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Abstract 

A new approach to manufacture biocomposite sandwich structures from purely 

natural constituents and the corresponding analysis useful for process design are fully 

demonstrated in this thesis.  The constituent materials include agricultural waste 

(agri-waste) bound together with fungal mycelium as core, natural textiles bound to the 

core surfaces with mycelium as reinforcement skins, and a bioresin, if needed, to stiffen 

and strengthen the skins for high performance applications.  Based on a series of 

preliminary experiments, an optimized seven-step manufacturing approach is proposed 

including: (1) die cutting of skin reinforcement; (2) natural glue impregnation using a nip 

roller system to allow preforming of the skins; (3) forming/sterilizing of the preform 

skins with matched and heated molds to serve as integral tools; (4) filling the tools with 

agri-waste inoculated with mycelium vegetative tissue; (5) allowing the mycelium to 

grow and bind all constituents together; (6) convectively and conductively drying the 

workpiece to drive off water and inactive the mycelium; and (7) infusing skins with 

bioresin and allowing them to cure. 

Key aspects, process parameter effects and sensitivities and design models of the 

seven manufacturing steps were investigated and developed further.  It was determined 

that the number of reinforcement plies should be maximized when cutting with steel rule 

dies to reduce the number of cutting defects.  The resulting skin layups can be rapidly 

impregnated using a nip roller system with an starch-based glue that is continuously 

circulated, and an analytical model is available for designers to use. Forming, sterilizing 

and setting of the glue occur simultaneously using heated tooling coated with a 

ceramic-polymer composite where molding pressure and temperature play a key role.  

Integral tooling with preformed skins, although potentially offering significant 

manufacturing cost reductions, loses shape fidelity during the growth process in a high 

humidity environment.  Conductive drying helps to bring the part back into shape 

conformance, although convective drying is still required to achieve the low moisture 



 

xvii 

levels required by the industrial collaborator.  Resin transfer molding with a soy-based 

bioresin is demonstrated to complete the process cycle.  Finally, a manufacturing system 

model involving all seven steps is developed for system optimization purposes, and a 

case study to maximize profit is demonstrated. 
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Chapter 1 – Introduction 

 

Composites are two-phase inhomogeneous materials in which a stiff or hard 

load-bearing reinforcing phase is dispersed in a softer matrix material. (Figure 1.1) 

Advanced polymer matrix composites (PMCs) – strong, rigid reinforcements (e.g., glass 

or carbon fibers) bonded together by durable polymers (e.g., epoxy, polyester, nylon, 

PEEK) – are engineering materials that provide significant benefits over conventional 

engineering materials with a homogenous structure, such as steel and aluminum alloys. 

These benefits include, but are not limited to: high stiffness-to-weight and -strength ratios; 

tailorable mechanical, thermal, and physical properties; chemical resistance; low thermal 

expansion; useful energy damping characteristics; and the capability to make large 

multifunctional parts in one manufacturing step. Figure 1.2 shows the potential for 

expansion of composite material use in a variety of global markets from 2012 to 2017.  

In particular, there are significant commercial opportunities for composites in 

transportation, aerospace, pipe and tank, construction, and consumer goods. 

 

 

Figure 1.1: Schematic of a composite material [1] 
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Figure 1.2: Composites penetration in various market segments, 2012-2017 [2] 

 

Even with the potential for significant growth in composites use in these markets as 

shown in Figure 1.2, there are significant reasons that limit this growth as well. The 

constituent materials (fiber, polymer resin and core) of most synthetic composite material 

systems are derived primarily from non-renewable resources, such as petroleum and 

natural gas, which are subject to the same price and supply fluctuations as their feedstock. 

For example, pricing for polyacrylonitrile (PAN), the precursor used for about 90% of all 

carbon fiber production, tracks fossil fuel prices closely [3]. In addition, there are many 

costly and time-consuming manufacturing steps for advanced composites including: 

cutting reinforcement (available in a variety of forms such as woven textile, 

unidirectional tape, long-fiber mat or veil); impregnation with resin; laying material onto 

a mold or mandrel by hand or with automated equipment to form a multilayer laminate or 
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sandwich structure; consolidating and/or curing (depending on whether it’s a thermoset or 

thermoplastic) in a high temperature and pressure environment such as an autoclave; and 

finally, cutting the component to net shape by CNC or manually machining edges and 

geometrical features. Due to the high cost of pre-impregnation and autoclaving, many 

manufacturers use resin infusion methods instead, whereby dry fiber preforms encased 

tightly in a mold are completely infused with resin through differential fluid pressure 

including vacuum and then allowed to cure. Besides high manufacturing costs, 

petroleum-based composite materials have poor end-of-life options due to the difficulty 

of separating the mixed material back into its constituent parts. The only economical 

solutions currently are burning for fuel, landfilling, and in rare cases, regrinding to act as 

filler material [4].  

As a result, industry and academic researchers have investigated using natural or 

plant fibers as reinforcement for biocomposites [5]. The main advantages of natural fibers 

such as kenaf, jute, hemp, flax, bamboo, and sisal over traditional synthetic materials 

(e.g., carbon fiber, Kevlar) are low cost, low density, competitive strength, tensile and 

impact mechanical properties, reduced energy consumption, carbon dioxide 

sequesterization (as opposed to emission with petroleum-based synthetics), and perhaps 

most important of all, biodegradability [6].  

