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WEARABLE ARTICLE AND METHOD FOR FORMING A WEARABLE ARTICLE

Cross Reference to Related Applications

[0001] The present application claims priority to U.S. Provisional Patent Application No.
62/792,772, entitled “WEARABLE ARTICLE AND METHOD FOR FORMING A
WEARABLE ARTICLE” and filed January 15, 2019. The entire contents of the above-listed

application are incorporated herein by reference for all purposes.

Field
[0002] The present description relates generally to methods and systems for forming

wearable articles using a biological composite material.

Background

[0003] Wearable articles may include components that are manufactured separately and
coupled together using stitching or other fastening mechanisms. The components of the
wearable article may be made out of leather, polyurethane, and/or other materials that may

have lengthy manufacturing times and may not be biodegradable.

Summary
[0004] In one example, a wearable article includes an internal structure and a biopolymer

material at least partially surrounding and/or extending through the internal structure, thereby
forming a biocomposite material having zonal properties. The biopolymer material includes
mycelium grown from a fungal strain.

[0005] It should be understood that the summary above is provided to introduce in
simplified form a selection of concepts that are further described in the detailed description. It
is not meant to identify key or essential features of the claimed subject matter, the scope of
which is defined uniquely by the claims that follow the detailed description. Furthermore, the
claimed subject matter is not limited to implementations that solve any disadvantages noted

above or in any part of this disclosure.

Brief Description of the Drawings

[0006] FIG. 1 shows an example of a wearable article in the form of a shoe with an upper
and a sole structure.

[0007] FIG. 2 shows an exploded view of an example of a shoe.
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[0008] FIGS. 3 and 4 show an example system for generating an upper from a
biocomposite material.
[0009] FIGS. 5A and 6A show a first example system for generating a sole from a
biocomposite material.
[0010] FIGS. 5B and 6B show a second example system for generating a sole from a
biocomposite material.
[0011] FIG. 7 shows an example of a method for manufacturing a shoe using one or more

components comprised of a biocomposite material.

[0012] FIG. 8 shows another example system for generating an upper from a biocomposite
materials.
[0013] FIG. 9 shows an example of a method for manufacturing an upper using one or

more biocomposite materials.

Detailed Description

[0014] The following description relates to wearable articles and methods for
manufacturing wearable articles, and in one example, footwear and methods for manufacturing
footwear. In particular, the following description relates to wearable articles manufactured
from biocomposite material comprised of biological polymers grown in and/or cut to the
shape(s) of the wearable article. The biological polymers may be grown around an inner
structure that has zoned properties, such as zones that are more or less rigid, zones that are
more or less cushioned, and so forth. The biological polymers may mimic the properties of the
inner structure, resulting in a wearable article having desired zoned material properties.

[0015] Typically, wearable articles, such as footwear, may be manufactured by separately
manufacturing the article components (e.g., the upper and the sole in the example of footwear)
and then joining the separate components together. Further, each of the components may be
formed from separate pieces that may be manufactured independently of each other and then
joined together. This separate manufacturing and then joining together of multiple components
may result in complex manufacturing processes that cannot be easily scaled up or scaled down
as demand for the final wearable article product fluctuates. Further, this manufacturing process
may involve extensive manual input, which may lead to a more costly and lengthy
manufacturing process. Furthermore, many wearable articles are manufactured from materials
that are essentially not degradable and/or that release harmful byproducts during the
degradation process. Further, the wearable materials may be generated using environmentally-

unfriendly compounds.
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[0016] Thus, according to embodiments disclosed herein, the above issues may be
addressed by generating a wearable article from biocomposite materials comprised of
biological polymers grown in the shapes of the various wearable article components. The
biocomposite materials may be biodegradable and may rely on little or no harmful chemicals
to produce. Further, the biocomposite materials may be grown quickly, such as within a few
days or weeks, relative to other materials, which take months or even years to produce. Further
still, at least in some examples, some or all of the wearable article components may be
manufactured using a three-dimensional mold around which the biopolymers may be grown.
In this way, the number of separately manufactured components may be reduced, which may
reduce the manual input required to produce the wearable article and may allow for easy scaling
of the quantity of the wearable articles produced.

[0017] While the disclosed embodiments are described herein below in the context of
footwear, the disclosed embodiments may further be equally applied to virtually any article of
clothing, apparel, or equipment. For example, the disclosed embodiments may be applied to
hats, caps, shirts, jerseys, jackets, socks, shorts, pants, undergarments, athletic support
garments, gloves, wrist/arm bands, sleeves, headbands, sports equipment, etc. Thus, as used
throughout this disclosure, the term “wearable article” may refer to any apparel or clothing,
including any article of footwear, as well as hats, caps, shirts, jerseys, jackets, socks, shorts,
pants, undergarments, athletic support garments, gloves, wrist/arm bands, sleeves, headbands,
any knit material, any woven material, any nonwoven material, etc. As used throughout this
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disclosure, the terms “wearable article,” “apparel,” “article of footwear,” and “footwear” may
also refer to a textile, a natural fabric, a synthetic fabric, a knit, a woven material, a nonwoven
material, a mesh, a leather, a synthetic leather, a polymer, a rubber, and a foam.

[0018] An example of a shoe is shown in FIG. 1. The shoe may include an upper
connected to a sole structure. The components of the sole structure, as well as the upper of the
shoe is depicted in an exploded view in FIG. 2 to show an ordering and geometry of the shoe
elements. One or more components of the footwear may be comprised of a biocomposite
material. For example, as shown in FIGS. 3 and 4, an upper of the footwear may be comprised
of a biocomposite material that includes a fungal root structure grown around an inner structure
(e.g.. an upper inner structure). Further, as shown in FIGS. 5A, 5B, 6A and 6B, a sole of the
footwear may be comprised of a biocomposite material that includes a fungal root structure
grown around substrate particles and in some examples an inner structure (e.g., a sole inner

structure). An example of a method for manufacturing the shoe, including use of one or both

of the upper and sole comprised of the biocomposite material, is provided in FIG. 7. As shown
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in FIG. 8, the upper may be generated from one or more biocomposite materials grown
around/within a three-dimensional mold. FIG. 9 shows an example method for manufacturing
an upper from a fungal root structure grown around a 3D mold.

[0019] Turning now to FIG. 1, an article of footwear is shown. Footwear, and in
particular, athletic footwear, may include an upper and a sole structure. While the upper covers
a foot and securely positions the foot with respect to the sole structure, the sole structure is
positioned under the foot and provides a barrier between the foot and the ground. The sole
structure may attenuate ground reaction forces, provide traction and stability, and control foot
motion. By attaching the upper to the sole structure to form a shoe, the foot may be surrounded
and supported by the shoe so that the wearer may comfortably participate in recreational
activities, such as walking and running.

[0020] Accordingly, FIG. 1 shows a shoe 100 that may comprise an upper 102 and a sole
structure 104. A set of reference axis 101 is provided, indicating a y-axis, an x-axis, and a z-
axis. The upper 102 may be arranged above the sole structure 104 and adapted to allow a foot
to be inserted into a cavity of the shoe 100 through an opening 106. The foot is held in place
in the shoe 100 by the upper 102 and may directly contact inner surfaces of the upper 102. To
provide comfortable engagement of the foot with the upper 102, the upper 102 may be
constructed from a flexible synthetic material, such as polyester, nylon, synthetic leathers, or a
natural material such as leather; or the upper may be constructed from a biocomposite material
as will be explained in more detail below with respect to FIGS. 3 and 4. The shoe 100 may
further include a sock liner arranged along an inner surface of the upper 102, inside the cavity
of the shoe, and attached to the upper 102 by stitching.

