains the part covering the hole in place via

hooks or similar attachment devices.

{00102} Further, if bacteria come into contact with the implanted mesh, they can attach
themselves and multiply, forming a biofilm that protects from antibiotics. Existing mesh can
also exacerbate recurrence, chronic pain, and infection. Surgical meshes are typically flat and
have uniform mechanical stiffness, while the tissues they are intended to support feature great
variation in curvature, stiffness, and direction of motion. This mismatch leads to stress
concentrations and shear forces that cause mesh folding and displacement, while preventing
the conversion of stiff scar tissue into tough, healthy tissue. Both extensive stitching and
large mesh overlap around the site of operation are needed to keep the mesh in place, further
damaging the tissue. Small pores magnify chronic pain/discomfort as scars will fuse into a
large, palpable mass. Further, the uniform density of the mesh, even in areas that only
provide overlap or an anchor, contributes to scar tissue formation and patient discomfort

without providing useful support.

{00103} While the medical implant primary described herein is a mesh, a person skilled in
the art will recognize that many other types of medical implants can also be produced in view
of the present disclosures. By way of non-limiting example, stents are another medical
implant that can benefit from the present disclosures. The stents can also be customized such
that the stents expand or contract into a pre-determined shape and/or in different directions
using local control of mechanical responses such as Poisson’s ratio and stent composition.
The use of auxetic materials to make the stents can particularly help the stent expand in
different directions and therefore to direct blood flow in complex vascular geometries. The

disclosures provided that allow for localized adjustment of the properties of a mesh can
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likewise allow for localized adjustment of the properties of a stent, i.e., different portions of
the stent can be manufactured to adjust the strength and flexibility as desired, and to include
other properties (e.g., drug-eluting) based on the way the stent is manufactured and the
materials used to manufacture it. Other implants with which the present disclosures can be
used include but are not limited to implants used in conjunction with organs and muscles
generally, and breasts and abdomens more specifically. Accordingly, a person skilled in the
art will be able to manufacture breast implants and abdomen implants to provide the desired
support. For example, an implant for use with a breast can provide for a desired stiffness
under the breast and/or over the breast, depending on the desired location of the implant.
When used in conjunction with muscles, a person skilled in the art can create an implant
having a first region of stiffness over certain muscle tissue and a second region of stiffness
over other portions of the muscle tissue, with one of the regions having less stiffness in the
direction of contraction of the muscle. In accordance with the present disclosures, a region of
stiffness can be achieved across any portion of an implant, whether at the edges, in a central
location, or otherwise, and/or in different orientations. The stiffness can be modulated, for
example, by the orientation of the filaments and/or the modulation of bonding strength at the
intersection nodes. As a result, in some instances, the resulting object or implant can include
support structures designed to have stiffer regions to provide added support where needed.
Additional support and strength can be provided by layering additional filaments at one

location and not at others.

{00104} More broadly, the present disclosures are also by no means limited to medical
implants. Any object involving fabric can be printed using the systems, devices, and methods
provided for herein. A person skilled in the art could easily apply the present disclosures to
manufacturing apparel, other types of medical implants, and in general most any object in
which a fabric is used. Generally, the present disclosures are advantageous for any fabric
because traditional fabrics that are woven or knitted have the same density across a surface
area because otherwise it would typically unravel, while the present disclosures allows
material to be deposited only where it is needed, so there is not necessarily a uniform density.
Still further, these techniques can also be applied outside of objects having fabric, and can be

more broadly applied to any 3D printing technique.

[00105] One skilled in the art will appreciate further features and advantages of the

invention based on the above-described embodiments. Accordingly, the invention is not to
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be limited by what has been particularly shown and described, except as indicated by the

appended claims. All publications and references cited herein are expressly incorporated

herein by reference in their entirety.
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CLAIMS

1. A method for printing in three dimensions, comprising:

depositing a filament onto at least one of a surface and one or more previously
deposited filaments; and

modulating adhesion of the filament to the at least one of the surface and the one or

more previously deposited filaments across a length of the filament to form a fabric.

2. The method of claim 1, wherein the filament contacts but is unbonded with respect to
the at least one of the surface and the one or more previously deposited filaments in one or
more locations along a length of the at least one of the surface and the one or more previously

deposited filaments.

3. The method of claim 1, wherein modulating adhesion of the filament further
comprises performing photopolymerization on a bonding agent that is in contact with the

filament.