Although natural fiber reinforced composite parts offer many benefits compared to 

traditional reinforcement materials, many end-of-life issues remain since synthetically 

derived polymers are still used as the composite matrix. New natural matrix materials 

such as soy-based, polylactic acid and cardanol-based (from cashew nut shell) resins are 

being developed to avoid these problems (Figure 1.3). However, both the reinforcement 

and matrix materials are hydrophilic, that is, they will absorb moisture when immersed in 

water or kept in a high humidity environment. Currently, the strength, tensile and impact 

energy absorption ability of all immersed biocomposites show reduced performance, and 

further exposure to moisture oftentimes leads to debonding of fiber from the matrix 
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[7]-[9]. Soy-based and PLA resins also require food grade agricultural products such as 

soybeans and starch extracted from corn, which can and perhaps should be used to feed 

people and livestock instead.  This poses serious questions about the economics, ethics, 

and sustainability of this use of resources. 

 

 

Figure 1.3: e2e Materials biocomposite made of soy resin and grass fibers, such as jute, 

flax, and kenaf. The material is a formaldehyde-free moldable alternative to wood 

composite panels [10] 

 

Over the last seven years, Ecovative Design in Green Island, NY, has developed new 

and unique mycelium-based biocomposite materials used primarily for packaging.  

Ecovative, in collaboration with the Center for Automation Technologies and Systems 

(CATS) at Rensselaer Polytechnic Institute and the author, has investigated the use of 

mycelium for a wide range of engineered biocomposites and also the associated 

production processes required. As a result, the company can now make composite 

laminates (bound layers of reinforcement) and sandwich structures (attaching two thin 

but stiff skins to a lightweight but thick core) using sustainable materials and inherently 

low energy processes with environmentally benign end-of-life options (i.e. complete 

recyclability or biodegradability). This is one of the first examples of a biocomposite 
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material comprised of purely natural constituents. However, these biocomposites are 

currently made in small batches with plastic molds and manual processing methods. 

Hence, the fundamental problem this thesis research focuses on is new automated 

processes, tooling designs, equipment and associated design tools for manufacturing 

mycelium-based biocomposites that will significantly improve overall productivity and 

part quality. Some of the constraints in solving this problem include:  

1. Price points for final products must be lower than commercially available options 

2. Manufacturing cycle times must be the same or lower than commercially available 

processes 

3. Raw materials must be naturally derived and ideally originate from agricultural 

waste streams and 

4. The process must be environmentally friendly. 

 The unique, grown biocomposite material for sandwich parts, shown in Figure 1.4, 

consists of woven or felted natural fiber reinforcement, core made from fungal 

mycelium-bound agricultural waste (e.g., corn stover), and resins with high biological 

content applied on the skins. Mycelium, used for core and reinforcement matrix, is a 

fungal network of threadlike cells that are essentially the “roots” of mushrooms. The 

mycelium digests the surface of damp agricultural byproducts and adequately colonizes 

the reinforcement fibers and/or core material in 5-8 days without additional energy input 

to act as a natural, self-assembling glue [11]. Longer colonization leads to stiffer and 

stronger final products. A smoother surface can also be achieved through full 

colonization [12]-[14]. Water is driven off and the mycelium is inactivated (killed) by 

drying the composite, currently using a convection oven or a thermal press with 

aluminum machined molds. When the mycelium network does not provide sufficient 

stiffness or strength for a particular structural application, bioresin can be infused 

throughout the sandwich structure skins and cured. The low-embodied-energy production 

process used for “Mycocomposites” makes them cost competitive with synthetics, but the 
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material is inherently sustainable since it will biodegrade under the proper conditions or 

can be recycled into feedstock for packaging or composite core material; thus diverting 

waste from landfills. Mycocomposites are inherently safe – the material is stable when 

exposed to high temperatures (200 – 400°C ignition point range) or ultraviolet radiation, 

and the use of vegetative tissue prevents the formation of spores, a potential allergen and 

friable particle if made inactive (i.e. killed) by heating within a certain time period. The 

bio-based core and reinforcement can offer enhanced structural and thermal performance, 

while the mycelium acts as a binder, shown in Figure 1.5, similar to the role of a polymer 

resin matrix. 

 

(a)  (b)  

Figure 1.4: (a) Schematic and (b) Picture of mycelium-based composites or 

‘Mycocomposites’ [12]-[14] 

 

Figure 1.5: SEM image of mycelium hyphae growing on a natural fiber [12]-[14] 

 

The author’s focus has been to work with an industrial collaborator (Ecovative 
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Design, LLC) in creating and developing new methods of manufacturing these new 

biocomposite sandwich structures from all natural materials. The manufacturing approach 

proposed for this purpose is shown in Figure 1.6 and is comprised of the following seven 

steps: 

Step 1 – Cut natural woven or mat reinforcement to required ply shape (called ‘kitting’ 

in the composites industry). 

Step 2 – Impregnate one or more reinforcement plies comprising the skin with a 

natural glue that is compatible (i.e. food) for the mycelium binder and stack these into 

a flat laminate skin. 

Step 3 – Form, set and sterilize the flat laminate into an ‘integral mold.’ The integral 

mold forms a semi-rigid tool shape out of the formed laminate that can be easily filled 

with colonized agricultural waste (agri-waste) that will grow into and incorporate the 

laminate skin.  This step replaces the dedicated plastic molds used by Ecovative for 

composite packaging as well as minimizing the number of manufacturing steps. 

Step 4 – Pre-grow mycelium/substrate (Ecovative already sells this material 

commercially) in solid shape, macerate (without killing fungus) into ‘regrind,’ and 

store in a refrigerator to arrest further colonization. Cast the room-temperature regrind 

(constituting starting form of core material) into lower integral mold, and cap with 

upper integral mold. 

Step 5 – Allow the mycelium to bind together and grow into all core material and 

reinforcement plies under the right conditions (colonization) to form a completely 

unitized sandwich part or preform. Preforms are three-dimensional structures 

constructed from dry reinforcement yarns, tows and fabrics for use in composite resin 

infusion processes. 

Step 6 – Dry preform/part while controlling part geometry to drive out excess 

moisture and inactivate (kill) the fungus. 