[0021] The upper 102 may be adapted with a lacing system 108 including a set of laces
threaded through apertures in the upper 102 along a region of the upper 102 adjacent to an
instep of the foot when the shoe 100 is worn. In other examples, the upper 102 may have a
Velcro attachment instead of the lacing system 108 or neither the lacing system 108 nor the
Velcro attachment. The lacing system may be used to tighten the upper around the foot and
enhance a securing of the foot inside the shoe 100.

[0022] The upper 102 may be secured along a bottom edge 110 to the sole structure 104.
The sole structure may include an insole positioned inside the cavity of the shoe 100 along a
footbed of the shoe, a midsole 112, and an outsole 114. The midsole 112 is directly adjacent
to and above the outsole 114 so that the midsole 112 and the outsole 114 are in face-sharing
contact, the shared face coplanar with an x-z plane. The midsole 112 may be a compressible

layer of a foamed material, such as ethylene vinyl acetate (EVA), polyurethane (PU) or
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thermoplastic polyurethane (TPU). As described above, midsole 112 is configured to attenuate
ground forces and decrease impact transferred to the foot due to contact of the shoe with the
ground. In some examples a thickness, defined along the y-axis, of the midsole 112 may vary
according to a desire for increased shock absorption at certain regions relative to the foot. For
example, a region under a heel of the foot may be thicker than a region under a ball of the foot
if the shoe 100 is adapted for long distance running. In addition, a firmness of the midsole 112
may be non-uniform along the midsole 112 to provide stability or cushioning in desired regions
of the midsole 112.

[0023] The outsole 114 may have an upper face 116 that is contoured to match a bottom
face 118 of the midsole 112. A bottom face 120 of the outsole 114 may be textured to provide
traction to the shoe 100. The outsole 114 may be formed from a material that is less
compressible and more durable than the midsole 112, such as carbon rubber or blown rubber,
or the outsole may be formed from a biocomposite material as will be explained below.

[0024] The components of a shoe 202 are shown in an exploded view 200 in FIG. 2. The
shoe 202 has a toe region 203 and a heel region 205 and comprises an upper 204 with a lacing
system 206 and an opening 208 as well as a sole structure 214 that includes a midsole 216 and
an outsole 226. The upper 204 may have an attached sock liner (not shown in FIG. 2) that lines
an interior of the upper or the upper may be directly stitched to a seamed footbed that provides
a bottom surface to the upper 204. Furthermore, in some examples, the sole structure 214 may
also include an insole positioned below the upper 204 and above the midsole 216 that is
contoured to match a shape of a foot. The insole may be arranged above the sock liner or the
seamed footbed at a bottom of an inner cavity of the shoe 202 and may be formed from EVA
or other material.

[0025] The sole structure 214 may be shaped to match an outer geometry of a bottom edge
222 of the upper 204. The midsole 216 may have a raised edge 218 surrounding at least a
portion of a perimeter of the midsole 216 that extends above an upper surface 220 of the
midsole. A width of the midsole 216, defined along the x-axis, may be wider than a width of
the upper 204 and the insole 210 so that the bottom edge 222 of the upper 204 may fit within
and be surrounded by the raised edge 218 of the midsole 216.

[0026] Portions of the outsole 226 in FIG. 2 may be similarly shaped as the midsole 216
but the outsole 226 may alternatively comprise a plurality of sections that are fixed to regions
of a bottom surface of the midsole 216. The outsole 226 may be adapted to provide traction in

desirable regions of the sole structure 214, such as under a ball of the foot. The outsole 226
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may be thinner, as defined along the y-axis, than the midsole 214. The outsole 226 may be
contoured to match a shape of the midsole 216 and include a textured bottom face 228.

[0027] At least some of the components of shoe 202 may be comprised of a biopolymer
material that is biodegradable. For example, as will be described in more detail below, one or
more of an upper and a sole portion of a shoe may be manufactured from fungal root structure,
referred to as mycelium. Mycelium is comprised of a plurality of branching, thread-like
filaments, referred to as hyphae, that secrete enzymes into a food source, such as wood. The
enzymes break down polymers in the food source into monomers that are absorbed into the
hyphae and supplied to the fungus. The branching and thread-like nature of the mycelium
hyphae may result in the formation of a flexible, durable material that can be processed and
utilized in a desired manner.

[0028] To generate an upper made from mycelium, the mycelium may be grown in a tray
that has the shape of an upper, and may be encouraged to grow in such a manner that different
material properties of different portions of the upper may be mimicked in the mycelium. To
accomplish this, the mycelium may be grown around an internal structure, such as fabric,
polylactic acid (PLA), or other biodegradable material that includes desired material properties
(e.g., more or less stretchable in certain regions, more or less rigid in other regions, and so
forth), and the mycelium may grow around and through the textile, which may cause the
mycelium to have a density, a growth direction, etc., that causes the grown mycelium to mimic
the material properties of the textile. To generate a sole portion from mycelium, the mycelium
may be grown around an internal structure and at least in some examples, in a tray that has the
shape of the sole. The internal structure may include zones of different material properties,
such as a rigid arch support, flexible/compressible heel region, and so forth. To form an open
or closed cell foam-like material, the mycelium may be grown around small, dispersed pieces
of substrate, thereby generating a foam-like structure that has the shock absorbing and other
material properties typically associated with a sole. Once the upper and sole are manufactured,
the upper and sole may be coupled together into a shoe via stitching or other fastening
mechanisms.

[0029] By manufacturing one or more portions of a shoe using mycelium, production of
the shoe may be easily and quickly scaled up or scaled down depending on demand, and the
amount of manual effort required to manufacture the shoe may be reduced. Further, the one or
more portions made from mycelium may be biodegradable, and the process of growing and

processing the mycelium into the portions of the shoes may utilize fewer chemicals that may
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be harmful for the environment relative to manufacturing the portions from petrochemicals
such as polyurethane.

[0030] FIG. 3 shows a top-down view of an example system 300 for manufacturing an
upper, with some of the components of system 300 (e.g., the substrate and intermediate layer)
removed for visual purposes to highlight the zoned properties of the upper internal structure.
FIG. 4 shows a cross-sectional view 400 of the system 300 taken across line A-A' of FIG. 3,
with the components of the system shown. Each of FIGS. 3 and 4 includes a coordinate system
301. FIGS. 3 and 4 will be described collectively. System 300 is configured to generate an
upper for incorporation in an article of footwear, such as a shoe. For example, upper 102 of
FIG. 1 and/or upper 204 of FIG. 2 may be formed using system 300.

[0031] System 300 includes a tray 302. Tray 302 may be comprised of a suitable material,
such as plastic or other substance adapted for culturing cells, bacteria, and/or mycelium. Tray
302 is configured to minimize opportunities for infection and allow for the control of
environmental factors such as temperature, humidity, light levels, and CO2 and O2
concentrations. Tray 302 may be configured to control air exchange and O2 and direct the
growth of the mycelium to only specific areas through access to atmosphere. For example, tray
302 has a shape that matches the shape of the final upper that is to be produced by system 300
and includes a bottom and sides, such as bottom 302a, first side 302b, and second side 302c¢.
[0032] System 300 further includes an upper internal structure 304. Upper internal
structure 304 may extend in the x-z plane of FIG. 3 and may be shaped similarly the final shape
of the upper that will be produced by system 300, and may be shaped similarly to tray 302. In
some embodiments, upper internal structure 304 may be positioned directly on tray 302 without
any material positioned intermediate upper internal structure 304 and tray 302. Upper internal
structure 304 may be comprised of a suitable biodegradable material or materials, such as PLA,
fabric, and/or other material(s), and may be woven, braided, knitted, 3D printed, or made in
another suitable manner. Further, in some examples, upper internal structure 304 may be
comprised of multiple pieces of material which may be maintained separate or may be stitched,
fused, or otherwise fastened together, or upper internal structure 304 may be comprised of a
single, unitary piece of material. Upper internal structure 304 may be permeable to mycelium
growth such that hyphae 406 (shown in FIG. 4 and described in more detail below) growing
down from substrate 402 may grow through and around upper internal structure 304,

