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Abstract:

A method of making 3D printed porous mold or filters are disclosed in which the external surface of
the mold/filter is formed by a single printed layer of material. Supporting layers are then laid down
on the surface layer in way that creates a porous body that of substantially uniform porosity across
the entire mold/filter surface. Use of such porous bodies as screens on molds for the manufacture of
molded fiber parts are described as well as general uses as filters having 3D exterior surfaces.

CA 03234741 2024-4-11



CA 03234741 2024-4-11

WO 2023/064797 PCT/US2022/077950

MULTIAXIS 3D PRINTING OF POROUS MOLDS FOR MOLDED FIBER
PART MANUFACTURING

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application is being filed on October 12, 2022 as a PCT International
Patent Application that claims priority to and the benefit of U.S. Provisional Patent
Application Serial No. 63/254,781 filed on October 12, 2021, which application is

hereby incorporated herein.

INTRODUCTION
[0002] Pollution caused by single use plastic containers and packaging materials is
now a recognized worldwide problem. Replacing single use packaging with
biodegradable and compostable materials is proposed as one way to reduce plastic
pollution. However, for anew environmentally friendly replacement to be successful,
it must be competitive in both cost and performance to the incumbent plastic
technologies it is to replace.
[0003] By way of brief background, molded paper pulp (also referred to as molded
fiber) has been used since the 1930s to make containers, trays and other packages
(referred to as the “part” to be made). Paper pulp can be produced from recycled
materials such as old newsprint and corrugated boxes or directly from tree and other
plant fibers. Today, molded pulp parts are widely used for electronics, household
goods, food packaging, automotive pieces, and medical products.
[0004] Typically, molded [iber parts are made using a forming mold, commonly
referred to in the industry as a “tool’, that is the negative shape, if you will, of a side of
the part. For example, a forming mold may be the negative of the inside of a bowl or
an egg cartoon. Currently, forming molds are made by machining the mold body from
a single piece of billet of aluminum or similar metal. Holes are then drilled through the
mold body and a screen of metal mesh is attached to its surface to complete the tool.
To make the molded [iber part, the forming mold is immersed into a slurry of [iber in a
machine called a former. A pressure gradient is applied between the slurry and the
back of tool forcing the slurry water to be drawn through the holes in the forming mold.

The pressure gradient may be created by pulling a vacuum on the back side of the tool.
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The screen prevents the pulp from clogging the holes and a layer of fiber from the
slurry collects on the screen over time as water is drawn through the forming mold.
After the [iber layer is formed to a desired thickness, the forming mold with the molded
fiber part is removed from the slurry. The molded fiber part is then removed from the
forming mold and may be subjected to subsequent processing (e.g., transferring to other
equipment, pressing, heating, drying, top coating, palletizing, labeling, trimming, and
the like).

[0005] The subsequent processes in part manufacture often use one or two processing
molds in which each processing mold is negative of one or the other side of the part.
For example, a press may use a processing mold that closely or identically matches the
forming mold and a second processing mold that defines the shape of opposite side of
the part. The part ultimately takes the shape created from the space between the two
molds when they are pressed together. Other processes may use only one processing
mold, such as a transfer process (sometimes referred to as ““pick and place™ process)
that moves a part [rom a mold on one machine to a mold on another, e.g., [rom the
former to a press or from a press to a pallet where the parts are stacked. Although
processing molds typically do not have screens like [orming molds, il is typical [or
processing molds to have holes through which a pressure gradient can be created, e.g.,
to use suction to firmly draw a part onto the mold, to blow the part off the mold, or
through which additional water can be removed from the part, depending on the
particular process. It is common for all molds on a manufacturing line to have such
holes.

[0006] Thetwo most common types of molded pulp are classified as Type 1 and
Type 2. Type 1 is commonly used for support packaging applications with 3/16 inch
(4.7 mm) to 1/2 inch (12.7 mm) walls. Type 1 molded pulp manufacturing, also known
as "dry" manufacturing, uses a fiber slurry made from ground newsprint, kraft paper, or
other fibers mixed with water into a suspension. A forming mold mounted on a platen
1s dipped or submerged in the slurry and a vacuum is applied to the back of the forming
mold. The vacuum pulls water through the mold depositing the fibers from the slurry
onto the surface of the tool to form a fiber layer in the shape of the part. While still
under the vacuum, the mold is removed from the slurry tank. The pressure gradient is

then reversed by blowing air through the tool, which e¢jects the molded fiber piece. The
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gjected part is typically deposited onto a conveyor that moves through a drying oven
(hence the term “dry manufacturing™) to complete the manufacturing of the part.
[0007] Type 2 molded pulp manulacturing, also known as "wet" manulacturing, is
typically used to create parts for packaging electronic equipment and household items
that have 0.02 inch (0.5 mm) to 0.06 inch (1.5 mm) walls. 'I'ype 2 molded pulp uses the
same materials but the molding process differs from Type 1 manufacturing in that after
the initial part (referred to as the “wet part”) is made on the forming mold, the wet part
1s moved to a press and subjected to a pressing step that compresses the fiber material
between two processing molds, one of which may be the forming mold. This removes
additional water, increases the density of the part, and provides an external surface
finish to both sides of the part.

[0008] Type 3 molded pulp manufacturing, another form of “wet” manufacturing,
includes at least one higher temperature process, such as hot pressing of the wet part or

drying of the pressed part, in addition to the pressing and forming processes.

BRIEF DESCRIPTION OF DRAWINGS
[0009] Various aspects of at least one example are discussed below with reference to
the accompanying figurcs, which arc not intended to be drawn to scale. The figurcs arc
included to provide an illustration and a further understanding of the various aspects
and examples, and are incorporated in and constitute a part of this specification, but are
not intended as a definition of the limits of a particular example. The drawings,
together with the remainder of the specification, serve to explain principles and
operations of the described and claimed aspects and examples. In the figures, each
identical or nearly identical component that is illustrated in various figures is
represented by a like numeral. For purposes ol clarity, not every component may be
labeled in every figure.
[0010] FIG. 1 illustrates a number of common 2-dimensional (2D) infill pattemns that
can be selected and generated by slicer software programs, in this case the open source
Slic3r program.
[0011] FIG. 2 is a photograph of printed parts showing another potentially useful 2D
infill pattern: the gyroid pattern.
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[0012] FIGS. 3A and 3B illustrates 3D infill patterns that are more specifically three-
dimensional in nature.

[0013] FIG. 4 illustrates the elTect of fill density on where infill lines are placed [or
different 2D infill patterns.

|0014] FIG. 5 1s a picture of a porous forming mold made using a traditional single-
layer 2D printer.

[0015] FIG. 6A illustrates a simple two-part tool in which a screen is printed around a
mold core as a continuous screen made up of multiple 3D-printed layers deposited on
the exterior of the mold core.

[0016] FIG. 6B is a picture of a 3D-printed version of the tool illustrated in FIG. 6 A.
[0017] FIG. 7 illustrates another embodiment of a mold of a more complex design
assembled with a platen of a process machine.

[0018] FIG. 8 illustrates an embodiment of a method of multi-axis additive
manufacturing of a porous forming mold.

[0019] FIG. 9 illustrates an embodiment of an integrated manuflacturing method for
generating a set of molds for a molded fiber part manufacturing line or manufacturing
cell.

[0020] FIG. 10 illustrates a block diagram of components of an embodiment of a

representative additive manufacturing system.