Step 7 – If needed for enhanced strength and stiffness, infuse the reinforcement skins 
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(not core material) with natural resin and cure. 

 

 

Figure 1.6: Manufacturing steps for mycelium-bound biocomposite sandwich structures 

 

Based on this new approach, the author’s hypothesis is that ‘using the 

aforementioned seven step manufacturing process, commercially viable biocomposite 

laminates and sandwich structures can be efficiently and cost-effectively mass-produced 

using natural fiber skins and cores derived from agricultural waste that are bound 

together into a unitized part or preform by fungal mycelium and strengthened by 

naturally derived polymers (bioresins).’ Fundamental research questions that need to be 

answered are as follows. 

1. How are the properties of biocomposite materials affected by the constituents, i.e. 

coarse or fine woven reinforcements, different natural glues, core regrinds, etc.? 

2. What is the optimal method for cutting natural woven and felt reinforcements into 

desired 2D shapes? 

3. Can dedicated molds (currently thermoformed plastic trays) be replaced by formed 

preform skins held together by inexpensive natural glues (called integral tooling)? 

4. What is the best way to form, sterilize, and set the shape of natural reinforcement 

flat stacks into integral tools? 

5. How should integral tools be filled with fungus-inoculated regrind (i.e. Ecovative’s 
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terminology for a loose mixture of core substrate and mycelium vegetative tissue)? 

6. What is the best method to inactivate (kill) live fungus and maintain near net shape 

part shapes at the end of the mycelium growth phase? 

7. How could biocomposite skins be infused with bioresin if improved mechanical 

properties are required? 

8. What analytical models are needed by manufacturing engineers to design 

manufacturable mycelium-based biocomposite parts and the associated 

manufacturing processes and system for high-volume production? 

By successfully answering these questions, fundamental contributions that this work 

provides to the biocomposites manufacturing and materials engineering and science 

include: 

 The first attempt at using mycelium as either a matrix material for engineered 

biocomposites or a means to unitize natural reinforcement preforms prior to resin 

infusion; 

 One of the first attempts at manufacturing biocomposite parts from completely 

natural constituent materials; 

 A completely new manufacturing approach for automated, high speed and quality 

manufacturing of biocomposite products from agricultural feedstock and waste 

materials; 

 Proof of concept demonstrations of all key manufacturing processes; 

 An experimental investigation into generally how constituent material properties 

and manufacturing process parameters affect final part properties; and  

 Analytical process models and manufacturing cost models that engineers can use 

to design production systems. 

The remainder of this thesis document is organized into five chapters.  Chapter 2 

provides a literature review of research into biocomposite materials and their constituents.  

Please note that this chapter does not provide an exhaustive search of prior work into 
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biocomposites, since there are entire journals (e.g., Journal of Natural Fibers) devoted to 

this topic; rather, it describes the current state of research into composites made from 

natural constituents.  Chapter 3 discusses new manufacturing process concepts, the 

experimental approach used to determining optimal concept for a particular 

manufacturing step among many considered, and proof of concept demonstrations. 

Chapter 4 discusses characterization of the optimal manufacturing processes identified in 

Chapter 3 and modeling (where applicable) of those processes that are not well 

understood already.  Chapter 5 outlines the proposed research work related to 

manufacturing system concept development and associated system modeling along with 

cost modeling.  Finally, Chapter 6 is devoted to drawing overall conclusions from all 

thesis work and suggesting future research for industry and others to follow.
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Chapter 2 – Background Information on Biocomposites 

 

The known history of natural fiber-reinforced matrix dates back to about 3,000 years 

ago when house walls were made using straw-reinforced clay. Though natural evolution, 

animals and plants employ composites in many biological structures (e.g., wood, shells, 

bone, teeth, horn and hides), where high mechanical strength/stiffness and low weight 

materials are advantageous. In nature, these composites are produced at low temperature 

and pressure and serve as bio-inspired templates for mankind to mimic in designing and 

manufacturing synthetic or semi-synthetic materials. In the early 20
th

 century, specifically 

the 1930s, Henry Ford [4] had the visionary idea to investigate natural materials for use 

in automobiles that exhibited high specific strength. A variety of natural materials was 

investigated in his company laboratories including chicken bones, onion, garlic, cabbage, 

and cornstalks. At the beginning of 1942, Ford had his first car prototype made from 

hemp fibers, which unfortunately did not pass into a general production due to economic 

conditions at that time. Since then, natural fibers continued to grow in many others 

industries such as consumer goods, durable goods and aerospace. Some other 

applications include the following.  

 Brother and McKinney [15] reportedly made plastics using soy protein and 

various cross-linking agents in 1940. 

 Drzal et al. [6] summarized in 2001 that the combination of bio-fibers like kenaf, 

hemp, flax, jute, henequen, pineapple leaf fiber and sisal with polymer matrices 

can be used in automotive applications. 

 Flanigan et al. [16] used natural fibers to replace either part or all of the glass 

fiber reinforcement used in the composites in order to increase the bio-content in 

2006.  
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 Ulrich Riedel and Jörg Nickel [17] have worked with natural fiber composites for 

fabricating parts used for aerospace, transportation, and other applications in 2005. 

Example applications include designer office chairs, door paneling elements, 

pultruded support slats, safety helmets, and interior paneling for track vehicles. 

 The Havilland DH – 88 Comet aircraft (Figure 2.1) used in the World War II had 

a fuselage made of unidirectional, unbleached flax yarn impregnated with 

phenolic resin and cured under pressure [18].  

The remainder of this chapter discusses the history and current status of biocomposites 

materials including natural reinforcement and resins, attempts to make biocomposites 

using synthetic and natural resins, and associated manufacturing approaches. 