[0033] The inclusion of upper internal structure 304 may cause the final upper produced
from system 300 to have desired material properties. For example, upper internal structure 304

may cause the final upper to be more rigid, more flexible, etc., than if the mycelium were grown
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without an upper internal structure. Upper internal structure 304 may influence the growth
pattern (e.g., density, hyphae growth direction, hyphae branching directionality, and so forth)
of the mycelium. For example, if upper internal structure 304 is stretchable in a first direction,
the resulting mycelium may also be stretchable in the first direction. Thus, to encourage
specific material properties of the final upper, upper internal structure 304 may include regions
or zones having different material properties. As shown, upper internal structure includes a
lacing zone 306, toe zone 308, and side zones 307. Lacing zone 306 may be configured to
accommodate a lacing system that may be incorporated after the final upper is produced. It
may be desirable for lacing zone 306 to have more elasticity than other zones of the upper, and
thus upper internal structure 304 may be more elastic in lacing zone 306 than in other zones of
upper internal structure 304. Toe zone 308 may be configured to be placed over a toe of a
wearer when the final upper is incorporated into a shoe. It may be desirable for toe zone 308
to be comprised of material having a higher density than other regions of the upper, or it may
be desirable for toe zone 308 to be made of mesh-like material. Thus, toe zone 308 may be
comprised of a higher density material than other regions of upper internal structure 304 or
have otherwise different material properties than remaining portions of upper internal structure
304. Tt is to be understood that the above described zones of upper internal structure 304 are
exemplary, and other regions are possible, having the same or different material properties than
those described above. Further, in some examples, the upper internal structure may be
comprised of material having the same material properties in all zones, or the upper internal
structure may be omitted.

[0034] The sides of tray 302 may enclose substrate 402, on which the mycelium may grow
(the mycelium is comprised of branching hyphae 406, growing outward and downward from
substrate 402 in FIG. 4). The bottom and sides of tray 302 may constrain the growth of the
my celium such that the mycelium grows downward from the substrate 402 to the bottom 302a
of the tray 302. Once the mycelium growth reaches the bottom of the tray, the mycelium may
grow to form a “skin” in and around internal structure 304, and the resultant my celium-internal
structure composite material may then be harvested and processed to form an upper, as will be
described in more detail below.

[0035] Substrate 402 may include nutrients that allow the desired fungi strain to grow over
a period of time by digesting the nutrients. Substrate 402 may be comprised of any material
adequate to provide for the growth of the fungal material. Substrate 402 may be a ligno-

cellulosic material with appropriate pH balance and other nutrients commensurate for the
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propagation of a desired fungal strain. For example, substrate 402 may be solid wood or wood
particles.

[0036] Substrate 402 may be inoculated with an appropriate fungal strain. The fungal
species may be from the fungal kingdom order Polyporales, the Family Ganodermataceae, such
as Ganoderma lucidum, Ganoderma tsugae, Ganoderma applanatum, Ganoderma
resinaceum, or Ganoderma oregonense. Other possible candidate strains include 7rametes
versicolor, Trametes pubescens, Schizophyllum commune, and Polyporous squamosus. The
desired fungal strain is propagated throughout substrate 402 so that the substrate is fully
colonized by the fungal mycelium.

[0037] Substrate 402 may fill tray 302 across an entirety of tray 302 in the x-z plane (e.g.,
across an entirety of tray 302), and may extend at least partially up the sides of tray 302 (e.g.,
along the y axis). Substrate 402 may have a flat bottom surface, to encourage straight and
consistent growth, or substrate 402 may have a bottom surface of desired contours and/or
curvature.

[0038] Upon mycelium growth, upper internal structure 304 may be incorporated into an
intermediate region of the final upper, such that one or more layers of mycelium are present
below upper internal structure 304 and one or more layers of mycelium are present above upper
internal structure 304. For example, as shown in FIG. 4, hyphae 406 may grow through and
around upper internal structure 304. It is to be understood that hyphae 406 are shown in
schematic form for visual purposes, and that hyphae 406 may grow across the entirety of
substrate 402 (only a portion of the hyphae is shown for clarity) and hyphae 406 may take on
other visual appearances, densities, growth directions, etc.

[0039] During hyphae growth, the conditions surrounding and/or within tray 302 may be
controlled to generate desired properties of the resultant mycelium. For example, a lid may be
placed on tray 302 to control air exchange, limit light exposure, etc. The air in and/or
surrounding tray 302 may be controlled to have a specific O2 and/or CO2 content, temperature,
and/or humidity, which may all affect the growth properties of the hyphae. The growing
hyphae may be manipulated directly, such as by mechanical pressure, deformation, chemical
growth promotors or inhibitors, and so forth.

[0040] In some embodiments, an intermediate layer 404 may be positioned on top of upper
internal structure 304 and below substrate 402. Intermediate layer 404 is configured to
physically isolate the growing fungal material from the substrate 402. Intermediate layer 404
may be a membrane or fabric that is permeable to the growing fungal material but not to the

particles of the substrate. Intermediate layer 404 may enable uniform growth of the fungal
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material by providing uniform initial conditions of growth and enables the fungal material to
be cleanly removed without damaging the substrate during a delamination process after desired
fungal growth is complete.

[0041] Intermediate layer 404 facilitates uniform separation of the fungal material from
the substrate by controlling the interaction of the substrate with the fungal material. Thus,
intermediate layer 404 prevents the fungal material from permanently adhering to the substrate,
and damaging or tearing of the substrate when removing the fungal material. The substrate can
thus be reused to grow additional mycelial structures. Intermediate layer 404 may be fully or
partially permeable across its surface. Growth of fungal material will be blocked in
impermeable areas, allowing for masked or patterned growth. For example, while not shown
in FIG. 3, it may be desirable to include openings within the final upper to accommodate laces
or other shoe fasteners (e.g., hook-and-loop fasteners), and thus intermediate layer 404 may
include impermeable areas corresponding to the final location of the openings (likewise, in
such examples, upper internal structure 304 may include voids where openings in the final
upper are desired).

[0042] In some embodiments, the intermediate layer is a stand-alone component separate
from the tray and the substrate. In other embodiments, the intermediate layer is attached to or
is permanently a part of the tray, or the intermediate layer may be embedded within the
substrate. Intermediate layer 404 may comprised of lignin or other biodegradable compounds
to interact with the mycelium. In other examples, intermediate layer 404 may be comprised of
a polymer that is not degraded by the fungi.

[0043] Once the mycelium has grown to a desired thickness, the mycelium and
incorporated upper internal structure 304 may be removed from substrate 402 and intermediate
layer 404 via a delamination process. The resultant composite upper material comprised of the
mycelium and upper internal structure may then be processed via a suitable tanning or other
process to ensure the composite upper material is water resistant, shielded from mycelium
degradation, and/or other desired properties. Further, the composite upper material (e.g.,
comprised of mycelium and the upper internal structure) may be trimmed, folded, and/or
manipulated to include a lacing system, tongue, and/or other components, to thereby form an
upper comprised of a biocomposite material. The upper may be incorporated into an article of
footwear, such as shoe. For example, the upper may be stitched to a sole portion, may be
modified to include a lacing system (if not yet added), and so forth.