DETAILED DESCRIPTION
[0021] Before the porous molded fiber product molds and methods for their
manufacture are disclosed and described, it is to be understood that this disclosure is
not limited to the particular structures, process steps, or materials disclosed herein, but
is extended to equivalents thereof as would be recognized by those ordinarily skilled in
the relevant arts. It should also be understood that terminology employed herein is
used for the purpose of describing particular embodiments only and is not intended to
be limiting. It must be noted that, as used in this specification, the singular forms "a,"
"an," and "the" include plural referents unless the context clearly dictates otherwise.
Thus, for example, reference to "a step" may include multiple steps, and reference to
"producing” or "products” of a step or action should not be taken to be all of the

products.
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[0022] As used herein, two components may be referred to as being in “‘thermal
communication” when energy in the form of heat may be transferred, directly or
indirectly, between the two components. For example, a wall of container may be said
to be in thermal communication with the material in contact with the wall. Likewise,
two components may be referred to as i “fluid communication™ if a fluid 1s or can be
transferred between the two components. For example, in a circuit where liquid is
flowed from a compressor to an expander, the compressor and expander are in fluid
communication. Thus, given a sealed container of heated liquid, the liquid may be
considered to be in thermal communication (via the walls of the container) with the
environment external to the container but the liquid is not in fluid communication with
the environment because the liquid is not free to flow into the environment.

[0023] One drawback of the current mold manufacturing process is the time and cost
associated with creating molds by individually machining them out metal billet.
Currently, molds are expensive and time consuming to manufacture. Furthermore, such
molds are heavy, even il made ol a light metal such as aluminum, thus requiring the
processing equipment to be very strong in order to handle the weight of the molds. In
addition, as mentioned above itis typical for molds, be they forming molds or
processing molds, to be provided with holes through which a pressure gradient can be
created. It has been determined that the size, number, and spacing of the holes (in
combination with the screen in the case of forming molds) can have a significant effect
on the quality of the final molded fiber part, the efficiency of the process in which the
mold is used, and the consistency between parts produced by the mold. Forming molds
have an additional drawback in that the screens used to prevent clogging of the holes
often clog themselves, are quick to wear out, have time consuming and costly
maintenance cycles, and can introduce unwanted contaminating material into the slurry
or the part.

[0024] This disclosure describes systems and methods for creating porous molds
using additive manufacturing processes, also referred to as three-dimensional (3D)
printing. At a high level, it has been found that creating a generally porous mold, or a
mold with porous regions or zones, can improve the performance of the mold and the
quality of the molded fiber parts created therefrom. It has further been determined that
porous molds can be created using additive manufacturing techniques through

manipulation of mold manufacturing parameters such as, but not limited to, layer
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thickness, number of perimeter layers, fill pattern, and fill density. Through variation
of these manufacturing parameters, the porosity of a mold created by an additive
manulacturing device, e.g., a 3D printer, can be tailored [or use with molded (iber. For
example, the fill density and fill pattern parameters may be tailored to prevent entry and
clogging of the mold with fibers from the fiber slurry during the part forming process,
thus removing the need for a screen. A general discussion of the 3D printing of molds
can be found in PCT Patent Application No. PCT/US21/52731, filed September 29,
2021, titled Porous Molds for Molded Fiber Part Manufacturing and Method for
Additive Manufacturing of Same, which application is hereby incorporated herein by
reference.

[0025] The benefits of porous molds created from additive manufacturing techniques
are many. First, the porosity of the mold can be easily adjusted. Furthermore, as this
method results in a mold that is substantially homogenous, the application of the
vacuum to the mold is much more evenly distributed throughout the mold, instead of
being localized around the discrele holes drilled into a traditional mold. This improves
the overall quality of the part created from the mold.

[0026] Second, molds can be quickly designed and manulactured. In [act, molds can
be partially or completely auto-generated from a given part design and intended use.
That is, given a specific computer model for a desired molded fiber part, a computer
model for each of the porous forming and processing molds necessary for any
particular manufacturing line can be generated using software by simply dictating the
desired attributes of the molds such as porosity and shape and other details of the
machine interface. Furthermore, preconfigured profiles for printer parameters can be
created to tailor the porosity and surface pore sizes of the printed molds depending on
the type of fiber and fiber slurry being. For example, molds for a given slurry A’ may
be printed with printer parameters previously determined to be optimized for that
particular slurry composition, while molds for slurry B are automatically printed using
a different set of optimal printer parameters.

[0027] Third, mold designs can be easily modified and a new mold made quickly in
case a change is needed. Provided with the appropriate additive manufacturing device,
a molded fiber manufacturer no longer needs to wait weeks for new molds to be
machined. Inexpensive and quickly made molds will allow more flexibility and make

smaller part runs more economical.



CA 03234741 2024-4-11

WO 2023/064797 PCT/US2022/077950

[0028] Finally, depending on the material used when molds are worn out they may be

recycled and new molds created from the original material.

[0029] Additive Manufacturing

|0030] By way of background, additive manufacturing techniques, which are
sometimes also referred to as 3D printing, start from a digital representation of the
physical object to be formed, referred to herein as the “computer model,” or simply
“model” of the desired object. Models may be created using many different software
packages including commonly available computer-aided design (CAD) programs such
as TinkerCAD and FreeCAD. In one common technique, the model is then subdivided,
or “sliced”, into a series of cross-sectional horizontal layers. The layers represent the
3D object, and may be generated using additive manufacturing software executed by a
computing device; the software typically referred to as a “slicer” or “slicing software.”
Information about the cross-sectional layers of the 3D object may be stored as cross-
sectional data in a “slicer [ile”, which is sometimes also called a g-code [ile aller one ol
the many standard slicer file formats. Typically, a slicer file includes specific
instructions (o the printer including, but not limited (o, the precise order ol linear
movements of the 3D printer extruder, fixation laser, or equivalent for each layer. In
addition, the g-code file typically includes specific printer commands like the ones to
control the extruder temperature, speed of head movement, extrusion speed if the
device uses and extrusion head, and/or bed temperature.

[0031] An additive manufacturing or 3D printing machine or system can read and
interpret the slicer file to build a 3D physical replica of the modeled object on alayer
by layer basis. Accordingly, additive manufacturing allows for fabrication of 3D
objects directly from computer models of the objects. Additive manufacturing or 3D
printing provides the ability to quickly manufacture both simple and complex parts
without additional tooling and without the need for assembly of different parts.

[0032] Examples of additive manufacturing include stereolithography, selective laser
sintering, fused deposition modeling (FDM), droplet jetting technologies. high area
rapid printing (HARP), ultraviolent light activated resin printers, and the like.
Stereolithography ("SLA"), for example, utilizes a vat of liquid photopolymer "resin" to
build an object a layer at a tume using light to selectively photopolymerize the resin.

Each layer includes a cross-section of the object to be formed. First, a layer of resin is
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deposited over the entire building area. For example, a first layer of resin may be
deposited on a base plate of an additive manufacturing system. An electromagnetic ray
then traces a specilic pattern on the surface of the liquid resin. The electromagnetic ray
may be delivered as one or more laser beams which are computer-controlled. Exposure
of the resin to the electromagnetic ray cures, or solidifies, the pattern traced by the
electromagnetic ray, and causes it to adhere to the layer below. After a coat of resin has
been polymerized, the platform descends by a single layer thickness and a subsequent
layer of liquid resin is deposited. A pattern is traced on each layer of resin, and the
newly traced layer is adhered to the previous layer. A complete, physical 3D object
may be formed by repeating this process. The solidified 3D object may be removed
from the SLA system and processed further in post-processing.