 

 

Figure 2.1: Replica of the De Havilland DH - 88 Comet aircraft
 
[18] 

 

2.1 Main Biocomposite Fibers and Resins 

 A more rigorous definition of biocomposites is that they are composite materials 

comprising one or more phase(s) derived from biological origin [19]. These materials 

have been classified in three different ways as shown in Figure 2.2: by reinforcement, by 

resin, or by process used [20]. 

In terms of reinforcements, bio-fibers may be classified in three main categories: 
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straw fibers, wood fibers and non-wood fibers. Straw fibers include corn, wheat, rice 

straws and others, while wood fibers are basically fiber from soft or hardwoods. Usually, 

straw fibers are fine for core material but too weak to be used in biocomposite 

reinforcement, while wood is less fibrous and difficult to weave into textiles. Non-wood 

fibers have captured industry’s interest due to their better mechanical and physical 

properties [4]. Subclassification of non-wood fibers is based on plant origin: bast for 

kenaf, flax, jute and hemp; leaf for sisal, henequen and pineapple leaf fiber; seed for 

cotton; and fruit for coconut.  

Resin matrix plays multiple roles including protection of the fibers against the 

environment degradation and mechanical damage, holding fibers together, and transfer 

shear loads. Generally, the matrix consists of a petroleum- or natural gas-based thermoset 

or thermoplastic resin; but as a demand for biocomposites increases, the resin should be 

made from renewable resources and be environmentally friendly.  

 

 

Figure 2.2: Bio-composite material classifications
 
[20] 

 

2.1.1 Reinforcement Fibers 
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The application of the natural fiber composites depends on the production cost and 

their functional properties. Generally, natural fibers cannot provide the same mechanical 

properties as most synthetic fibers such as carbon fiber, but some of them have similar 

performance to glass fibers. Other critical characteristics of natural fibers used in 

biocomposite applications include good adhesion between fiber and matrix regardless of 

the degree of polymerization/crystallization of the resin, resistance to degradation due to 

humidity (however, not water absorption), homogeneity of physical/mechanical 

properties, and inflammability. The physical/mechanical properties of selected natural 

and synthetic fibers are shown in Table 2.1. 

 

Table 2.1: Mechanical properties of selected natural fibers compared to carbon and 

glass [21] 

Fiber 
Density 

(g/cm
3
) 

Elongation at 

Break (%) 

Tensile Strength 

(MPa) 

Young’s 

Modulus (GPa) 

Jute 1.3-1.49 0.8-2 393-800 13-26.5 

Hemp 1.47 1-6 690 70 

Kenaf 1.45 1.6 930 53 

Sisal 1.45 3-7 468-700 9.4-22 

Coir 1.15-1.46 15-40 131-220 4-6 

E-Glass 2.62 4.8 3450 81 

S-Glass 2.5 5.3 4590 89 

Carbon 2 1.7-2.5 2900 525 

 

Jute (Figure 2.3), a component of plants of the genus Chorcorus and one of the most 

important vegetable fibers used, is characterized by a long, soft and shiny fiber which can 

be spun into coarse, strong threads. Being environment friendly and 100% bio-degradable, 

jute fiber is affordable and can be blended with other synthetic or natural fibers for use in 

composites. Reddy et al. reported the development of: (a) soy protein composites 

reinforced with jute fibers using water without any chemicals as plasticizer in 2010 [22]; 

and (b) composites from wheat gluten using water as a plasticizer without any chemicals 

and jute fibers as reinforcement in 2011 [23]. Jute fiber possesses relatively high tensile 
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strength, low extensibility, low thermal conductivity and acoustic insulating properties. 

 

 

Figure 2.3: Jute fibers in various forms [21] 

 

Hemp is a soft, durable fiber (Figure 2.4) cultivated from plants of the cannabis genus for 

industrial and commercial use [24]. One common application of the hemp fibers is 

co-weaving with polypropylene fibers in a nonwoven mat to use in compression molding 

of three-dimensional parts. Compared to glass fiber, hemp has a similar elastic modulus, 

lower density and cost/weight ratio (approximately half the price). Due to its favorable 

properties, hemp is used for automotive applications, luggage cases, sporting goods, and 

musical instruments through the processes such as compression molding, injection 

molding, and hand layup or even hybrid technologies. Window frames and floor 

coverings made of hemp fiber reinforced polymer composites were used during the 2008 

Beijing Olympics [25]. Sustainable Composites Ltd. (www.suscomp.com) is a British 

company established in 2003 to develop a range of eco-friendly manufacturing materials 

made from sustainable crops such as hemp and castor oil [26]. 
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Figure 2.4: Hemp fiber in various forms [24] 

 

 Kenaf (Hibiscus cannabinus), shown in Figure 2.5, is an herbaceous annual plant that 

can be grown under a wide range of weather condition; for example, it can grow more 

than 3 m within 3 months even in moderate ambient conditions [27]. Kenaf exhibits low 

density, non-abrasiveness during processing, high specific mechanical properties and 

biodegradability. This material is used as a domestic supply of cordage fiber in rope 

manufacturing, twine carpet backing and burlap. In the automotive industry, the fiber is 

used as a substitute for fiberglass or other synthetic fibers, and can be found in 

automobile dashboards, carpet padding, corrugated mediums, hatchback door, overhead 

console/headliner structure, seating, engine cover and battery carriers [28]. The main 

processes used to manufacture Kenaf composite parts are injection molding and 

extrusion. 

 

.  