[0044] Additionally, while upper internal structure 304 is shown in FIGS. 3 and 4 as

extending across an entirety of tray 302, such that all portions of the resultant upper include

10



WO 2020/150133 PCT/US2020/013309

the upper internal structure, in some examples the upper internal structure may be of a different
shape, comprised of different, unconnected (or only partially connected) regions, include voids
or cut-outs, etc., such that some regions or zones of the resultant upper do not include an upper
internal structure but instead are only comprised of the mycelium.

[0045] Thus, system 300 may be utilized to generate an upper to be incorporated into an
article of footwear. The upper may be comprised of a biocomposite material. The
biocomposite material may include a biopolymer, herein mycelium that is grown from a
suitable fungal strain, and an internal structure. The inclusion of the internal structure may
result in the upper having zonal properties. The zonal properties may include some
regions/zones of the upper having different properties than other regions/zones of the upper.
For example, when upper internal structure 304 is included in an upper, the upper may have a
toe zone and a lacing zone, each of which may have different density, thickness, and/or material
properties than other regions (e.g., the sides) of the upper. The different material properties
may include different elasticity, different compressibility, etc. Further, the biocomposite
material that is formed from system 300 may be processed similar to leather and may result in
a material that is similar in some properties as leather. As such, the biocomposite material may
be dyed, perforated, laser etched, embossed, debossed, etc.

[0046] While system 300 is described above as being configured for forming an upper for
an article of footwear, a similar system may be used to generate other wearable articles. For
example, a hat, gloves, shirt, pants, socks, etc., may be formed using a system that includes a
tray (which may be in the shape of the wearable article), an internal structure, and a substrate
inoculated with a fungal strain. Upon mycelium growth from the fungal strain, one or more
layers of mycelium may grow over, under, and/or through the internal structure to form a
biocomposite material having zonal properties, where the zonal properties include zones with
the internal structure and the mycelium, and zones without the internal structure and only the
mycelium, and/or where the zonal properties include the internal structure having
zones/regions of different density, thickness, material properties, etc. Further, while system
300 includes a tray that has the same shape as the final upper that is formed using system 300,
in some examples the system may include a tray having a different shape. For example, the
tray may be rectangular and the upper (or other wearable article) may be cut from the tray after
mycelium growth is complete.

[0047] In some examples, the sole portion of an article of footwear, such as some or all of
sole structure 104 of FIG. 1 and/or some or all of sole structure 214 of FIG. 2, may be comprised

of a biodegradable material (e.g., mycelium) grown from a substrate inoculated with a fungal
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strain. FIGS. 5A and 6A show a first example system 500 for manufacturing a sole. FIG. 5A
shows a top-down view of system 500 with some components (e.g., the substrate and top
surface) removed for visual purposes. FIG. 6A shows a cross-sectional view 600 of the system
500 taken across line B-B' of FIG. 5A with the substrate and top surface included. Each of
FIGS. 5A and 6A includes a coordinate system 501. FIGS. 5A and 6A will be described
collectively. System 500 is configured to generate a sole for incorporation in an article of
footwear, such as a shoe. For example, some or all of sole structure 104 of FIG. 1 and/or some
or all of sole structure 214 of FIG. 2 may be formed using system 500. Further, in some
examples, both the midsole and the outsole of the sole structure may be formed using system
500. In other examples, only the midsole or only the outsole of the sole structure may be
formed using system 500.

[0048] System 500 includes a tray 502. Tray 502 may be comprised of a suitable material,
such as plastic or other substance adapted for culturing cells, bacteria, and/or mycelium.
Further, tray 502 may provide for sterile conditions and/or may allow for air exchange, similar
to tray 302 described above. Tray 502 has a shape that matches the shape of the final sole
formed using system 500 and includes a bottom and sides, such as bottom 502a, first side 502b,
and second side 502c.

[0049] System 500 further includes a sole internal structure 504. Similar to upper internal
structure 304, sole internal structure 504 may cause the final sole produced from system 500
to have desired material properties. For example, sole internal structure 504 may cause the
final sole to be more rigid, more flexible, more compressible, etc., than if the mycelium were
grown without a sole internal structure. Sole internal structure 504 may influence the growth
pattern (e.g., density, hyphae growth direction, hyphae branching directionality, and so forth)
of the mycelium. For example, if sole internal structure 504 is compressible in a first direction,
the resulting mycelium may also be compressible in the first direction. Thus, to encourage
specific material properties of the final sole, sole internal structure 504 may include zones
having different material properties.

[0050] As shown, sole internal structure 504 includes a ball zone 506 configured to be
positioned under a ball of a foot when the sole is incorporated into an article of footwear that
is worn by a person. Sole internal structure 504 also includes a heel zone 508 configured to be
positioned under a heel of a foot when the sole is incorporated into an article of footwear that
is worn by a person. Ball zone 506 and/or heel zone 508 may be comprised of a 3-D mesh/grid

of material that is compressible in order to facilitate shock absorption, for example. Ball zone
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506 and/or heel zone 508 may be comprised of a biodegradable material such as PLA or other
suitable material.

[0051] Sole internal structure 504 may extend in the x-z plane of FIG. 5A and may be
shaped similarly the final shape of the sole that will be produced by system 500, and may be
shaped similarly to tray 502. Accordingly, sole internal structure 504 may include a first
coupling zone 507 between ball zone 506 and heel zone 508, and in some examples may
include a second coupling zone 509 extending from ball zone 506 to the toe edge of the tray
502. The coupling zones may be flexible, rigid, and/or have other desired material properties,
and may be comprised of the same material as ball zone 506 and/or heel zone 508, or may be
comprised of a different material or materials. In other embodiments, sole internal structure
504 may have a shape that is different than that of the final sole and/or may be comprised of
separate, non-contacting zones (e.g., the coupling zones may be dispensed with), as will be
explained in more detail below. Sole internal structure 504 may be 3D printed, or made in
another suitable manner (e.g., casted, injection molded). Further, in some examples, sole
internal structure 504 may be comprised of multiple pieces of material stitched, fused, or
otherwise fastened together, or sole internal structure 504 may be comprised of a single, unitary
piece of material. In some examples, sole internal structure 504 may be at least partially
permeable to mycelium growth such that hyphae 606 (shown in FIG. 6A) growing throughout
substrate 603 may grow through and/or around sole internal structure 504.

[0052] It is to be understood that the above described zones of sole internal structure 504
are exemplary, and other regions are possible, having the same or different material properties
than those described above. Further, in some examples, the sole internal structure may be
comprised of material having the same material properties in all zones, or the sole internal
structure may be omitted.

[0053] The bottom and sides of tray 502 may enclose a substrate 603, on which the
my celium may grow (the mycelium is comprised of branching hyphae 606, growing throughout
substrate 603 in FIG. 6A although only a portion of the branching hyphae is shown for clarity).
The bottom and sides of tray 502 may constrain the growth of the mycelium such that the
mycelium only grows within substrate 603. However, unlike tray 302 which has a substantially
flat bottom and flat sides, tray 502 includes varying 3D structure. For example, referring to
FIG. 6A, the bottom 502a of tray 502 is not flat, but instead changes in height along the x axis
(as shown in FIG. 6A) and/or along the 7 axis, thereby providing a desired shape to the final

sole.
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[0054] Substrate 603 may include discrete particles and nutrients that allow the desired
fungi strain to grow over a period of time by digesting the nutrients, similar to substrate 402.
Substrate 603 may be comprised of any material adequate to provide for the growth of the
fungal material. Substrate 603 may be a ligno-cellulosic material with appropriate pH balance
and other nutrients commensurate for the propagation of a desired fungi strain. However,
unlike substrate 402, substrate 603 may include discrete particles, such as saw dust, corn husks,
etc., rather than a solid material. The discrete particles may be selected in order to impart
desired material properties to the final sole, for example such that the final sole is comprised
of a high density foam-like material.