[0033] Selective laser sintering ("SL.S") is another additive manufacturing technique
that uses a high power laser, or another focused energy source, to fuse small fusible
particles of solidifiable material. In some embodiments, selective laser sintering may
also be relerred Lo as seleclive laser melling. In some embodiments, the high power
laser may be a carbon dioxide laser for use in the processing of, for example, polymers.
In some embodiments, the high power laser may be a [iber laser [or use in the
processing of, for example, metallic materials. Those of skill in the art will recognize
that, in some embodiments, other types of high power lasers may be used depending on
the particular application. The particles may be fused by sintering or welding the
particles together using the high power laser. The small fusible particles of solidifiable
material may be made of plastic powders, polymer powders, metal (direct metal laser
sintering) powders, or ceramic powders (e.g., glass powders, and the like). The fusion
of these particles yields an object that has the desired 3D shape and properties such as
porosity and surface texture. For example, a first layer of powdered material may be
deposited on a base plate. A laser may be used to selectively fuse the first layer of
powdered material by scanning the powdered material to create and shape a first cross-
sectional laver of the 3D object. After each layer is scanned and each cross-sectional
layer of the object is shaped, the powder bed may be lowered by one layer of thickness,
a new layer of powdered material may be applied on top of the previous layer, and the
process may be repeated until the build is completed and the object is generated. The
cross-sectional layers of the 3D object may be generated from a digital 3D description

of the desired object. The 3D description may be provided by a CAD file or from scan
8
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data input into a computing device. The solidified 3D object may be removed from the
SLS system and processed further in post-processing.

[0034] Suitable additive manulacturing materials used may include, but are not
limited to, high performance polymers such as polyurethane, thermoplastic
polyurethane, polypropylene, polyethylene, polyetherimide, polyamide, polyamide with
additives such as glass or metal particles, including block copolymers, resorbable
materials such as polyvmer-ceramic composites, and polyacrylamide, polystyrene,
polycarbonate, polylactic acid (PLA), acrylonitrile butadiene styrene (ABS),
polyoxymethylene (POM), polyvinyl chloride, polyesters. Examples of commercially
available materials include: DSM Somos® series of materials 7100, 8100, 9100, 9420,
10100, 11100, 12110, 14120 and 15100 from DSM Somos; ABSplus-P430, ABSi,
ABS-ESDI, ABS-M30, ABS-M30i, PC-ABS, PC-ISO, PC, any one of the high heat
resistance thermoplastics sold under the trademark ULTEM® (e.g., ULTEM 1010
Resin, ULTEM 9085 CG Resin, ULTEM 9085 Resin, ULTEM 1000 Resin), PPSF, and
PPSU malerials from Stratasys (note, ULTEM® is a registered trademark of SABIC
Global Technologies for thermoplastic formulations which is licensed to multiple 3D
filament suppliers such as Stratasys); Stratasys compatible 3D printing [ilaments sold
under the TriMax™ brand by TriMax3D, such as TriMax™ PEI made using ULTEM
1010 or ULTEM 9085 PEI; Accura Plastics and/or Resins, DuraForm, CastForm,
Laserform and VisiJet line of materials from 3-D-Systems; metals such as aluminum,
molybdenum, cobalt, chrome, iron, nickel, titanium, vanadium and alloys thereof (e.g.,
stainless steel); the PA line of materials, the PrimeCast and PrimePart materials,
Alumide® and CarbonMide® from EOS GmbH; the PA product line of materials from
Arkema, comprising Orgasol® Invent Smooth, Rilsan® Invent Natural, Rilsan® Invent
Black; Tusk Somos® SolidGrey3000, TuskXC2700T, Tusk2700 W, Poly 1500,
Xtreme, NanoTool, Protogen White, WaterClear; polyethylene, (met)acrylates, and
epoxies.

[0035] In particular, materials with good thermal stability at higher temperatures
(e.g.. above 25 °C) materials such as polyetherimides (e.g.. ULTEM 1010 PEI and
TriMax™ PEI made using ULTEM 1010) and polyphenylsulfone (PPSU) (a
transparent and rigid high-temperature engineering thermoplastic) are suitable for use
as mold material for high temperature processes like hot pressing. Lower temperature

materials such as ABS, such as ABS-M30i, and PLA are suitable for non-heated

9



CA 03234741 2024-4-11

WO 2023/064797 PCT/US2022/077950

processes such as part transfer, trimming, labeling, embossing, forming, and palletizing
processes. In addition, for making molded fiber parts for use in food packaging, a food
sale, edible, or even digestible, material may be used [or molds.

[0036] While many 3D printing machines print objects in one material, some 3D
printing technologies allow for printing in more than one material (multi-material).
These technologies are typically the ones relying on the principle of selective
deposition of material as opposed to the ones relying on selective polymerization or
melting in a bed/vat. Several examples of this technology include: FDM, Polyjet,
Arburg Freefrom technology, high-area rapid printing systems from Azul™,
Binderjetting technologies like Voxeljet and Z-corp, where a binding agent is jetted on
a powder bed, Stratasys product line: Dimension 1200es, Dimension Elite, Fortus
250mc, Objet24, Objet30 Pro, Objet Eden260V, Objet Eden350/350V, Objet
Eden500V | Objet260 Connex, Objet350 Connex, Objet500 Connex, Objet500
Connex3; 3DSytems product line: ProJet® 3510 SD, ProJet® 3510 HD, ProJet® 3510
HDPlus, ProJel® 3500 HDMax, ProJet® 5000, ProJet® 5500X, iPro™ 8000, ProX™
950, sPro™ 140, or VX 1000 to name but a few. Technologies able to print in multi-
malerial may be particularly suited [or making molds that require diflerent thermal
properties in different locations, such as a processing mold for a hot press in which the
surface of the mold needs to be maintained at a particular temperature but the
temperature of the interior of the mold or at the interface with the press machine is not
important. Furthermore, molds could be created with multiple materials having
different properties. For example, wear surfaces may be created in a different material
than non-wear surfaces due to cost savings, compressive strength, and/or durability
properties of the material. Additionally, molds may be designed to have multiple parts
to enable replacement of only a subset of the entire mold and these parts may each be
made out of a different material having optimal properties, e.g., strength, temperature
stability, durability, thermal conductivity and/or electrical conductivity or combinations

thereof) for the role of that part.

[0037] Porous Molds For Molded Fiber Part Manufacturing

[0038] As described above, porous molds have benefits over traditional milled molds

provided with discrete holes for air flow. Depending on the embodiment, these benefits
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include more uniform application of the pressure differential over the surface of the
mold and reduced susceptibility to fouling with fibers from the slurry.

[0039] Porous molds could be manulactured in many ways, including using
traditional milling to form a mold out of a single piece of porous material such as an
open-cell ceramic material or metal foam. However, it has been determined that
additive manufacturing technology mayv be adapted to create a 3D printed porous molds
having sufficient porosity and strength to allow the molds to operate as a forming mold
without the use of a metal screen and as a processing mold. Furthermore, depending on
the selection of the mold material molds can be manufactured that are suitable for use
in cold (15 °C and less), ambient (15-25 °C) and high temperature (25 °C up to 400 °C
or even higher — noting that a typical hot press mold which may operate at temperatures
in the range of from 160 to 200 °C) processes. Finally, the ease, speed and lower cost
at which molds can be created using additive manufacturing all represent significant
improvements over the use of traditional manufacturing to create porous molder fiber
molds.