Figure 2.5: Kenaf fiber in various forms
 
[27] 
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Sisal fiber (Figure 2.6), with the botanical name Agave sisalana, is one of the most 

widely used natural fibers and is very easily cultivated like jute. Almost 4.5 million tons 

are produced each year all over the world, with Tanzania and Brazil being the two most 

important producing countries. The price per unit weight of sisal fiber is about one-ninth 

that of glass fiber, whereas the specific price (modulus per unit cost) is very close to the 

jute among all the synthetic and cellulosic fibers. Generally, sisal fibers are defined by 

their source, age and cellulose content, which also determine their strength and stiffness. 

It is mainly used for ropes, mats, carpets and cement reinforcement and in developing 

countries, sisal fibers are used as reinforcement in houses [29]. 

 

 

Figure 2.6: Sisal fiber in various forms
 
[30] 

 

Coir fiber is found between the hard internal shell and the outer coat of coconuts 

(Figure 2.7). The fiber is pale when immature, but later hardened and yellowed like the 

form of layers of lignin. The coir fiber exists as two types: brown coir and white coir. 

Brown coir, harvested from fully ripened coconuts, is a thick, strong fiber with high 

abrasion resistance, and generally used in mats, breeches and sacking. Mature brown coir 

contains more lignin and less cellulose than fibers such as flax and cotton, thus making it 

stronger but less flexible. White coir fibers are harvested from coconuts before they are 

ripe. This fiber is white or light brown color, smoother and finer and usually weaker than 

brown coir [31]. Besides the traditional use of coir fibers as yarn, rope, flooring–
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furnishing materials or mats [32], newer applications include acoustic and thermal 

insulation [33], automobiles for seat cushions and constructions [34], [35].  

 

 

Figure 2.7: Coir fiber in various forms [31]
 

 

2.1.2 Bioresins 

 Since recorded history, natural resin, a hydrocarbon secretion of many plants, 

especially coniferous trees (Figure 2.8), has been a key ingredient in varnish materials 

used for decorative and protective purposes. Over time, many uses for natural resin were 

developed, from incenses to perfume and adhesive to varnish. The inevitable depletion of 

the petroleum reserves and other environmental concerns has resulted in a new era for 

natural resin research and development. 

 

 

Figure 2.8: Tree resin [36] and various forms of natural resins [37] 

 

 Natural resins come from a plant (consisting of amorphous mixture of carboxylic 
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acids, essential oils and isoprene-based hydrocarbons) in contrast with synthetic resins. 

They can be categorized as follows:  

 Resinous products obtained from the pitch of pine trees and used in varnishes, 

adhesives and various compounds  

 Oleoresins which are natural resin containing essential oils of plants 

 Gum resins, which are natural mixtures of true gums and resins including natural 

rubber, gutta percha, gamboges, myrrh, and olibanum (spicy balsamic resins) 

 Fossil resins, which natural resins from ancient trees (e.g., Amber and copal) that 

have been chemically altered by long exposure to heat and pressure underground.  

Bioresin (also called green resins), which refers to a resin system based on vegetal oil 

and/or other natural ingredients, offers a toxicological free working environment during 

manufacturing. The reason is that the hardener, an integral part of the bioresin system, 

generally contains blocked isocyanate, which performs its function well while, at the 

same time prevents the escape of potentially harmful substances. Bioresins are suitable 

for all major fibers and are compatible with most synthetic resins as a mix, while they are 

free of odor and shrinkage, and inflammable with nontoxic fumes. There are several 

types of compounds that offer commercialization prospects for new adhesive systems, 

these include: tannins, lignins, cashew nut shell liquid (CNSL), carbohydrates, proteins, 

bioalkyds and waxes [38]. Many of these have been used in wood composites. 

 The word tannin can be used to define two different classes of chemical compounds, 

mainly of phenolic nature: hydrolysable tannins and condensed tannins. There have been 

several projects funded through the European Commission considering the potential of 

tannins within adhesives. One of these (“Natural tannin-based adhesives for wood 

composite products of low or no formaldehyde emission”; FAIR-CT95-0137), looked to 

extend the commercial potential of tannins, which have been used in adhesive 

manufacture for some 30 years [38]. 

 Lignin is an abundant polymer present in woody plants providing the glue that binds 
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fibers such as cellulose together. It is available as a by-product of wood pulping wood 

with ligni contents of 5-50% as sulphonated lignins from Kraft pulping. Oganosolv lignin 

is avalable from an alcoholic pulping process as the only nonsulphonated lignin [38].
 

 Etün & Zmen
 
[39] in 2003 worked to develop a phenolic resin for partially replacing 

phenol with modified organosolv lignin in phenol-formaldehyde (PF) resin production. 

Organosolv lignin-based resins showed comparatively good strength and stiffness. Test 

particleboards were produced and tested for their physical strength and dimensional 

stability. The particleboards bonded with Lignin-PF resins were comparable to those of 

the control-bonded particleboards. Organosolv lignin was concluded to be a feasible 

replacement for up to 30% of the phenol in particleboard-type PF resins. 

 From 2002-2005, a German and Japanese research team [38] worked on extracting 

lignin from wood under High Pressure Hydrolysis (HPH)-subcritical condition, and 

mixtures of the HPH-lignin with natural fibres were prepared to obtain a granulate which 

could be processed on a small injection molding machine. The mechanical properties of 

the test samples were measured and found to be comparable to those found for the 

wood-like thermoplastic with normal lignin from the current paper making process. 

 Cashew nut shell liquid (CNSL) is a phenolic-based range of compounds present as a 

protective barrier of the cashew nut, which grows outside the cashew apple. The 

popularity of cashew nuts has led to considerable plantation areas being established 

beyond the original growing regions in Brazil, with the Portuguese establishing several 

plantations in other regions of similar heat and humidity, to exploit the potential of the 

nut. This has resulted in cashews now being grown in more than 30 countries worldwide, 

with an annual nut crop of around 2.3 million tons. Among the major raw cashew 

producing countries are Vietnam, India, Brazil and Nigeria, with India representing the 

major producer [38]. Warwick University, linked to the Warwick Manufacturing Group, 

have conducted research on advanced sustainable materials including alternative 

crop-based materials, the use of bioresin based products in the automotive industry, 
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packaging and for innovative applications. Studies on the Characterisation of cashew nut 

shell liquid for composite manufacture were completed by Leonard Mwaikambo, 

although the research has not been reviewed [38]. 