[0055] Substrate 603 may be inoculated with an appropriate fungal strain, similar to the
fungal strains described above with respect to FIGS. 3 and 4. The fungal species may be from
the fungal kingdom order Polyporales, the Family Ganodermataceae, such as Ganoderma
lucidum, Ganoderma tsugae, Ganoderma applanatum, Ganoderma resinaceum, or
Ganoderma oregonense. Other possible candidate strains include 7rametes versicolor,
Trametes pubescens, Schizophyllum commune, and Polyporous squamosus. The desired fungal
strain is propagated throughout substrate 603 so that the substrate is fully colonized by the
fungal mycelium.

[0056] Substrate 603 may fill tray 502 across an entirety of tray 502 in the x-z plane (e.g.,
across an entirety of the bottom of tray 502), and may extend at least partially up the sides of
tray 502 (e.g., along the y axis). Substrate 603 may have a flat top surface, to encourage straight
and consistent growth, or substrate 603 may have a top surface of desired contours and/or
curvature. For example, as shown in FIG. 6A, substrate 603 may be constrained by a top layer
602, which may be included as part of tray 502 or may be a separate component. Top layer
602 may prevent mycelium growth outside of substrate 603, while still allowing for exchange
of light, air, etc. In other examples, top layer 602 may allow growth of the mycelium above
substrate 603, but may facilitate removal of the mycelium that grows above substrate 603, such
that the final sole has the shape shown in FIG. 6A.

[0057] In some examples, system 500 includes an intermediate layer 604 positioned
underneath substrate 603, in between substrate 603 and tray 502. Intermediate layer 604 may
facilitate removal of the substrate-mycelium structure from tray 502 once desired mycelium
growth has been achieved and/or may act as a durable outer surface for the sole once mycelium
growth is complete. However, in some examples, intermediate layer 604 may be dispensed
with, as the tray itself may allow for easy removal of the substrate-mycelium structure. Further,

in some examples, one or more tread molds, such as tread mold 608, may be positioned under
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substrate 603. The tread molds may prevent mycelium growth and substrate deposition in
regions of the sole where a tread pattern may be desired.

[0058] During hyphae growth, the conditions surrounding and/or within tray 502 may be
controlled to generate desired properties of the resultant mycelium. For example, a lid may be
placed on tray 502 to control air exchange, limit light exposure, etc. The air in and/or
surrounding tray 502 may be controlled to have a specific O2 and/or CO2 content, temperature,
and/or humidity, which may all affect the growth properties of the hyphae. The growing
hyphae may be manipulated directly, such as by mechanical pressure, deformation, chemical
growth promotors or inhibitors, and so forth.

[0059] Once the mycelium has grown to a desired thickness, the mycelium and
incorporated substrate and sole internal structure (which may be referred to as a composite sole
material) may be removed from tray 502. The composite sole material may then be processed
via a suitable process to ensure the composite sole material is water resistant, shielded from
mycelium degradation, and/or other desired properties. The composite sole material may be
incorporated into an article of footwear, such as shoe. For example, the composite sole material
may be stitched to an upper, may be modified to include treads or other patterns, and so forth.
[0060] FIG. 5B shows a top-down view of system 550 with some components (e.g., the
substrate and top surface) removed for visual purposes. FIG. 6B shows a cross-sectional view
650 of the system 550 taken across line C-C' of FIG. 5B with the substrate and top surface
included. Each of FIGS. 5B and 6B includes a coordinate system 551. FIGS. 5B and 6B will
be described collectively. System 550 is configured to generate a sole for incorporation in an
article of footwear, such as a shoe. For example, some or all of sole structure 104 of FIG. 1
and/or some or all of sole structure 214 of FIG. 2 may be formed using system 550. Further,
in some examples, both the midsole and the outsole of the sole structure may be formed using
system 550. In other examples, only the midsole or only the outsole of the sole structure may
be formed using system 550.

[0061] System 550 includes similar components as system 500, including a tray 552 that
has a shape that matches the shape of the final sole formed using system 550 and includes a
bottom and sides, such as bottom 552a, first side 552b, and second side 552¢. System 550
further includes a substrate 653, which may be similar to substrate 603, a top layer 652, an
intermediate layer 654, and a tread mold 658 similar to system 500. Thus, description of these
components provided above with respect to FIGS. 5A and 6A likewise applies herein.

[0062] System 550 further includes a sole internal structure 554. Similar to upper internal

structure 304 and sole interal structure 504, sole internal structure 554 may cause the final
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sole produced from system 550 to have desired material properties. As shown, sole internal
structure 554 includes a ball zone 556 configured to be positioned under a ball of a foot when
the sole is incorporated into an article of footwear that is worn by a person. Sole interal
structure 554 also includes a heel zone 558 configured to be positioned under a heel of a foot
when the sole is incorporated into an article of footwear that is worn by a person. Ball zone
556 and/or heel zone 558 may be comprised of a 3-D mesh/grid of material that is compressible
in order to facilitate shock absorption, for example. Ball zone 556 and/or heel zone 558 may
be comprised of a biodegradable material such as PLA or other suitable material.

[0063] Unlike sole internal structure 504, sole internal structure 554 does not include any
coupling zones but instead the ball one 556 and heel zone 558 are discrete components that are
not coupled to each other via any other parts of the sole internal structure. In some examples,
sole internal structure 554 may be at least partially permeable to mycelium growth such that
hyphae 656 (shown in FIG. 6B) growing throughout substrate 653 may grow through and/or
around sole internal structure 554. Further, each of ball zone 556 and heel zone 558 may
include varying mesh density along a vertical direction (e.g., along the y axis of coordinate
system 551). For example, ball zone 556 includes a first layer 556a and a second layer 556b.
The first layer 556a may have a lower density than the second layer 556b, e.g., first layer 556a
may have a courser grid/mesh with fewer cells and/or larger cells than second layer 556b. In
this way, the density of the material comprising the ball zone 556 and heel zone 558 may
increase along the y axis, while the compressibility of the material may decrease along the y
axis.

[0064] It is to be understood that the above described zones of sole internal structure 554
are exemplary, and other regions are possible, having the same or different material properties
than those described above. Further, in some examples, the sole internal structure may be
comprised of material having the same material properties in all zones, or the sole internal
structure may be omitted.

[0065] Thus, system 500 and/or system 550 may be utilized to generate a sole to be
incorporated into an article of footwear. The sole may be comprised of a biocomposite
material. The biocomposite material may include a biopolymer, herein mycelium that is grown
from a suitable fungal strain, and an internal structure. The inclusion of the internal structure
may result in the sole having zonal properties. The zonal properties may include some
regions/zones of the sole having different properties than other regions/zones of the sole. For
example, when sole internal structure 504 or sole internal structure 554 is included in a sole,

the sole may have a heel zone and a toe zone, each of which may have different density,
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thickness, and/or material properties than other regions (e.g., the arch) of the sole. The different
material properties may include different elasticity, different compressibility, etc. Further, the
biocomposite material that is formed from system 500 and/or system 550 may be dyed,
perforated, laser etched, embossed, debossed, etc.

[0066] Additionally, in some examples, the mycelium that grows in system 500 and/or
system 550 may not form a skin. For example, the fungal strain that is inoculated on the
substrate in system 500 and/or system 550 may be a different fungal strain than the fungal
strain inoculated on the substrate to form the upper as described above with respect to FIGS. 3
and 4. In another example, the growth conditions may be selected to prevent the formation of
a skin (e.g., the skin may only form when the mycelium contacts a specific type of surface,
which may be omitted from system 500 and/or system 550). In a still further example, a skin
may be formed using the system 500 and/or system 550. However, the skin may be removed
in one example. In another example, a skin may form and the skin may be maintained in the
final sole, which may provide increased durability along the outer surfaces of the sole, for
example.