4. The method of claim 1, wherein modulating adhesion of the filament further
comprises at least one of: (1) bringing the filament into contact with the at least one of the
surface and the one or more previously deposited filaments; (2) controlling a rate at which a
solvent associated with the filament evaporates prior to the filament coming into contact with
at least one of the surface and the one or more previously deposited filaments; (3) selectively
exposing regions before, during, or after depositing the filament to light able to cure a
photopolymer, or a material having light-responsive bonding agents associated therewith; (4)
selectively exposing regions to heat before, during, or after depositing the filament; (5)
selectively using an adhesive at regions before, during, or after depositing the filament; and
(6) selectively using an adhesive to provide bonding between the filament and the one or

more previously deposited filaments.

5. The method of claim 1, further comprising:

depositing one or more additional filaments onto at least one of a surface and one or
more previously deposited filaments; and

modulating adhesion of the one or more additional filaments to the at least one of the
surface and the one or more previously deposited filaments across a length of the one or more

additional filaments.
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6. The method of claim 5, further comprising locally adjusting at least one of an
orientation, thickness, and composition of at least one of: (a) the one or more deposited
filaments, and (b) one or more adhesives used in conjunction with the one or more deposited
filaments, such that the fabric has a varied mechanical response to application of an outside

force across a surface area of the fabric.

7. The method of claim 5, wherein locally adjusting at least one of an orientation,
thickness, and composition of at least one of: (a) the one or more deposited filaments, and (b)
one or more adhesives used in conjunction with the one or more deposited filaments further
comprises at least one of: (1) modulating shear stress of the fabric by changing interfilament
bonding; (2) modulating out-of-plane extension of the fabric in response to in-plane
compression or tension of the fabric; (3) modulating tensile stiffness of the fabric through
localized filament slack; and (4) modulating Poisson’s ratio through filament and bonding

patterns.

8. The method of claim 1, wherein the fabric has a varied mechanical response that
results from a configuration of the fabric in which a first region across the surface area of the
fabric has smaller pores formed between one or more deposited filaments than pores formed
between one or more deposited filaments of a second region across the surface area of the

fabric.

9. The method of claim 1, wherein modulating adhesion of any filament includes
controlling one or more of the following fabric properties: deformation, electrical

conductivity, thermal conductivity, and toughness.

10. The method of claim 1, wherein the material of one or more of the filaments, or one
or more adhesives used in conjunction with the one or more of the filaments, comprises at

least one of a thermoplastic polymer and a thermoset polymer.

11. The method of claim 1, the filament and an adhesive used in conjunction with the

filament comprise the same material.

12. The method of claim 1, further comprising:
dissolving at least one of a polymer and a in a solvent to form a viscous fluid,

wherein depositing a filament onto at least one of a surface and one or more
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previously deposited filaments further comprises extruding the viscous fluid through a nozzle

to form the filament.

13. The method of claim 12, wherein extruding the viscous fluid through a nozzle to form
the filament further comprises:

positioning the nozzle at a first location with respect to the at least one of a surface
and one or more previously deposited filaments;

depositing an initial portion of the filament from the nozzle at a first site on the at
least one of a surface and one or more previously deposited filaments;

moving the nozzle to a second location with respect to the at least one of a surface and
one or more previously deposited filaments while depositing an additional portion of the
filament from the nozzle towards the at least one of a surface and one or more previously
deposited filaments to stretch the additional portion of the filament;

positioning the nozzle at a third location with respect to the at least one of a surface
and one or more previously deposited filaments; and

depositing an end portion of the filament from the nozzle at a second site on the at

least one of a surface and one or more previously deposited filaments.

14. The method of claim 13, wherein moving the nozzle to a second location further
comprises raising the nozzle to the second location with the second location being above the
first location with respect to the at least one of a surface and one or more previously

deposited filaments.

15. The method of claim 14, wherein raising the nozzle to the second location further

comprises accelerating the nozzle.

16. The method of claim 13, further comprising accelerating the nozzle after positioning

the nozzle at the third location to straighten the additional portion of filament.

17. The method of claim 13, wherein the first and third locations are proximate to the
surface.
18. The method of claim 1, wherein modulating adhesion of the filament controls a shear

modulus of the fabric.

19. The method of claim 1, wherein the at least one surface is an adhesive surface.
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20. The method of claim 1, wherein the filament is comprised of at least one of: a

continuous, pre-made filament, an adhesive-coated filament, and an adhesive filament.