 Carbohydrates as gums, polysaccharides (cellulose, starch and hemicellulose) and 

sugars have been utilised in adhesives for centuries. They are readily available and very 

cost effective, but no wood adhesive is available that is based on them. A variety of gums 

disperse in water and are used as adhesives in other sectors. 

 Conner et al. [40], [41] have shown the promise of a number of cellulosic and 

carbohydrate intermediates as possible glues for wood. The particular issues these 

adhesives face compared to classic petroleum derived wood adhesives has been 

extensively presented. 

 The most studied plant protein adhesive is based on soya, either the soybean meal or 

a protein isolated from the soybean
 
[38] The glue is not water resistant and has moderate 

to low strength can be hot pressed and in the past has been used for bonding interior 

Douglas fir plywood. They are also used in a blend with blood proteins. 

 An epoxidized soybean oil (AESO) is a good cross link and is suitable for production 

of thermosetting adhesives. Åkesson et al. [42] characterized the cross linking behaviour 

of this oil used with flax fiber mat and conclude it was promising for the production of 

thermoset resins. They noted that thermoset resins based on bio-based resins were few 

and not common. The advantage for the impregnation of fibres was noted and the ability 

to handle at room temperatures will be increasingly important – this all improves the 

matrix formed and the bonds between fiber and adhesive [38]. 

 Traditional animal glues are made from hide and bones and fish. For the wood 

industry these glues were not attractive as they have low moisture resistance, are difficult 

to apply, expensive and can be degraded by fungi and moulds. They were used in the 

furniture industry but have been displaced by PVA type adhesives [38].
 

 Animal protein glues (casein) from milk curds has been used in interior applications 
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of timber adhesion and in laminating timber. They were used for their superior moisture 

resistance compared to animal and plant protein glues.  However, these glues are very 

expensive, as the raw material is costly,they easily stain timber with high tannin contents 

and are susceptible to molds and fungal attack [38].
 

 Blood albumin glues require hot pressing to cure them fully. They were a very 

important class of moisture resistant glue used for softwood plywood manufacturing prior 

to the development of synthetic resins, particularly phenolics. These glues provide some 

temperature resistance and are less susceptible to attack by mould and fungi than the 

traditional animal and casein glues [38]. At the Agricultural University in Poznan, Poland, 

research on blood plasma has shown that the products may have application in binding 

and fixing wood preservatives (copper sulphate) in timber [43]. 

 Wax based resin systems are also possible routes for enhancing the properties of 

wood treated with them. The concept of stabilization of surfaces and bulk timber by using 

petroleum based waxes is exploited as part of a low moisture content and therefore more 

stable timber product. The use of natural wax based systems to stabilize wood, prevent 

moisture access and offer a degree of property (durability and dimensional stability) 

enhancement is being studied within a project funded by the BRE Trust “Natural products 

for enhancing wood durability” [44]. 

 

2.1.3 Bio-based Cores 

Bio-based cores are another important constitution of a biocomposite. Balsa tree or 

Ochroma pyramidale, is a species of flowering plant in the mallow family, Malvaceae. It 

is a large, fast-growing tree that can grow up to 30 m (98 ft) tall. Balsa wood is a very 

lightweight material with many uses including being used as a bio-based core [45]. Two 

examples of commercial products available for composite applications are provided 

below.  

https://en.wikipedia.org/wiki/Flowering_plant
https://en.wikipedia.org/wiki/Malva
https://en.wikipedia.org/wiki/Malvaceae
https://en.wikipedia.org/wiki/Tree
https://en.wikipedia.org/wiki/Wood
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 BALSASUD® Core from CoreLite is an End-Grain Balsa Wood Core that has 

remarkable physical properties including its outstanding strength-to-weight ratios 

(high shear and compression strength). Additionally, this structural balsa wood core 

material is easy to bond when using any type of resin or adhesive. Balsa core also 

serves as a natural insulator, fire retardant and noise reduction material. All these 

advantages make this balsa wood an ideal core material in sandwich construction 

[46]. 

 Gurit® Balsaflex™ is a classic end-grain balsa wood core by Gurit Inc. that 

features a very high strength-to-weight ratio. When an application requires 

high-strength and stiffness and cost effectiveness, it is available in a range of 

densities, thicknesses, formats and finishes [47]. 

Another kind of bio-based core that emerged recently is fungal mycelium-based cores 

which use mycelium as the binder foragricultural waste, as mentioned in Chapter 1. This 

100% biodegradable core has features such as low density, hydrophobilicity and fire 

retardance, as well as low cost and will be used as the core material in this thesis.  

 

2.2 Biocomposites 

Biocomposites are comprised of a natural fiber and/or a bioresin. Hence, the different 

fiber/resin combinations include natural fiber/synthetic resin, synthetic fiber/bioresin, and 

natural fiber/bioresin. The last combination is the focus of this thesis. To show the 

complete research landscape in biocomposites, prior work related to each combination is 

discussed next. 

 

2.2.1 Natural Fibers and Synthetic Resins 

 There is both industry need and demand for renewable fiber reinforced composites. 

Natural fibers offer both cost savings and a reduction in density when compared to glass 

fibers along with the opportunity to claim environmentally friendly products. Though the 
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strength of natural fibers is not as good as glass fibers, the specific properties are 

comparable.  