[0067] While system 500 and system 550 are described above as being configured for
forming a sole for an article of footwear, a similar system may be used to generate other
wearable articles. For example, some or all of a hat, gloves, shirt, pants, socks, etc., may be
formed using a system that includes a tray (which may be in the shape of the wearable article),
an internal structure, and a substrate inoculated with a fungal strain. Upon mycelium growth
from the fungal strain, one or more layers of mycelium may be grown over, under, and/or
through the internal structure to form a biocomposite material having zonal properties, where
the zonal properties include one or more zones with the internal structure and the mycelium
and one or more zones without the internal structure and only the mycelium, and/or where the
zonal properties include the internal structure having zones/regions of different density,
thickness, material properties, etc. Further, while system 500 and system 550 include a tray
that has the same shape as the final sole that is formed using the respective system, in some
examples the system may include a tray having a different shape. For example, the tray may
be rectangular and the sole (or other wearable article) may be cut from the tray after mycelium
growth is complete.

[0068] In some examples, system 500 and/or system 550 described above may be used to
form a midsole. The outsole or the ability to resist an abrasion and also have the proper grip
may be incorporated through a different process (e.g., by spraying on a different material,

bonding a rubber kind of material at the bottom, etc.). Further, in some examples, rubber

17



WO 2020/150133 PCT/US2020/013309

particles may be incorporated in the mycelium by including the rubber particles in the substrate,
where the particles may get trapped inside the mycelium net in a way that it could give the
desired abrasion resistance. Further, the zones of the internal structure having different
densities along the vertical direction (e.g., y axis) may likewise be included in an internal
structure incorporated into an upper, as described above. Accordingly, in an internal structure
incorporated into a biocomposite material configured to form or be incorporated into a
wearable article, different zones may be included that have different material properties, and
in some examples, the material properties may also vary within a given zone (whether
vertically, horizontally, or other manner).

[0069] FIG. 7 is a flow chart illustrating a method 700 for manufacturing an article of
footwear using one or more components comprised of a biopolymer, such as mycelium.
Method 700 may include the manufacture of an article of footwear that includes an upper
generated using system 300 described above with respect to FIGS. 3 and 4 and/or a sole
generated using system 500 described above with respect to FIGS. SA and 5B and/or using
system 600 described above with respect to FIGS. 6A and 6B. Method 700 includes two
branches, a first branch 701 and a second branch 719, which may be performed independently
and/or simultaneously. Further, in some examples, the first branch 701 or the second branch
719 may be dispensed with (e.g., and thus only one component of the article of footwear may
be comprised of a biopolymer as discussed above).

[0070] Referring first to first branch 701 of method 700, an upper internal structure is
prepared at 702. The upper internal structure may be similar to upper internal structure 304
described above, and may be generated by 3D printing, as indicated at 704. When the internal
structure is 3D printed, the upper internal structure may be comprised of PLA or other
biodegradable material that is capable of being 3D printed. In some examples, rather than use
a biodegradable material, the upper internal structure may be 3D printed from acrylonitrile
butadiene styrene (ABS) or other polymer. However, in other examples, the upper interal
structure may be generated by knitting, braiding, weaving, or other techniques, as indicated at
706. For example. the upper internal structure may be comprised of a knit or woven fabric,
such as cotton, wool, eic. Additionally, in some examples, the upper internal structure may
mchude zones of different material properties, as indicated at 708, The different material
properties may include different matenals, different densuty of roaterial, different thickuess of
material, different stratch factor of the material, and so forth, as explained above with respect

to upper internal structure 304 of FIG. 3.
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[0071] At 710, the upper internal structure is placed in an upper tray along with an
intermediate layer and an inoculated substrate. For example, as explained above with respect
to FIGS. 3 and 4, the upper internal structure may be placed into an upper tray, which may be
shaped as an upper and may enclose (e.g., on three sides) the inoculated substrate. An
intermediate layer may be placed on the upper internal structure and the inoculated substrate
may be placed on the intermediate layer.

[0072] At 712, the mycelium growth conditions may be manipulated to obtain a desired
appearance, material properties, etc., of the resultant mycelium-upper internal structure
composite material. The mycelium growth conditions may be manipulated indirectly, such as
through ambient conditions (e.g., O2 and/or CO2 content, humidity, supplied nutrients, light,
temperature) and/or directly, such as through mechanical pressure, “combing” of the mycelium
(e.g.. adjusting the directionality of the branching hyphae), voids or antifungal material to
inhibit growth in certain regions, and so forth.

[0073] At 714, once mycelium growth is complete, the mycelium/upper internal structure
biocomposite material is removed from the upper tray. For example, the inclusion of the
intermediate layer may allow for the mycelium/upper internal structure biocomposite material
to be essentially “peeled” off the substrate without causing damage to the mycelium/upper
internal structure biocomposite material or underlying substrate.

[0074] At 716, the biocomposite material (e.g., the mycelium/upper internal structure
biocomposite material) is processed into a final upper. The processing may include tanning
the biocomposite material to remove residual water while preserving the mycelium structure
and protecting the biocomposite material from degradation, for example by traditional chrome-
based tanning or alternative tanning techniques such as techniques that use aldehydes. The
processing may include dying the biocomposite material to achieve one or more desired colors,
cutting the biocomposite material to a desired shape and/or to include voids for accommodating
laces, perforating, laser etching, embossing, and/or debossing one or more regions of the
biocomposite material, and so forth.

[0075] At 718, the final upper is incorporated into the article of footwear. For example,
the final upper may be coupled to a sole portion. The sole portion may be manufactured from
mycelium, as will be explained below with respect to the second branch of method 700, or the
sole portion may be manufactured using traditional materials, such as from polyurethane. The
final upper may be stitched to the sole portion, the final upper may be placed over an injection
cavity and fused to the sole portion during injection molding, or other suitable technique may

be employed to join the upper and the sole portion. Method 700 then ends.
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[0076] Referring next to the second branch 719 of method 700, at 720, a sole internal
structure is prepared. Similar to the upper internal structure, the sole internal structure may be
3-D printed using PLA or other material, and/or the sole internal structure may be casted,
injection molded, or formed using another suitable technique. Additionally, in some examples,
the sole internal structure may inciude zones of different material properties, where different
material properties may include different matenals, different density of matenal, different
compressibility factor of the material, different thickness of material, and so forth, as explained
above with respect to sole internal structure 504 of FIG. 5A.

[0077] At 721, the sole internal structure is placed in a sole tray along with an inoculated
substrate. For example, as explained above with respect to FIGS. 5A-6B, a substrate that
includes discrete particles, nutrients, and/or other growth material may be inoculated with a
desired fungal strain or strains and placed into a sole tray an top of and/or around the sole
internal structure, where the sole tray may be shaped as a sole and enclose the inoculated
substrate.

[0078] At 722, the mycelium growth conditions may be manipulated to obtain a desired
appearance, material properties, etc., of the resultant mycelium-substrate composite material.
The mycelium growth conditions may be manipulated indirectly, such as through ambient
conditions (e.g., O2 and/or CO2 content, humidity, supplied nutrients, light, temperature)
and/or directly, such as through mechanical pressure, “combing” of the mycelium (e.g.,
adjusting the directionality of the branching hyphae), voids or antifungal material to inhibit
growth in certain regions, and so forth.