[0040] When adapting additive manufacturing systems for creating porous molds, it
has been determined that porous molds may be crealed through selection and control ol
mold manufacturing parameters commonly provided by slicer software programs. One
of the functions performed by the slicer software program is to allow the user to dictate
how the interior of an object (the “infill”’, or more simply the “fill”’) is to be made. User
settable controls specifically related to the infill include, but are not limited to, infill
pattern (alternatively referred to as the fill pattern), and infill density (alternatively
referred to the fill density). Through selection of a particular fill pattern and a fill
density, the user can control how the infill of the mold is made. It has been determined
that selection of specific combinations of fill patterns and fill densities result in porous
infills that allow for fluid transfer through the interior of the mold when subjected to
pressure differentials.

[0041] FIG. 1 illustrates a number of common 2-dimensional (2D) infill patterns that
can be selected and generated by slicer software programs, in this case the open source
Slic3r program. The figure illustrates examples of, for each particular fill pattern,
where fill lines would be deposited for two successive layers of the printed object.
These patterns are mathematically generated by the slicer software for each layer based

on mathematical rules specific to each pattern. In addition, a slicer program may adjust
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the exact location or orientation of lines of fill based on the shape of the perimeter of
each particular layer being made, the location of infill line on the layer or layers below
a given layer, and the [ill density chosen. Many patierns are known in the art in
addition to those shown.

|0042] FIG. 2 1s a photograph of printed, nested parts showing another potentially
useful 2D infill pattern: the gyroid pattern. The gyroid pattern an infill pattern
alternates every layer and creates an equal distribution of strength within a printed
object in every direction.

[0043] FIGS. 3A and 3B illustrate two different of 3D infill patterns that are more
specifically three-dimensional in nature. Although 2D fill patterns may take into
account and adjust for infill lines in prior layers, 3D fill patterns are truly three-
dimensional and designed to create a specific 3D dimensional infill. The 3D fill pattern
shown in FIG. 3A is cubic and in FIG. 3B 3D honeycomb is shown.

[0044] FIG. 4 illustrates the effect of fill density on where infill lines are placed for
differeni 2D infill patterns. From lell to right, the [ill densities are 20%, 40%, 60%,
and 80%. From top to bottom, the fill patterns are Honeycomb, Concentric, Line,
Rectilinear, Hilbert Curve, Archimedean Chords, and Octagram Spiral.

[0045] These above described infill setting directly affect the resulting porosity of the
infill of an object. Through variation of these manufacturing parameters, the porosity
of a mold created by an additive manufacturing device, e.g., a 3D printer, can be
tailored for use with molded fiber.

[0046] Some slicing software provides for additional controls on the infill created by
the printer when making an object. For example, the open source Slic3r software
product includes the following advanced infill parameters which could be modified to
adjust the porosity of the final object and also change the fouling performance of the

object as a forming or other process mold:

¢ Infill every n layers - Will produce sparse vertical infill by skipping a set
number of layers. This can be used to speed up print times where the
missing infill is acceptable.

¢ Only infill where needed - Slic3r will analyze the model and choose
where infill is required in order to support internal ceilings and
overhangs. Useful for reducing time and materials.

12
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¢ Solid infill every n layers — Forces a solid fill pattern on the specified
layers. Zero will disable this option.

¢ Fill angle - By default the infill pattern runs at 45° to the model to
provide the best adhesion to wall structures. Infill extrusions that run
adjacent to perimelers are liable (o de-laminate under stress. Some
models may benefit from rotating the fill angle to ensure the optimal
direction of the extrusion.

e Solid infill threshold area - Small areas within the model are usually best
off being filled completely to provide structural integrity. This will
however take more time and material, and can result in parts being
unnecessarily solid. Adjust this option to balance these needs.

¢ Only retract when crossing perimeters - Retracting, to prevent ooze, is
unnecessary il the extruder remains within the boundaries ol the
model. Care should be taken if the print material oozes excessively, as
not retracting may result in enough material loss to affect the quality
of the subsequent extrusion. However, most modem printers and
materials rarely suffer from such extreme ooze problems.

» Infill before perimeters - Reverses the order in which the layer is
printed. Usually the perimeter is laid down initially, followed by the
infill, and this is usually the preferable as the perimeter acts as a wall

containing the infill.

Other parameters may be available in different slicer software packages and custom
paramelers may be developed specilically to control porosily of the linished mold. For
example, sophisticated slicer programs now allow a user to designate different portions
within a model and separately assign print parameters to each portion. This allows a
user, for example, vary the infill pattern and infill density between different locations
within an object when it is printed.

[0047] It has been determined that certain combinations of infill patterns and infill
density selections create porous molds with small enough pore sizes as 1o be suitable
for use as forming and process molds for molded fiber production. It has been
determined any infill pattern set to a infill density of from 40-85% will create an

interior infill region sufficiently porous to allow a pressure differential to draw water
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from a fiber slurry through the interior of the printed mold while preventing substantial
amounts of fiber flowing through the mold. Furthermore, it appears that the use of
either the rectilinear or gyroid infill patterns at a fill density of between 20-85% or
more narrowly between 70-80% for fiber contact surfaces (see below regarding how
fiber contact surfaces are made) are particularly suitable for use in created porous
molds for molded fiber part manufacturing.

[0048] In addition to the infill print parameters, it has been determined that exterior
print parameters have an effect on the overall porosity of printed molds. Typically, a
printed object will be provided with a continuous exterior surface and most slicer
software is set to default to having the entire exterior of the object have one to three
layers of material, that is the default setting are that all exterior surfaces of an object
will have from one to three layers of material between the exterior of the object and the
infilled region of the object. This, of course, renders such objects non-porous as there
is no open connection between the exterior of the completed object and the porous
infill.

[0049] It has been determined that setting the parameters related to the number layers
for the exterior surlace to “zero” results in the printer creating an object with no
external surface, or skin, thus exposing the infill region to the external environment.
Effectively, this creates a fiber contact surface on the mold with a large number of
pores connecting the infill structure created by the layers of infill pattern to the external
environment. With this technique, a porous mold may be easily created using

commonly available additive manufacturing equipment and software.

[0050] Multiaxis 3D Printing of Molds

[0051] FIG. 5 is a picture of a porous forming mold manufactured using the
techniques described herein. The mold was manufactured on a single-layer printer (i.e.
a single-layer or two dimensional [2D] printer is a printer that prints a first layer in the
X-Y plane (or r-O plane if in polar coordinates), raises the print head the distance of
one layer thickness in the Z-axis, then prints a second layer on top of the first layer, and
so on to form the final physical object) and is a single-zone mold in which the fill
density and fill pattern was set to a single value throughout the mold. The porous
forming mold was printed in blue PLA and is shown attached to a forming machine

base (colored red to distinguish it from the mold) to create a simple former. The
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forming machine base is non-porous and provides a substantially air-tight connection
between a hose connected to a blower and the back side of the porous mold.
Depending on the direction of airflow from the blower, this set up allows a suction to
be drawn though the mold. The pressure differential from the suction draws water from
the fiber slurry through the blue porous mold into the chamber formed by the forming
machine base, thereby leaving a layer of fibers deposited on the surface of the forming
mold. Alternatively, forced air from the blower could be passed through the forming
machine base to blow through the mold from the back of the mold to the fiber contact
surface of the mold to dislodge the molded fiber part on the fiber contact surface and to
clean the mold of any fouling.