 Recently, car manufactures have been interested in incorporating natural fiber 

composites systems, such as kenaf/vinyl ester resin, into both interior and exterior parts 

[48]. This serves a two-fold purpose for the companies; to lower the overall weight of the 

vehicle thus increasing fuel efficiency and to increase the sustainability of their 

manufacturing process. Many companies such as Mercedes Benz, Toyota and Daimler 

Chrysler have already accomplished this and are looking to expand the uses of natural 

fiber composites. 

 Natural fiber-reinforced polymers represent a new class of materials for the building 

industry and are thus not yet in widespread use. Wood-plastic composites (WPC) 

represent one of the few examples of a thermoplastic (includes PE, PP, PVC etc.) 

reinforced with natural fibers that is being used extensively in construction. These 

materials, with a wood flour content of up to 90% by weight, a matrix of polypropylene 

(PP) and additives (pigments, UV stabilizers, etc.), can be used to produce sections and 

hollow-core cladding panels. Components made from WPCs show better weather 

resistance and durability than timber. In Spain, almond shells which consist mainly of 

lignin and cellulose, are crushed and mixed with a thermoset resin to form cast 

components. During the curing process, microscopic pores form, which provide good 

insulation against heat and cold. The products formed from WPCs are commonly used in 

outdoor decking, window and door frames, automotive panels and furniture. However, 

their uses are limited to non-structural applications as the mechanical performance is poor; 

WPCs for decking applications are, for instance, only used in the deck and not the 

supporting structure [8].
 

 Another example is plywood, which is a sheet material manufactured from thin 

layers or "plies" of wood veneer that are glued together with adjacent layers having 

their wood grain rotated up to 90° to one another. It is an engineered wood from the 

https://en.wikipedia.org/wiki/Polythene
https://en.wikipedia.org/wiki/Polypropylene
https://en.wikipedia.org/wiki/PVC
https://en.wikipedia.org/wiki/Wood_veneer
https://en.wikipedia.org/wiki/Wood_grain
https://en.wikipedia.org/wiki/Engineered_wood
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family of manufactured boards which includes medium-density fibreboard (MDF) 

and particle board (chipboard). It can be divided into softwood plywood, hardwood 

plywood, tropical plywood, aircraft plywood, decorative plywood (overlaid plywood), 

flexible plywood, marine plywood, and several other categories [49].  

 All plywood binds resin and wood fiber sheets (cellulose cells are long, strong and 

thin) to form a composite material. This alternation of the grain is called 

cross-graining and has several important benefits: it reduces the tendency of wood to split 

when nailed at the edges; it reduces expansion and shrinkage, providing improved 

dimensional stability; and it makes the strength of the panel consistent across all 

directions. There are usually an odd number of plies, so that the sheet is balanced—this 

reduces warping. Because plywood is bonded with grains running against one another 

and with an odd number of composite parts, it is very hard to bend it perpendicular to the 

grain direction of the surface ply [49].
 

 Natural fiber-reinforced polymers are also used in applications where 

‘lightweighting,’ acoustics or safety are important for non-loadbearing components; for 

example, trade show structures, loudspeaker cabinets, safety helmets, cases, abrasive belt 

backings or furniture [50]. Other examples of natural fibers used with synthetic resins are 

as follows. 

 Coir/polyester composites was used in mirror casings, paper weights, projector 

covers, voltage stabilizer covers, mailboxes, helmets and roofs as reported in a 

1986 study [51]. 

 As early as 1908, the first composite materials were applied for the fabrication of 

large quantities of sheets, tubes and pipes for electronic purposes (paper or 

cotton to reinforce sheets, made of phenol- or melamine-formaldehyde resins) 

[52] 

Natural fiber-reinforced polymers can compete with polymers such as ABS, PP/glass 

fiber and to some extent, glass fiber reinforced polymer (GFRP). However, their main 

https://en.wikipedia.org/wiki/Medium-density_fibreboard
https://en.wikipedia.org/wiki/Particle_board
https://en.wikipedia.org/wiki/Cellulose
https://en.wikipedia.org/wiki/Composite_material
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disadvantage is low impact strength, which can be substantially improved by adding 

natural fibers with a high extensibility. 

 

2.2.2 Synthetic Fibers with Bioresins 

 Although fewer examples can be found in the literature for this combination of 

biocomposites constituents compared to the previous section, some notable attempts have 

been published.  

 NEC Corp. (Tokyo, Japan) announced the development of a new bio-plastic in 

2007 that combined carbon fiber with a plant-based polyactic acid resin. The 

material reportedly conducts heat very efficiently and was reportedly used in an 

NEC mobile phone. Available with carbon fiber loadings of 10 or 30 percent, the 

resin offered heat diffusion properties (heat diffusion rate) comparable to and 

double that of stainless steel by increasing the carbon fiber to 30% in the 

bioplastic. NEC previously developed a kenaf fiber-reinforced polyactic acid resin 

for a similar mobile phone [53]. 

 Waterless Co. (Vista, CA), an environmentally inclined manufacturer of no-flush, 

water-saving urinals, learned about the potential for resins made from soybeans 

and decided to investigate Ashland’s ENVIREZ 1807 for this purpose. The resin 

was used in the manufacture of the company’s glass fiber urinals and passed all of 

the relevant performance and safety tests. “The urinals have been tested according 

to the American National Standards Institute (ANSI) for warpage, loads, scratch 

resistance and other categories,” said Klaus Reichardt, managing partner. “The 

urinals with the soy resin performed as well as other standard materials, with 

similar costs. With performance equal to other materials, the environmental 

attributes of soy were very attractive.” [54] 

 Among the most active companies investigating soy-based resins for automotive 

use has been, naturally, Ford Motor Company. Dating back to the company’s 
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origins (previously discussed), Ford has looked for opportunities to integrate soy 

into everything from seat foam to fenders. The most tangible result of this effort 

was the 2003 introduction of the Model U concept car, which used a glass 

fiber-reinforced soy-based resin in the tailgate. Since then, Ford has been actively 

researching bioresins and their compatibility with a variety of fillers and 

reinforcements [55]. 

