


INTRODUCTION AND BACKGROUND

Factors Contributing to Mycelium Composite Properties
Mycelium composites are being named a promising bio-fab-
ricated material that is in line with a Cradle-to-Cradle
approach (McDonough and Braungart 2010) and present
environmental and sustainable possibilities that are in stark
contrast to the exhaustive chain of extraction, processing,
and subtractive shaping characteristic of current building
materials (Karana et al. 2018). Mycelium refers to the
network of interwoven filaments, hyphae, that compose the
vegetative parts of fungus (Kavanagh 2005). The organic
substrate, which is colonized and degraded by the myce-
lium fungus strain, provides the nutrients necessary for
the hyphae growth (Pelkmans, Lugones, and Wosten 2016).
Mycelium composite is a bulk material that results when
the fungus is prevented from decomposing the substrate
entirely, and the network of hyphae interlocks the parti-
cles of the substrate and form a thickened growth of
air-exposed fungal skin (Haneef et al. 2017). The resultant
mechanical properties of the mycelium composites depend
on a wide range of factors, including type of fungal strain,
composition of substrates, conditions of light, temperature
and humidity during cultivation, and the postprocess treat-
ment of the material. (Jones et al. 2017). Research on what
factors contribute to the composite mechanical properties
converged on the finding that the combination of factors
that increase the thickness of fungal skin and the density of
the hyphae network within the substrate correlate directly
to the increased mechanical behavior of the mycelium
composites (Appels et al. 2019)

This review allowed the research group to identify the
design potential for knitted textile to serve as a sacrificial
mold, permitting the augmentation and control of the resul-
tant composite mechanical properties in two ways: first, as
an external surface with independent structural properties
that can be fused and bound to the layer of fungal skin and
contributes to the resultant composite properties. Scanning
electron microscopy (SEM) images for cross-sections of
the cotton yarn knitted textile mold in a sample of mycelium
textile composite were taken and studied. Figure 2 shows
SEM images of hyphae growing through the porous knit
loops. Second, the knitted textile is permeable, and the
increased access to air will increase the resultant fungal
skin and hyphae growth density (Fig. 3). The typical shaping
method in the cultivation of the composite is the use of
impermeable plastic molds that contain the substrate.

In the middle of the cultivation process, the mycelium is
de-molded and flipped in the mold in order to ensure even
exposure of all sides to air and extend the growth of hyphae
on the side that was previously in contact with the mold
(Appels et al. 2019).
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(a) Wood chip control; (b) fabric control; (c) mycelium control; (d, e) hyphae
growing onyarn; (f, g) hyphae growing on and through the textile.

(left) Permeable textile mold at the start of cultivation; (right) hyphae
growth through permeable textile mold surface.

Compression testing using ASTM C39 standard for textile mycelium composite

lined with (a) ultra-high molecular weight polyethylene (UHMWPE); (b) acrylic; (c)
cotton; and (d) control sample without textile lining..
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Knit Textile Mycelium Composite Testing

In the exploration of design parameters involved in using
knitted textile as a sacrificial mold, the research group
conducted a controlled experiment to determine if variations
in yarns used contributes to increased mechanical proper-
ties and increased fungal growth density. The fungi species
Ganoderma lucidum was used, with substrate composition
of 42% woodchip, 40% tapioca, 15% wheat bran, and 3% lime.

Tubular single jersey textile was knitted with three yarn
types: cotton, acrylic, and ultra-high molecular weight
polyethylene (UHMWRPE). These knitted textiles were used

to line plastic pipe containers 72.5 mm in diameter and 120
mm in height to cultivate the knit textile mycelium composite
samples. Substrates were loaded and compacted into the
pipe containers. The containers were incubated in a sterile
environment at 22°C. All the samples were left in the pipe
containers for the first three days, and the pipe containers
were removed for the next four days of incubation, leaving
the textile lining and substrate directly exposed to air. This
experiment procedure simulated the equivalent effect of
having a porous knitted textile mold. After the seven-day
cultivation period, the samples were put into four cycles of
dehydration in the oven at 80°C for 12 hours and allowed to
passively cool for 24 hours to incrementally complete the
dehydration process. The experiment also included the culti-
vation of control samples, where the substrate was loaded
and compacted into pipe containers without a knit textile
lining. The substrates for control samples were left inside
the pipe container for the seven-day period of the incubation
as a simulation of a nonporous mold container.
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Five samples of each textile mycelium composite type and
control samples underwent compression testing using the
ASTM C39 standard (ASTM 2020) (Fig. 4). Results show
UHMWPE yarn textile mycelium composite has the highest
Young's Modulus figure and is the stiffest of the different
composites, followed by acrylic and cotton lined samples.
Control samples performed the poorest compared to all
samples lined with knit textiles (Fig. ). This result supports
the design opportunity that exists in using knitted textiles as
an external surface with independent structural properties
contribute to the resultant composite properties.