[0052] The forming mold in FIG. 4 was printed on an Ultimaker® S5 3D printer
using MatterHackers® brand PLA. The mold’s model was created using Solidworks®
modeling software and shaped to create a simple molded fiber bowl having several
intermediate side steps, a pair of dimples and a central trough. The mold model sliced
using Cura slicing sofiware [rom Ultimaker® with the following slicer program

settings:

e First Layer Height: 0.2mm

e Layer Height: 0.1mm

e Vertical Shell (Number of Perimelers). O
e Horizontal Shells: (Number of layers) : 0
e Fill Density: 70%

» Fill Pattern: gyroid

[0053] An inspection of FIG. 5 shows a drawback when printing porous molds on an
X-Y axis printer. This forming mold was printed with the center axis of the cylinder as
the Z-axis. Note that the top flat surfaces exhibit a smooth surface with multiple
penetrations providing access to the interior of the infill pattern whereas the lateral
curved sides appear as a series of alternating ridges and valleys creating an almost
continuous solid lateral surface. This effect, which is due to the infill pattern being
oriented in X-Y space, results in the surfaces of the lateral curved sides having a
different surface porosity than the top flat surfaces. This anisotropy in surface porosity,

which may also be referred to as the surface mesh size, affects the pressure gradient at
15



CA 03234741 2024-4-11

WO 2023/064797 PCT/US2022/077950

the surface and thus the amount of fiber that is deposited onto the different surfaces of
the forming mold. Such differences in fiber deposition can cause problems in the final
part.

[0054] The inventors suggest reducing the surface porosity differences between
surfaces by using a multi-axis 3D printer and printing the forming mold orthogonally to
the fiber contact surface. By ‘orthogonally printing’ herein it is meant that the material
layer is laid down so that the layer forms the fiber contact surface. That is, that the
orthogonally printed outermost layer is, itself, the fiber contact surface, rather than
portions of multiple 2D printed layers forming the external surface as shown in FIG. 5.
This allows the infill pattern to be substantially orthogonally-oriented at most if not all
points of the fiber contact surface, instead of the result of using a Z-axis-oriented infill
pattern. That is, using a multi-axis filament printer as an example, extruding the
filament on a 3D toolpath that follows the object’s surface at all points on the surface to
create an infill patterned oriented orthogonally to the surface will result in a more
uniform surlace porosily across the [iber contact surfaces of the mold. Multi-axis 3D
printers are available, for example using a filament print head at the end of a multi-axis
(e.g., a [ive-axis or six-axis) robotic arm, that can [ollow any toolpath through 3D space
without interfering with prior layers. Alternatively, in some systems the print bed may
be rotated and spun under a fixed head. Such systems allow for 3D printing along any
toolpath and are not limited to the X-Y toolpath of conventional 3D printers.

[0055] The surface-orthogonal printing technique for printing components with more
uniform surface porosity can be done for the entire forming mold, essentially building
the porous mold from the center of one side of the mold outwardly to the exterior
surfaces. Alternatively, the interior of the mold can be printed in a conventional
manner and the surface-orthogonal printing may be done for just some selected portion
of the exterior of the mold, e.g., the final two to three millimeters of the mold surface.
In addition, the surface-orthogonal printing can be done only for a layer that forms the
fiber contact surfaces or could be done for all exterior surfaces of the forming mold
including lateral surfaces designed to not be porous, such as platen contact points and
connection surfaces.

[0056] In yet another embodiment, a previously created porous mold core may be
provided and an exterior screen of layers may be printed onto the mold core using the

multi-axis surface-orthogonal printing described above. This is similar to surface-
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orthogonally printing what is, in effect, a screen around the mold core. The surface-
orthogonal printed screen will have an exterior that is the fiber contact surface which
will have the precise surface porosity/mesh size desired. Through changing the print
parameters of the screen, the manufacturer has easy control of the surface porosity. In
addition, this allows mold cores to be reused by removing old, damaged or fouled
screens from forming molds and then reprinting the screens on the mold core.

[0057] FIG. 6A illustrates a transparent view of a simple two-part tool in which a
screen, referred to as the ‘mold mesh’ in the FIG., is printed around a mold core as a
continuous surface layer. The mold core may be printed in conventional fashion and
the mold screen printed onto the core later. The mold screen is porous, its porosity a
result of the print parameters selected during the slicing of the mold screen model. The
exterior surface of the mold screen is shaped as the negative of a portion of a molded
fiber part to be made. Another surface of the mold screen is shaped to engage with the
mold core while allowing fluid flow from the channels of the mold core through the
porous screen.

[0058] In an embodiment, the mold screen may be assembled with the mold core
aller it is printed instead ol prinling the mold screen around the core. When assembled,
the mold core and mold screen create a mold assembly with a porous exterior for use in
manufacturing molded fiber parts. The two-part mold allows either component to be
replaced in case of failure, fouling, or change in design of the part or the processing
machine.

[0059] In alternative embodiments, multiple-part molds may be designed and used
for complex molds or molds with different usability requirements. For example, molds
with multiple, nested mold screen components may be used for very fine fiber slurries
in which the fiber contacting mold screen is thin but has a relatively smaller average
pore size. Essentially acting as a very fine screen created by 3D printing, the screen
can be easily removed, replaced and recycled as needed.

[0060] Regardless of the number of components, each mold component can be made
using an embodiment of the methods described herein. In addition, the porosity and
pore size of each component may be tailored to meet desired attributes and
performance for the mold assembly.

[0061] FIG. 6B is a picture of a 3D-printed version of the tool illustrated in FIG. 6A.

FIG. 6B, especially when viewed in comparison to the tool shown in FIG. 5, shows that
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using the 3D printing method allows for much better control and uniformity of the
porosity of the surface of the screen. In preliminary testing it appears that the porosity
ol the mold screen performed consistently as well as or exceeded a #60 mesh.

[0062] FIG. 7 illustrates another embodiment of a mold of a more complex design
assembled on a platen of a process machine. The mold is for a three compartment
molded fiber tray. The screen of the mold is shown in blue and the inner portion is
shown in brown. As indicated in FIG. 7, the outer portion, or screen, is made using the
surface-orthogonal printing technique and provided with a more dense orthogonally-
oriented infill pattern creating, as much as possible, a uniform series small pores in the
exterior fiber contact surface and, effectively, an outer screen of lower porosity and/or
lower pore sizes. The inner core portions of the mold are created with a lower fill
density thereby decreasing the resistance to fluid flow through this region and
distributing the pressure differential more evenly across the outer surface portion of the

mold.

[0063] Multi-axis Surface-Orthogonal Porous Mold Manufacturing Method

[0064] FIG. 8 illustrates an embodiment of a method of multi-axis additive
manufacturing of a porous forming mold. In the embodiment shown, the method 800
uses a multi-axis 3D printer. Any multi-axis additive manufacturing system now
known or later developed may be used. However, in the embodiment described below,
the multi-axis 3D printer is a robotic workcell containing a 5- or 6-axis robot end
effector is a thermoplastic filament extruder. Alternatively, the robot end effector could
be a thermoplastic pellet extruder. The thermoplastic may be a composite, e.g.
embedded pulp fiber in the thermoplastic.

[0065] In the embodiment shown the method 800 starts with the design of the part to
be manufactured out of molded fiber in a part design operation 802. This operation 802
may include modeling the part using the same or different software used in the later
development of the mold model. Alternatively, the part design may be provided by and
received from a third-party as shown by operation 803.