[0079] At 724, once mycelium growth is complete, the foam-like
my celium/substrate/internal structure biocomposite material is removed from the sole tray. At
726, the biocomposite sole material (e.g., the mycelium/substrate biocomposite material) is
processed into a final sole. The processing may include drying the biocomposite material to
remove residual water while preserving the mycelium structure and protecting the
biocomposite material from degradation. The processing may include dying the biocomposite
material to achieve one or more desired colors, cutting the biocomposite material to a desired
shape and/or to include tread patterns, and so forth.

[0080] At 718, the final sole is incorporated into the article of footwear. For example, the
final sole may be coupled to an upper. The upper may be manufactured from mycelium, as
explained above with respect to the first branch of method 700, or the upper may be

manufactured using traditional materials. The final sole may be stitched to the upper, or other
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suitable technique may be employed to join the upper and the sole portion. Method 700 then
ends.

[0081] Thus, method 700 provides for manufacturing an article of footwear using at least
one component comprised of a biopolymer composite material. For example, an upper of the
article of footwear may be comprised of a mycelium-internal structure composite material
and/or a sole of the article of footwear may be comprised of a mycelium-substrate-internal
substrate composite material. The components may be manufactured separately and then
coupled together to form the article of footwear. One or more of the internal structures may
include zones of different material properties to impart desired structural features to the
components. According to the method described above, at least the upper may be formed using
a tray, and then the upper may be shaped in a manner to accommodate a foot of a wearer (e.g.,
by fitting the upper over a last and coupling the upper to a sole).

[0082] However, it may be desirable to form the upper using a three-dimensional mold.
FIG. 8 shows an example system for manufacturing an upper using a biopolymer that is grown
around a 3D mold. FIG. 8 shows a cross-sectional view of a system 800 for forming an upper.
FIG. 8 includes a coordinate system 801.

[0083] System 800 is configured to generate an upper to form an article of footwear, such
as a shoe. For example, the upper of shoe 100 of FIG. 1 and/or shoe 202 of FIG. 2 may be
formed using system 800, at least in some examples. System 800 includes an inner mold 802.
Inner mold 802 may be a 3D mold in the shape of a foot, similar to a last, and may be comprised
of plastic, wood, or other material. Inner mold 802 may be smaller than the desired dimensions
of the final upper, in order to accommodate an intermediate layer of substrate, as will be
described below. System 800 further includes an outer mold 804. Outer mold 804 may be in
the shape of the desired final upper and may have the same dimensions of the desired final
upper (or at least substantially the same, such as within 1-5 mm of the dimensions of the desired
final upper). Outer mold 804 may be comprised of plastic or other suitable material. For
example, the outer mold may be comprised of PLA, PVC, or other thermoplastic that is
thermoformed around a mold to form the outer mold in the shape of the upper.

[0084] System 800 further includes an upper internal structure 806. Upper internal
structure 806 may be similar to upper internal structure 304 of FIG. 3, and as such may be
comprised of a biodegradable polymer such as PLA and may be generated by 3D printing,
and/or upper internal structure 806 may be comprised of woven, knit, or braided fabric or fibers.
Upper internal structure 806 may be comprised of multiple pieces of material, or upper internal

structure 806 may be comprised of a single piece of material (e.g., when upper internal structure
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806 is 3D printed). Upper internal structure 806 may have a shape and/or varying material
properties that match the desired shape and/or material properties of the final upper that will
be generated by system 800. For example, upper internal structure 806 may be shaped as an
upper when the upper is attached to a sole, and may extend around inner mold 802 in multiple
directions (e.g., around sides of inner mold 802, across a back of inner mold 802, and over at
least a portion of a top of inner mold 802). Upper internal structure may terminate at a bottom
portion of inner mold 802 and may have an opening across a top of inner mold 802 to form the
opening to accommodate a foot.

[0085] System 800 may further include an intermediate layer 807, which may facilitate
easy removal of the upper internal structure/mycelium biocomposite material once desired
mycelium growth is achieved. Intermediate layer 807 may be similar to intermediate layer 404
described above with respect to FIG. 4. Intermediate layer 807 may cover an entirety of upper
internal structure 806 and may be positioned under upper internal structure 806 (e.g., on top of
inner mold 802). Substrate 808 fill a gap between inner mold 802 and intermediate layer 807.
Substrate 808 may be similar to substrate 404 of FIG. 4 and may be inoculated with one or
more selected fungal strains, such as the strains discussed above with respect to FIGS. 3-6B.
[0086] As appreciated by FIG. 8, hyphae 8§10 may grow from substrate 808 to outer mold
804, thereby growing around and/or through intermediate layer 807 and upper internal structure
806, similar to the hyphae growth described above with respect to FIGS. 3 and 4. When the
growing hyphae contact the outer mold 804, the hyphae may form a skin, as described above
with respect to FIG. 3.

[0087] In some examples, to prevent mycelium growth in undesired regions, one or more
barriers may be formed from and/or coupled to outer mold 804. The one or more barriers may
be a physical barrier that prevents and contains mycelium growth, such as a plastic barrier that
extends outward. In other examples, the one or more barriers may be a chemical barrier. For
example, a barrier may include anti-fungal compounds to prevent mycelium growth. The
barrier(s) may facilitate formation of eyelets to accommodate laces, for example. In other
examples, eyelets or other voids may be cut out of the final upper after it is formed.

[0088] Thus, once the fungal strain(s) inoculated on substrate 808 begins to grow, a
plurality of branched hyphae (shown generally at 810) may extend outward from substrate 808,
growing through and/or around intermediate layer 807 and upper internal structure 806. It is
to be understood that the entirety of substrate 808 (at least where substrate 808 has been
inoculated and includes nutrients and where no barriers are present) may include hyphae

growing around and outward from it, but that only a portion of the hyphae is shown so that
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underlying structures are more visible. During hyphae growth, the conditions surrounding
and/or within system 800 may be controlled to generate desired properties of the resultant
mycelium. For example, system 800 may be placed in a chamber to control air exchange, limit
light exposure, etc. The air in and/or surrounding system 800 may be controlled to have a
specific O2 and/or CO2 content, temperature, and/or humidity, which may all affect the growth
properties of the hyphae. The growing hyphae may be manipulated directly, such as by
mechanical pressure, deformation, chemical growth promotors or inhibitors, and so forth.
[0089] Once the mycelium has grown to a desired thickness and/or density, the outer mold
804 may be removed and the upper internal structure/mycelium biocomposite material
delaminated from the intermediate layer, leaving in place an upper. The upper may then be
processed via a suitable process to ensure the resultant material is water resistant, shielded from
mycelium degradation, and/or other desired properties. The upper may be further modified to
include a lacing system, a tongue, modified regions (e.g., embossed, debossed, etched), etc.,
and then the upper may be incorporated into an article of footwear as described above with
respect to FIGS. 3, 4, and 7.

[0090] While system 800 is described above as being configured for forming an upper for
an article of footwear, a similar system may be used to generate other wearable articles. For
example, a hat, gloves, shirt, pants, socks, etc., may be formed using a system that includes a
3D inner mold (which may be in the shape of the wearable article), an outer mold in the shape
of the wearable article, an internal structure, and a substrate inoculated with a fungal strain.
Upon mycelium growth from the fungal strain, one or more layers of mycelium may be grown
over, under, and/or through the internal structure to form a biocomposite material having zonal
properties, where the zonal properties include zones with the internal structure and the
mycelium, and zones without the internal structure and only the mycelium, and/or where the
zonal properties include the internal structure having zones/regions of different density,
thickness, material properties, etc.

[0091] FIG. 9 is a flow chart illustrating a method 900 for forming an upper of an article
of footwear from a biocomposite material grown around a 3D mold. For example, an upper of
shoe 100 and/or shoe 202 may be formed according to method 900 using system 800, for
example.