Cross-section cuts of each textile mycelium composite and
control type samples were made at the top, quarter, and
midway of the 120 mm tall samples. Images taken from
three diameters along the height of the samples were
analyzed for density of hyphae growth within the body

of the substrate (Fig. 8). The results showed cotton-lined
samples had the densest hyphae growth, followed by the
UHMWPE samples and the acrylic, with the control having
the least hyphae growth density. This result opened up
the opportunity to control the density of hyphae growth
through the inclusion of cotton or other nutrient-rich yarn
types in the knit textile.

METHOD: KNIT TENSIONED TEXTILE MOLD TO
AUGMENT PROPERTIES

Results from the testing introduced design possibilities to
calibrate mechanical properties of cultivated mycelium
composites with the ability to control textile graded prop-
erties using 3D CNC knitting. The designed knit textile mold
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\ Type A Type B

5 Test results for textile mycelium composite lined with (U) UHMWPE; (A)
acrylic; (C) cotton; and (K) control sample.

6 Image analysis of hyphae growth density on cross-sections taken at top,
quarter, and middle of the mycelium composite samples.

7 Two-part fixture with adjustable top shelf to increase the tension of the
textile mold.

8 Tubular single jersey with inlay knit structure.
9  Form typology based on V-unit lattice formation; type A and B units.

consists of a knit structure made up of high-strength yarn
base knit to maximize the resultant composite properties,
and a simultaneous insertion of a nutrient-rich yarn on
the same knit surface that encourages hyphae growth and
increases the fusion of the high-strength textile skin with
the composite body.

In developing the unit blocks for a prototypical knitted

textile mycelium composite structure, the research team
leveraged the increased stiffness properties of textile when
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tensioned. This stiffness allowed for the permeable knitted
textile mold to be an effective mold container to resist

the weight of the substrate when it is compacted into the
mold during the cultivation setup. A two-part fixture was
designed, with a fixed bottom shelf and an adjustable top
shelf that could be adjusted to increase the tension of the
textile mold (Fig. 7),

Geometries to be knitted were transformed into length
measurements made up of a quantity of courses (a unit row
of knit loop) and number of wales (a unit column of knit loop)
(Fig. 8). Tubular single jersey is the stitch pattern selected
for the mold, as it is a basic lightweight stitch pattern. This
lightweight porous knit stretches freely in the direction

of both its courses and its wales. Ultra-High molecular
weight polyethylene (UHMWPE) blended with spandex and
polyester yarn is used for this base body of the knit mold

to allow the knit mold to stretch and tension. The design of
the knit structure included another stitch pattern—inlays.
Inlays were made by running a continuous yarn in between
knit courses, moving in an alternating pattern in the front
and behind a set of knit loops (Fig. 8). The inclusion of inlays
that are independent of the base body of the knit mold
allows for a freedom to designate yarn types that could

be calibrated to specific needs. In this prototypical knitted
textile mycelium composite structure, the inlay yarns were
specified to be cotton or other nutrient-saturated yarns
that will encourage hyphae growth and increase the bond
between the UHMWPE high-performance textile skin with
the composite body.

RESULT: PROTOTYPICAL KNITTED MYCELIUM
COMPOSITE STRUCTURE

In developing a formal typology based on the attributes

of a tubular tensioned textile mold and its fixture, a lattice
of V-shaped branching units was proposed (Fig. 9). The
allocation of horizontal joining plates aligned the stretch of
the knitted textile mold between the joints and fixture. With
this basic formal typology, a column structure made of two
distinct V-shaped branching units was used to construct

a column assembly. The prototypical 3 m tall column

is composed of six units of type A and type B V-shaped
branching units (Fig. 10).

Digital Design Adjustment Workflow

A digital design adjustment workflow was developed by
the research team to calibrate distortions in the setup and
cultivation of knit textile mycelium composites. The work-
flow aimed to achieve minimal geometrical discrepancy
between digitally modeled geometry and final resultant
geometry at the end of the setup and cultivation process.
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These calibrated distortions were applied to a resultant
geometry referred to as knit mold geometry.