[0066] Given the part design, the mold model can be created in a mold modeling
operation 804. In this operation 804, the a mold model having 1) an exterior surface
that is the negative shape of one side of the part and 2) an attachment surface or

surfaces for attaching the mold to a process machine are defined and designed. In an
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embodiment the attachment surfaces of the mold model may further include openings,
areas, or other features that control the flow of fluid (e.g., air or water) through the
mold, such as by allowing the mold to communicate with a pressurization system
connected to the process machine. Likewise, openings or spaces for heaters, sensors,
connectors, or other ancillary components could also be designed into the mold model
in anticipation of those components being installed after the mold is manufactured.
[0067] The mold model is then sliced using a slicer in a slicing operation 806 to
generate a slicer file that can be interpreted by a multi-axis 3D printer or other additive
manufacturing device to generate a physical print of the modeled mold. As described
above, the print parameters used are selected to achieve a desired porosity in the mold.
In particular, the slicer file includes the instructions for printing, using a multi-axis
devise, a continuous external surface layer with a surface-oriented orthogonal infill
pattern that will be the screen for the mold. In an embodiment, the slicer file may
include instructions for printing the entire mold or just the screen.

[0068] The slicer [ile is then provided to a suitable 3D printer {0 other multi-axis
additive manufacturing device which then prints the porous mold or the screen in a
printing operation 808.

[0069] The mold consisting of the screen and core is then assembled with a molded
fiber processing machine, such as former, hot press, trimmer, transfer robot, labeler, or
palletizer, in a machine assembly operation 810, noting that some processing machines
require two complimentary molds, one for the inner concave surface of the fiber part
(sometimes called the core mold) and one for the convex surface of the fiber part
(sometimes called the cavity mold).

[0070] The assembled molded fiber processing machine is then used in a
manufacturing operation 812 in the processing, e.g., forming, pressing, transferring,
etc., of the molded fiber part designed in the part design operation 802.

[0071] The porous mold may be moved to different processing machines during the
manufacturing of multiple copies of molded fiber parts. When the mold wears out, it
may be recycled and the material reused to create another porous mold.

[0072] In an embodiment of the method 800, a previously-created mold core is used
and the fiber contact screen is printed onto the mold core by the multi-axis 3D printer.
In this embodiment, a mold core is installed in the workcell in a mold core installation

operation that is part of the print operation 808. This may include aligning the mold
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core at a given location within the workcell or training the robot as to the location of
the mold core within the workcell prior to the beginning of the actual printing operation
808.

[0073] The 3D printer is then given the print command causing it to surface-
orthogonally print the porous screen onto the mold core. 'I'he porous screen extrusion
is contoured to the surface of the mold core. As opposed to traditional 3D printing
where toolpaths are planar, each layer of the mesh screen follows the contour of the
mold core. The porous screen is built up in layers, growing from the surface of the
mold core, until a porous surface layer is formed that matches the surface of the molded
fiber product to be created using the forming mold. In an embodiment, the porous
screen is from 0.25-10mm in thickness. In more precise embodiments, the porous
screen is from 0.5-35mm, from 0.75-4mm, from 1-3mm, or even from 1.5-2. 3mm in

thickness.

[0074] Integrated Manulaciuring Method

[0075] FIG. 9 illustrates an embodiment of an integrated manufacturing method for
generating a set of molds for a molded fiber part manufacturing line or manufacturing
cell. In the embodiment, a manufacturing line includes some number of components,
such as formers and subsequent processing machines as described above, each with a
known number and type of mold.

[0076] For example, in an embodiment a manufacturing line includes i) a former with
two forming surfaces each surface with four forming molds (so a total of eight forming
molds); 11) six hot presses each with four processing molds matching the forming mold
and four processing molds that define the shape of opposite side of the part (a total of
four pairs of molds or eight molds per press, i.e., 48 press molds) and iii) finally, each
hot press is provided with a transfer robot in the form of a transfer gantry that picks up
four parts from the former at a time, places them on the hot press, after pressing
removes them from the hot press, and transfers the finished parts to a palletizer for
packaging (thus a total of 24 transfer molds).

[0077] Thus, in this embodiment, to retrofit the manufacturing line to make a new
part, some 80 molds of four different types need to be manufactured. However, the
shapes of the molds are dictated by the shape of the part to be made and the properties

of the molds (e.g., porosity) are known. Therefore, given the model of the part to be
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made, the models of the molds can be generated. The method 900 uses this relationship
between the model of the part and the molds needed for the manufacturing line to
generate the set of molds from the model of the part.

[0078] The method starts with a manufacturing line and mold parameter receiving
operation Y02 in which the operator inputs the number and type of molds used in the
manufacturing line (e.g., in this embodiment 80 molds comprising 8 forming molds, 24
hot press molds matching the forming molds, 24 hot press molds for the opposite side
of the part, and 24 transfer molds) into a mold model generation computer program.
[0079] The operator also inputs the basic physical shape and internal design for each
type of mold necessary for each mold type to be connected physically, pneumatically,
and otherwise (e.g., electrically or for heat transfer fluid connection as necessary
depending on the heating technology used by the hot presses). In an embodiment, the
basic shape for each type of mold, referred to as the “mold core,” may be the same
allowing, for example, the forming molds and the hot press molds matching the
forming molds to be identical and interchangeable between machines. (Such
interchangeability may be useful in that molds used in the former may become too
fouled lor forming buil may still be suitable [or use as press molds, trans(er molds, or
another process mold, thus extending the usable life of forming molds.) In an
alternative embodiment, each mold type may have a different core with its own basic
shape and internal structure tailored to its particular machine and use.

[0080] The operator further dictates the parameters of the mold to obtain a mold with
a specific porosity. In an embodiment, this may be done by selecting the specific
parameters for the additive manufacturing of the molds including layer height, fill
density and fill pattern. In an embodiment, the operator may be able to input different
parameters for different portions of the mold. For example, the user may enter one set
of parameters for the mold core and a different set of the parameters for the part contact
surface of the mold, which will be generated later when the part shape is selected.
[0081] The result of the manufacturing line and mold parameter receiving operation
902 is information sufficient to generate a set of one or more mold core models. These
mold core models may be unfinished models in that the shape of the surface upon
which the part is formed is not included. In an embodiment, upon receipt of the part
model, the fiber contact surface of the mold may be added so that a unitary mold can be

printed from the model. Alternatively mold cores modeled in this operation may also
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be one component of a multi-part mold as discussed with reference to FIGS. 6A and
6B.

[0082] In yet another alternative, the mold cores may be a standard part onto which a
screen will be printed or which will be assembled with a 3D printed screen. In this
embodiment the mold core 1s a given structure and the modeling primarily consists of
printing the screen and any other portions necessary between the given mold core and
the fiber contact surface. This may be created as a single, surface-orthogonally printed
layer over the mold core.

[0083] Next, the model of the desired part is obtained and input into the mold model
generation computer program in a part model input operation 904. In an embodiment
the model is a CAD/CAM model for the final molded fiber part. In an embodiment, the
part model may be selected or otherwise identified by the user.

[0084] Next the user inputs a command to the mold model generation computer
program to generate the mold models for the manufacturing line for that part model in a
commend operation 906,

[0085] Inresponse, the mold model generation computer program then creates a
model [or each mold type needed in a mold model(s) creation operation 908. Each
mold type model includes the appropriate model core and the part contact surface that
is the negative shape of one or the other side of the part in the model input into the
program as appropriate. The mold type model further defines the fill density and the
fill pattern necessary to achieve the desired porosity in each section of the mold, both in
the mold core and the part contact surface.