[0092] At 902, an upper internal structure is prepared. The upper internal structure may
be similar to upper internal structure 806 described above, and may be generated by 3D
printing, as indicated at 904. When the upper internal structure is 3D printed, the upper internal

structure may be comprised of PLA or other biodegradable material that is capable of being 3D
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printed. In some examples, rather than use a biodegradable material, the upper internal
structure may be 3D printed from acrvionitrile buiadiens styrene (ABS) or other polymer.
However, additionally or altermnatively, the upper intenal structure may be generaled by
kniting, braiding, weaving, or other technigues, as indicated at 906, For example, the upper
internal structure may be comprised of a knit or woven fabric, such as cotion, wool, etc.
Additionally, 1n some examples, the upper internal structure may include zones of dufferent
material properties, as indicated at 908, The different material properties may include different
materials, different density of material, differeni siretch factor of the material, different
thickness of material, and so forth, as explained above with respect to upper internal structure
304 of FIG. 3.

[0093] At 910, the upper internal structure is positioned between an inner mold and an
outer mold, such as inner mold 802 and outer mold 804 described above with respect to FIG.
8. At 912, a gap between the upper internal structure and inner mold is filled with a substrate
that is inoculated with desired fungal strain(s). Further, an intermediate layer may be
positioned in the gap, adjacent and/or directly contacting the upper intemal structure, before
the substrate is added to the gap. However, in some examples, the inoculated substrate may be
placed on the inner mold, and then the intermediate layer, upper internal structure, and outer
mold may be placed on the substrate.

[0094] At 914, the mycelium growth conditions may be manipulated to obtain a desired
appearance, material properties, etc., of the resultant mycelium composite material. The
mycelium growth conditions may be manipulated indirectly, such as through ambient
conditions (e.g., O2 and/or CO2 content, humidity, supplied nutrients, light, temperature)
and/or directly, such as through mechanical pressure, “combing” of the mycelium (e.g.,
adjusting the directionality of the branching hyphae), voids or antifungal material to inhibit
growth in certain regions, and so forth.

[0095] At 916, once mycelium growth is complete, the inner mold and outer mold are
removed and the mycelium-internal structure composite material is removed from the
substrate. For example, the inclusion of the intermediate layer may allow for the substrate to
be removed without causing damage to the upper.

[0096] At 918, the mycelium-based upper is processed into a final upper for incorporation
into an article of footwear. The processing may include tanning the upper to remove residual
water while preserving the mycelium structure and protecting the upper from degradation. The
processing may include dying the upper to achieve one or more desired colors, adding a lacing

system, and so forth. Method 900 then ends.
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[0097] Thus, method 900 provides for growing an upper from mycelium using a mold
structure comprised of a 3D inner mold and an outer mold in the shape of the final upper and
an internal structure positioned between the molds. The mycelium may grow from substrate
present between the inner mold and internal structure, thereby form an upper. Voids to
accommodate laces and/or other structures may be formed via the mold structure (e.g., by the
inclusion of barriers, varying material properties in the interal structure, and so forth) or the
voids and/or additional structures may be cut or added after the myceliumis grown (e.g., during
or after processing). Further, differing material properties in the upper may be provided by
including an internal structure in the upper, through which the mycelium may grow. The
internal structure may include desired material densities, thickness, flexibility, and strength,
which may be mimicked in the growing mycelium and final formed upper.

[0098] The following claims particularly point out certain combinations and sub-
combinations regarded as novel and non-obvious. These claims may refer to “an” element or
“a first” element or the equivalent thereof. Such claims should be understood to include
incorporation of one or more such elements, neither requiring nor excluding two or more such
elements. Other combinations and sub-combinations of the disclosed features, functions,
elements, and/or properties may be claimed through amendment of the present claims or
through presentation of new claims in this or a related application. Such claims, whether
broader, narrower, equal, or different in scope to the original claims, also are regarded as

included within the subject matter of the present disclosure.

25



WO 2020/150133 PCT/US2020/013309

Claims:

1. A wearable article, comprising:

an internal structure; and

a biopolymer material at least partially surrounding and/or extending through the
internal structure, thereby forming a biocomposite material having zonal properties, and

wherein the biopolymer material includes mycelium grown from a fungal strain.

2. The wearable article of claim 1, wherein the wearable article is an article of footwear.

3. The wearable article of claim 2, wherein the biocomposite material forms an upper of

the article of footwear.

4, The wearable article of claim 2, wherein the biocomposite material forms a sole of the

article of footwear.

5. The wearable article of claim 1, wherein the internal structure has regions of differing

thickness, density, and/or material properties.

6. The wearable article of claim 1, wherein the internal structure is comprised of polylactic

acid, a woven material, a braided material, and/or a knit material.

7. The wearable article of claim 1, wherein the internal structure is comprised of two or

more pieces.

8. The wearable article of claim 1, wherein the biocomposite material having zonal
properties includes the biocomposite material having a first zone and a second zone, the first
zone comprised of only the biopolymer material and the second zone comprised of both the

biopolymer material and the internal structure.
9. The wearable article of claim 1, wherein the biocomposite material having zonal

properties includes the biocomposite material having a first zone and a second zone, the first

zone comprised of the biopolymer material and a first region of the internal structure and the
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second zone comprised of the biopolymer material and a second region of the internal structure,

where the first region and second region differ in thickness, density, and/or material properties.

10. The wearable article of claim 1, wherein the biocomposite material includes at least one

region that is embossed, debossed, laser etched, texturized, and/or perforated.

11. A method for forming a biocomposite material of a wearable article, comprising;
positioning an internal structure with a substrate inoculated with a fungal strain, the
internal structure and mycelium grown from the fungal strain forming the biocomposite

material, the biocomposite material having zonal properties.

12. The method of claim 11, wherein the wearable article is an article of footwear and the
biocomposite material comprises an upper to be incorporated into the article of footwear, and
wherein the internal structure comprises a 3D printed internal structure having regions of
differing thickness, density, and/or material properties to generate the zonal properties of the

biocomposite material.

13. The method of claim 11, wherein positioning the internal structure with the substrate
comprises positioning the internal structure on a tray and positioning the substrate on the

internal structure.

14. The method of claim 11, wherein positioning the internal structure with the substrate
comprises positioning the internal structure between an inner mold and an outer mold and

positioning the substrate between the inner mold and the internal structure.

15. The method of claim 11, wherein the wearable article is an article of footwear and the
biocomposite material comprises a sole to be incorporated into the article of footwear, and
wherein the internal structure comprises a mesh-like structure configured to be incorporated

into a heel zone of the sole.
16. The method of claim 15, wherein the biocomposite material having zonal properties

includes the sole having the heel zone including the mesh-like structure and the sole having a

coupling zone that includes a different internal structure or no internal structure.
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17. The method of claim 15, wherein positioning the internal structure with the substrate
comprises positioning the substrate around the internal structure in a tray having a shape of the

sole.

18. A method for forming a wearable article, comprising;
positioning an internal structure with a substrate inoculated with a fungal strain; and
forming the wearable article from the internal structure and mycelium grown from the

fungal strain, the wearable article including zonal properties.

19. The method of claim 18, wherein the wearable article is an upper of a shoe, wherein the
internal structure comprises a 3D printed internal structure having regions of differing
thickness, density, and/or material properties to generate the zonal properties of the
biocomposite material, and wherein positioning the internal structure with the substrate
comprises positioning the internal structure between an inner mold and an outer mold and

positioning the substrate between the inner mold and the internal structure.

20. The method of claim 18, wherein the fungal strain is Ganoderma lucidum.
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