The major contribution to distortion was the Poisson effect
of the fabric when stretched along the vertical axis of the
joining plates and fixture. To establish the vertical distor-
tion resulting from the stretch, V-shape tubular knit textile
was stretched along the direction to a maximum before
evidence of breaking was observed. The Poisson effect
caused the shrinking of the knit mold at the midlength of the
tubular knit (Fig. 11a). To reverse this effect, the modeled
geometry was run through a particle springs simulation
with an outward force applied on its vertices to inflate it
while fixing its end. The resultant geometry showed an
inflated geometry towards the middle of its length. The
rigidity and stiffness of the stretched mold withstands

the undesirable geometric distortion that will result from
compacting the substrate into the mold during the culti-
vation phase. The aim would be for the combined effect of
this geometry reversal and the outward pressures exerted
during the loading of the substrate to result in the intended
final resultant geometry at the end of the cultivation phase
(Fig. 11b). The knit mold geometry was determined through
applying these combined calibrated distortions.

3D Knit Mold

The various angled branching V-shaped knit mold geom-
etries need to be translated to quantities of courses and
wales. To bypass the computationally complex translation
of three-dimensional geometry to knit instructions, the
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10 Prototypical 3 m tall column
composed of six units of type A
and type B V-shaped branching
units.

research team experimented with a workflow that uses
physics-based simulation to relax the knit mold geometry
on a flat surface. Regions of creases that formed in excess
of the flattened relaxed state were identified as the areas
where decreased and increased surface needed to be
removed or added to conform to the three dimensionalities
of the angled V-shaped knit mold geometry. This was indi-
cated by the height gradient mapping on the flattened knit
geometry (Fig. 12). These regions of red and blue corre-
sponded to locations where decreasing and increasing the
number of wales through the courses were needed. This
was done by splitting or merging the knit loops, respectively
(Fig. 13).

Both type A and type B unit molds were knitted and installed
in fixtures for cultivation. Two-part fixtures for each unit
type were constructed with standard aluminum t-slot
extrusions designed with a fixed base and a top frame that
could be moved to increase the distance between the two
parts of the fixture, allowing incremental tensioning of

the textile mold (Fig. 14). 13.1 kg of substrate was packed
into the type A mold, and 15.8 kg into the type B mold. Both
prototypes were cultivated for 12 days and dehydrated in
cycles over a period of three days.

CONCLUSION AND FUTURE WORK

The two prototypes served as proof of concept for the
design, fabrication, and cultivation of a new material type—
knitted textile mycelium composite that has the capability
to augment final material composite properties and
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11 (a) Poisson effect caused the shrinking of the knit mold at the midlength
of the tubular knit; (b) knit mold geometry was determined by applying
combined calibrated distortions.

12 Height gradient mapping on the flattened knit mold geometry for type A
and type B units.

13 (a) Splitting and (b) merging the knit loops.

14 Variable height-adjustable fixture constructed from standard aluminum
t-slot extrusions.
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provide formal freedom to designers. Within this identified
branching formal typology, various workflows have been
established to facilitate working with the indeterminate
nature of knit membrane and the dynamic nature of culti-
vating mycelium growth.

The research highlighted the design opportunities in using
knit mold as an interface to grade and control the final
composite properties. The functional division of using the
base knit structure as the continuous structural layer

that augments the mechanical properties of the mycelium
composites frees up the ability for other knit types to be
added intermittently and in areas local to where other
additional functions are needed. In the case of this knit
structure, the team had speculated on the potential to

alter the density of cotton or nutrient-rich yarns to specific
areas of the knitted textile mycelium composite. The current
speculation is that the increased density of nutrient-rich
yarns will increase the growth of hyphae in those areas,
increasing the bond between the body of the composite to
the knitted skin and increasing its structural performance
locally (Fig. 12). With the current tubular single jersey base
knit, the 3D knitting machine has the capacity to introduce

a maximum of four strands of cotton yarn within each knit
course. Figure 15 shows the possible gradient of inlays that
could be knitted in the course-wise and wale-wise direc-
tions. Loading the prototypical 3 m tall column made up of
type A and B branching units, the visualization of the range
of load distribution could be mapped onto the base knit
surface to differentiate areas of more and less inlay density
(Fig. 18). The pursuit of developing 3D knitted textile mold
as both a surface to augment structural properties and as
an interface to encourage hyphae growth opened up novel
opportunities for designers to innovate in the functional
possibilities of the designed output.
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15 Increasing gradient of inlays
knitted in the course-wise
(top) and wale-wise directions
(bottom).

16 Load distribution on each type A
and type B unit mapped onto the
base knit surface to differentiate
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density.
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