[0086] The mold models are then sliced as described above 1n a slicing operation 910
and the appropriate number of molds of each type are then printed in a printing
operation 912. The porous mold are then assembled with the appropriate processing
machines in an assembly operation 914 and the molded fiber part matching the design
input in operation 904 is manufactured in a manufacturing operation 916.

[0087] In an embodiment, the method 900 is, at least in part, performed by a software
product executed on a general purpose computing device, such as a personal computer
or an iPhone to generate the slicer file(s) from the input part model and the user
selected print parameters. For example, in an embodiment operations 902 through 910
may be performed by the same software product on a single computing device. If that
device is attached to a 3D printer, then it can also control the printing operation 912.
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Thus, in this embodiment, the software operator is provided the ability to quickly and
easily retrofit an entire molded fiber a manufacturing line while needing only a
computing device, 3D printer, and a model of the new molded [iber part (or the
manufacturing line to produce.

|0088] FIG. 10 1llustrates a block diagram of the components of an embodiment of an
additive manufacturing system 1000. In the embodiment shown, an additive
manufacturing device 1004 includes the printer 1098 (that is, the hardware that does the
actual printing, e.g., the gantry, extruder, nozzle, stepping motors, print bed, heaters,
fans, power supply, etc.) which are controlled by an integrated control processor 1002.
The additive manufacturing device 1004 may be any device that utilizes any of the
additive manufacturing technologies described above including, for example, a 3D
filament extruder/printer, a powder bed printer, photopolymer resin printer, a laser
sintering printer, a 3D jet printer, a binder jetting printer, and a plasma deposition
printer.

[0089] The control processor 1002 may be incorporated into the additive
manufacturing device 1004 as shown, or may be part of a separate control computer
(not shown). The control processor 1002 is coupled to a memory 1006. The memory
1006 1s a computer-readable medium that contains the instructions for printing a
particular mold or mold component. For example, in an embodiment the instructions
are contained with a slicer file 1008. The memory 1006 may include multiple slicer
files 1008 as shown, each slicer file for a different mold or mold component. The
instructions are executable or interpretable by the control processor 1002 using its
operating system software 1009 and, when executed, cause the device 1004 to
manufacture a mold or mold component consistent with the model from which the
instructions were created.

[0090] The system 1000 may also include the computer 1010 on which the 3D
models are created and which also create the slicer files 1008. In the embodiment
shown, the computer 1010 is a standard purpose computing device and includes at least
one processor 1012 of its own, as well as a system memory 1014, and a system bus
1016 that couples the system memory to the computer processor. The system memory
1014 includes random access memory (“RAM”) and read-only memory (“ROM™). A
basic input/output system and operating system 1015 containing the basic routines that

help transfer information between elements within the computer 1010, such as during
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startup, is stored in the ROM. Other components, not shown but known in the art, may
be used such as a mass storage device, such as a hard disk or solid-state disk. It should
be appreciated by those skilled in the art that computer-readable data storage media can
be any available non-transitory, physical device, or article of manufacture from which
the central display station can read data and/or instructions.

[0091] In general, computer-readable data storage media include volatile and non-
volatile, removable, and non-removable media implemented in any method or
technology for storage of information such as computer-readable software instructions,
data structures, program modules, or other data. Example types of computer-readable
data storage media include, but are not limited to, RAM, ROM, EPROM, EEPROM,
flash memory or other solid-state memory technology, CD-ROMs, digital versatile
discs (“"‘DVDs™), other optical storage media, magnetic cassettes, magnetic tape,
magnetic disk storage or other magnetic storage devices, or any other medium which
can be used to store the desired information.

[0092] The computer 1010 is coupled to the control processor 1002 of the additive
manufacturing device 1004. In the embodiment shown, the slicer file 1008 is generated
on the computer 1010 and then trans(erred to the memory 1006 of the additive
manufacturing device 1004 for later execution by the control processor 1002. Other
configurations of a system 1000 are also possible and known in the art.

[0093] As described above, the slicer file 1008 is generated on the computer 1010
using slicer software 1020 stored on the memory 1014 of the computer 1010. Once the
model of the mold is created using the modeling software 1022, the model is sliced to
create the slicer file 1008. The instructions in the slicer file 1008 are generated based
on the print parameters selected by the user. In an embodiment, for example, the
slicing software converts the model into a g-code format file, which is specific code
containing exact instructions for the additive manufacturing device 1004.

[0094] In addition to the claims, the following clauses describe aspects of the

technology:
1. A porous mold for producing a molded fiber part comprising:

a 3D porous body having at least a first body surface and a second body

surface not coplanar with the first body surface; and
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a continuous, porous, fiber contact screen on the first body surface and
the second body surface, the fiber contact screen containing a plurality of pores
m [luid communication with the 3D porous body, the fiber contact screen
created from a set of layers of material bonded together in a continuous fill
pattern that, where adjacent to the first body surface, i1s orthogonal to first body
surface and where adjacent to the second body surface is orthogonal to the

second body surface.

2. The porous mold of clauses 1 or 2, wherein the porous mold further
comprises a machine attachment surface shaped to engage a molded fiber processing
machine and allow fluid flow between the 3D porous body and the molded fiber

processing machine.

3. The porous mold of any of the above clauses, wherein the 3D porous body is
crealed [rom a sel ol layers ol malerial bonded together in a [ill pattern that allows (luid

flow through the 3D porous body.

4. The porous mold of any of the above clauses, wherein at least one of the 3D
porous body and the continuous, porous, fiber contact screen is made of

polyetherimide.

5. The porous mold of any of the above clauses, wherein at least one of the 3D
porous body and the continuous, porous, fiber contact screen is stable at temperatures

from 25 °C to 200 °C.

6. The porous mold of any of the above clauses, wherein at least one of the 3D
porous body and the continuous, porous, fiber contact screen was created as a single

printed part by a multi-axis 3D printer.

7. The porous mold of any of the above clauses, wherein at least one of the 3D

porous body and the continuous, porous, fiber contact screen is made of PLA.
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8. The porous mold of any of the above clauses wherein the porous mold is

created by an additive manufacturing device

9. The porous mold of any of the above clauses wherein the porous mold is

created by a 3D extrusion printer

10. The porous mold of any of the above clauses wherein the fiber contact

screen is created by an additive manufacturing device.

I'l. The porous mold of any of the above clauses wherein the 3D porous body

or the fiber contact screen or both are made of ULTEM.

12 A computer-readable medium storing computer-readable instructions
which, when acted upon by a 3D printer, cause the 3D printer to create a porous
mold component, the porous mold component comprising:

a continuous, porous, fiber contact screen to be assembled on a 3D
porous body;

the 3D porous body having at least a first body surface and a second
body surface not coplanar with the first body surface; and

the continuous, porous, fiber contact screen containing a plurality of
pores in fluid communication with the 3D porous body, the fiber contact screen
created from a set of layers of material bonded together in a continuous fill
pattern that when assembled with 3D porous body is orthogonal to first body
surface where adjacent to the first body surface and where adjacent to the

second body surface is orthogonal to the second body surface.

13. A method of manufacturing a porous mold for the creation of a molded
fiber part, the method comprising:

defining a 3D exterior surface of the molded fiber part;

forming a fiber contact screen by printing at least two layers of material,

wherein at least the first layer is laid down orthogonally to the 3D exterior surface.
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14. The method of clause 13, further comprising:
assembling the fiber contact screen with a porous mold core to form the porous

mold for the creation of the molded fiber part.