21. A garment, medical textile, or medical implant, comprising:

a plurality of filaments disposed with respect to each other to form a non-woven
fabric while having a plurality of intersection locations at which a portion of one filament of
the plurality of filaments intersects another filament of the plurality of filaments,

wherein filaments at one or more intersection locations of the plurality of intersection
locations are bonded together,

wherein filaments at one or more other intersection locations of the plurality of
intersection locations are not bonded together, and

wherein the one or more intersection locations of the plurality of intersection locations
that are bonded together are non-stochastically and rationally distributed with respect to a

volume of the garment, medical textile, or medical implant.

22. The garment, medical textile, or medical implant of claim 21, wherein the garment,
medical textile, or medical implant is configured such that when it is laid out with no folds or
wrinkles onto a non-planar surface, the garment, medical textile, or medical implant

conforms to the non-planar surface.

23. The garment, medical textile, or medical implant of claim 21, wherein the non-woven
fabric is devoid of interstices between the filaments of the plurality of filaments that are

bonded together.

24. The garment, medical textile, or medical implant of claim 21, wherein properties of
the non-woven fabric are impacted by changing a patterning of at least one of the filaments of
the plurality of filaments and an adhesive used in conjunction with the plurality of filaments,
with respect to other filaments of the plurality of filaments or other adhesives used in

conjunction with the plurality of filaments.

25. The garment, medical textile, or medical implant of claim 21, wherein properties of
the non-woven fabric are impacted by changing a composition of at least one of the filaments
of the plurality of filaments and an adhesive used in conjunction with the plurality of
filaments in a first region of the fabric while not necessarily changing a composition of at
least one of the filaments of the plurality of filaments and an adhesive used in conjunction

with the plurality of filaments in a second region of the fabric.
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26. The garment, medical textile, or medical implant of claim 21, wherein a first region
across a surface area of the non-woven fabric has smaller pores formed between one or more
filaments than pores formed between one or more filaments of a second region across the

surface area of the garment, medical textile, or medical implant.

27. The garment, medical textile, or medical implant of claim 21, wherein a diameter of

filament of the plurality of filaments is at least about 200 microns.

28. The garment, medical textile, or medical implant of claim 21, wherein the garment,
medical textile, or medical implant is a medical implant and the medical implant is a stent
that is configured to change to a predetermined and customized shape based on a
configuration of at least one of the plurality of filaments and any adhesive of the non-woven

fabric.

29. A method for printing in three dimensions, comprising:

dissolving a polymer that includes cellulose acetate in a solvent to form a viscous

fluid;
extruding the viscous fluid through a nozzle to form a filament; and
depositing the filament onto a surface in layers to form a three-dimensional part.
30. The method of claim 29, wherein the solvent comprises acetone.
31. The method of claim 29, further comprising accelerating the nozzle after positioning

the nozzle at the third location to straighten the additional portion of filament that is

deposited after raising the nozzle.

32. The method of claim 29, further comprising:

depositing a plurality of filaments onto at least one of the surface, one or more other
surfaces, and one or more deposited filaments,

wherein each filament of the plurality of filaments is formed by extruding the viscous

fluid through the nozzle.

33. The method of claim 32, wherein at least one of the steps of depositing filament onto
a surface and depositing a plurality of filaments onto at least one of the surface, one or more
other surfaces, and one or more deposited filaments, further comprises:

positioning the nozzle at a first location in space to deposit an initial portion of the
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filament at a first site on the surface, on one or more other surfaces, or on one or more
deposited filaments onto which the filament is being deposited;
raising the nozzle to a second location in space that is above the first location while
depositing an additional portion of the filament on the surface, on one or more other surfaces,
or on one or more deposited filaments onto which the filament is being deposited; and
positioning the nozzle at a third location in space to deposit an end portion of the
filament at a second site on the surface, on one or more other surfaces, or on one or more

deposited filaments onto which the filament is being deposited.

34, The method of claim 33, wherein raising the nozzle to a second location in space

further comprises accelerating the nozzle.

35. The method of claim 32, further comprising controlling a level of adhesion by the
filament to at least one of the surface, one or more other surfaces, and one or more deposited

filaments.

36. The method of claim 35, wherein controlling a level of adhesion by a filament
comprises adjusting a distance between the nozzle and the at least one of the surface, one or
more other surfaces, and one or more deposited filaments onto which the filament is

deposited.

37. The method of claim 35, wherein controlling a level of adhesion by a filament

comprises adjusting a concentration of the solvent.

38. The method of claim 35, wherein controlling a level of adhesion by a filament

comprises adjusting a rate at which the viscous fluid is deposited out of the nozzle.

39. The method of claim 29, wherein the surface onto which the filament is deposited is a
three-dimensional template, and the deposited filament substantially conforms to the shape of

the three-dimensional template.
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