15. 'The method of clause 13 or 14, wherein forming the fiber contact screen
further comprises:

defining a shape of the fiber contact screen; and

slicing the shape into at least two layers orthogonal to the 3D exterior surface of

the molded fiber part.

16. The method of any of clauses 13-15, wherein forming the fiber contact
screen further comprises:
printing a plurality of layers of material each layer substantially orthogonal to

the 3D exterior surface.

17. The method of any of clauses 13-16, wherein an outermost printed layer of

the at least two layers [orms an exierior [iber contact surlace ol the [iber contacl screen.

18. The method of any of clauses 13-17, wherein the at least two layers have

gaps allowing water to penetrate the layers.

19. The method of any of clauses 13-18, further comprising;:

depositing fiber on the fiber contact screen to form the molded fiber part.

20. A porous mold for producing a molded fiber part comprising:

a 3D porous body having a plurality of external surfaces that are not
coplanar; and

a continuous, porous, fiber contact screen on the plurality of external
surfaces, the fiber contact screen containing a plurality of pores in fluid
communication with the 3D porous body, the fiber contact screen created from
a set of layers of material bonded together in a continuous fill pattern that,
where adjacent to the plurality of external surfaces, is orthogonal to the external

surfaces.
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21. A porous mold for producing a molded fiber part comprising:
a 3D porous body; and
a continuous, porous, fiber contact screen having a 3D external fiber

contacting surface formed by a single 3D printed layer of material.

[0095]  Unless otherwise indicated, all numbers expressing quantities of ingredients,
properties such as molecular weight, reaction conditions, and so forth used in the
specification and claims are to be understood as being modified in all instances by the
term “about.” Accordingly, unless indicated to the contrary, the numerical parameters
set forth in the following specification and attached claims are approximations that may
vary depending upon the desired properties sought to be obtained.

[0096] Notwithstanding that the numerical ranges and parameters setting forth the
broad scope of the technology are approximations, the numerical values set forth in the
specilic examples are reporied as precisely as possible. Any numerical value, however,
inherently contain certain errors necessarily resulting from the standard deviation found
in their respeclive lesling measurements.

[0097] Tt will be clear that the systems and methods described herein are well adapted
to attain the ends and advantages mentioned as well as those inherent therein. Those
skilled in the art will recognize that the methods and systems within this specification
may be implemented in many manners and as such are not 1o be limited by the
foregoing exemplified embodiments and examples. In this regard, any number of the
features of the different embodiments described herein may be combined into one
single embodiment and alternate embodiments having fewer than or more than all of
the features herein described are possible.

[0098] While various embodiments have been described for purposes of this
disclosure, various changes and modifications may be made which are well within the
scope contemplated by the present disclosure. Numerous other changes may be made
which will readily suggest themselves to those skilled in the art and which are
encompassed in the spirit of the disclosure. For example, a molded fiber part mold is
essentially a filter and the techniques described herein could be used to create filters
with uniform porosities while also having convoluted and complex external 3D

surfaces.
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CLAIMS

What is claimed is:

1. A porous mold for producing a molded fiber part comprising;:

a 3D porous body having at least a first body surface and a second body
surface not coplanar with the first body surface; and

a continuous, porous, fiber contact screen on the first body surface and
the second body surface, the fiber contact screen containing a plurality of pores
in fluid communication with the 3D porous body, the fiber contact screen
created from a set of layvers of material bonded together in a continuous fill
pattern that, where adjacent to the first body surface, is orthogonal to first body
surface and where adjacent to the second body surface is orthogonal to the

second body surface.

2. The porous mold of claim 1, wherein the porous mold further comprises a
machine attachment surface shaped to engage a molded fiber processing machine and

allow fluid flow between the 3D porous body and the molded fiber processing machine.

3. The porous mold of claim 1, wherein the 3D porous body is created from a
set of layvers of material bonded together in a fill pattern that allows fluid flow through
the 3D porous body.

4. The porous mold of claim 1, wherein at least one of the 3D porous body and

the continuous, porous, (iber contact screen is made of polyetherimide.
5. The porous mold of claim 1, wherein at least one of the 3D porous body and

the continuous, porous, fiber contact screen is stable at temperatures from 25 °C to 200
°C.
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6. The porous mold of claim 1, wherein at least one of the 3D porous body and
the continuous, porous, fiber contact screen was created as a single printed part by a

multi-axis 3D printer.

7. The porous mold of claim 1, wherein at least one of the 3D porous body and

the continuous, porous, fiber contact screen is made of PLA.

8. The porous mold of claim 1, wherein the porous mold is created by an

additive manufacturing device

9. The porous mold of claim 1, wherein the porous mold is created by a 3D

extrusion printer

10. The porous mold of claim 1, wherein the (iber contact screen is created by

an additive manufacturing device

11. The porous mold of claim 1, wherein the 3D porous body or the fiber

contact screen or both are made of ULTEM.

12. A computer-readable medium storing computer-readable instructions
which, when acted upon by a 3D printer, cause the 3D printer to create a porous
mold component, the porous mold component comprising:

a continuous, porous, fiber contact screen to be assembled on a 3D
porous body;

the 3D porous body having at least a first body surface and a second
body surface not coplanar with the first body surface; and

the continuous, porous, fiber contact screen containing a plurality of
pores in fluid communication with the 3D porous body . the fiber contact screen
created from a set of layers of material bonded together in a continuous fill
pattern that when assembled with 3D porous body is orthogonal to first body
surface where adjacent to the first body surface and where adjacent to the

second body surface is orthogonal to the second body surface.
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13. A method of manufacturing a porous mold for the creation of a molded
fiber part, the method comprising:

defining a 3D exterior surface of the molded fiber part;

forming a fiber contact screen by printing at least two layers of material,

wherein at least the first layer is laid down orthogonally to the 3D exterior surface.

14. The method of claim 13, further comprising;
assembling the fiber contact screen with a porous mold core to form the porous

mold for the creation of the molded fiber part.

15. The method of claim 13, wherein forming the fiber contact screen further
comprises:

defining a shape of the fiber contact screen; and

slicing (he shape into at least two layers orthogonal to the 3D exlerior surface ol

the molded fiber part.

16. The method of claim 13, wherein forming the fiber contact screen further
comprises:

printing a plurality of layers of material each layer substantially orthogonal to

the 3D exterior surface.

17. The method of claim 13, wherein an outermost printed layer of the at least

two layers forms an exterior fiber contact surface of the fiber contact screen.

18. The method of claim 13, wherein the at least two layers have gaps allowing

water to penetrate the layers.

19. The method of claim 13, further comprising:

depositing fiber on the fiber contact screen to form the molded fiber part.

20. A porous mold for producing a molded fiber part comprising:
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a 3D porous body having a plurality of external surfaces that are not
coplanar; and

a conlinuous, porous, [iber contact screen on the plurality of external
surfaces, the fiber contact screen containing a plurality of pores in fluid
communication with the 3D porous body, the fiber contact screen created from
a set of layers of material bonded together in a continuous fill pattern that,
where adjacent to the plurality of external surfaces, is orthogonal to the external

surfaces.

21. A porous mold for producing a molded fiber part comprising:
a 3D porous body; and
a continuous, porous, fiber contact screen having a 3D external fiber

contacting surface formed by a single 3D printed layer of material.
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