 

2.2.3 Natural Fibers and Bioresins 

 In structural applications and infrastructure applications, natural fiber/bioresin 

composites have been used to develop load-bearing elements such as: beam, roof, and 

multipurpose panels; water tanks; and pedestrian bridges. Recent developments have 

shown the potential cost, weight, installation, and time advantages of using fiber 

composites beams [55]. Sandwich beams made of cellulose fibers (from recycled paper) 

reinforced Acrylated Epoxidized Soy-bean Oil (AESO) and foam core have been 

developed and studied by Dweib et al. [56]. Another concept of natural fiber/bioresin 

structure shape was an I-shaped beam comprised of woven jute fabric (burlap) and 

soybean oil-based resin system. The beam was made using vacuum assisted resin transfer 

molding (VARTM) [57].
 

 Yet another example is roof materials made of woven mat sisal fiber and cashew nut 

shell liquid (CNSL) by Bisanda [58]. Sisal fiber in the form of plain woven mats was 

mercerized (strengthened) and then bonded with a CNSL-formaldehyde resin mix in a 

compression mold to produce corrugated composites. The composite system and 

manufacturing processes successfully produced corrugated composites suitable for 

roofing and other construction purposes in tropical developing countries.  

 Researchers at Cornell have also developed novel "green" resins and composites 

using fully sustainable natural products. The resins are starch-based and are composed 

simply of plant products and water. Mechanical properties can be adjusted through the 
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use of various crosslinkers and plasticizers. Combining the resins with recycled paper 

products results in completely "green" composites. Various fiber structures may be used 

and the layering structure can be modified to obtain desired mechanical properties for the 

composite. By applying a variety of corrugated and hot press shapes, the versatility of the 

composites is enormous.  Applications range from building and transportation to 

electronics and sports equipment [59].
 

 

2.3 Manufacturing Methods Used 

 Traditional biocomposites are manufactured primarily using existing techniques for 

processing plastics or synthetic composite materials. These include press molding, hand 

lay-up, filament winding, pultrusion, extrusion, injection molding, compression molding, 

resin transfer molding and sheet molding compounding. Of these methods, the majority 

of current biocomposite materials based on thermoplastic polymers are processed by 

compounding constituents then extruding. During compounding, the thermoplastic 

polymer is heated, either by an external heat source or as a result of mechanical shearing 

in the extruder until it melts. Wood fiber flour can be added into the mix along with other 

additives to improve the properties of the resultant material. Once the constituents have 

been thoroughly mixed, the compound can be either extruded directly in the final product 

(Figure 2.9), or pelletized and packed as a precursor to further extrusion or injection 

molding processes.  
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Figure 2.9: Examples of extruded WPC products [19]
 

 

 In the automotive industry, longer fibers of flax, hemp, kenaf and cotton are 

frequently used [60]. These natural fibers are generally mingled together with 

thermoplastic polymer fibers to form a non-woven ‘fleece’, which is subsequently hot 

pressed to melt the thermoplastic fiber thereby forming the composite. The advantage of 

this approach is that longer fibers (with better reinforcement potential) can be used. 

 Although few thermoset polymer matrix biocomposites are being produced 

commercially, interest in this area remains high. Manufacturing techniques broadly 

reflect those found in the ‘traditional’ composite industry, which include both ‘open-mold’ 

(e.g. hand lay-up and spray-up) and ‘closed-mold’ techniques (e.g. resin transfer molding, 

vacuum infusion and compression molding). A current barrier to the application of most 

thermosetting biopolymers is the high cure temperatures needed (exceed 150°C in many 

cases), thereby limiting the available tooling and process options. Furthermore, most 

natural fibers cannot withstand processing temperatures higher than 175°C for prolonged 

periods, limiting their ability to be used with some thermosets requiring high curing 

temperatures. This manufacturing route is currently limited by the small number of 

suitable renewables-based thermosets in the market.  

 

2.4 Chapter Summary 
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 Various natural fibers and bioresins were introduced in this chapter along with how 

they are classified, their characteristics, and applications throughout the relatively short 

history of engineered composites (compared to metals). Biocomposites in all three forms 

(i.e. natural fibers with synthetic resins, synthetic fibers with bioresins and natural fibers 

with bioresins) were reviewed and many examples were also cited. Finally, the 

manufacturing methods used for making these biocomposites were also briefly presented. 

In the next chapter, the author will be focusing on the new manufacturing process 

developed for the novel biocomposites mentioned in Chapter 1.



 
 

Portions of this chapter previously appeared as:  

L. Jiang, D. Walczyk, et al., "Manufacturing of mycelium-based biocomposites," in SAMPE 2013 

Proc., pp. 1944-1955.  

L. Jiang, D. Walczyk, and G. McIntyre, "A new process for manufacturing biocomposite laminate 

and sandwich parts using mycelium as a binder," in ASC 2014 Proc., pp. 8-10. 

L. Jiang, D. F. Walczyk, and G. McIntyre, "Vacuum infusion of mycelium-bound biocomposite 

preforms with natural resins," in CAMX Conf. Proc., 2014, pp. 2293-2305. 
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Chapter 3 - Manufacturing Process Concepts 

 

This chapter discusses the methodology used to develop new or modify existing 

process technologies for the seven-step biocomposite manufacturing approach described 

in Chapter 1 and shown schematically in Figure 1.6. Steps 1-3, which lead up to creation 

of a preform shell (integral mold), are completely new in the biocomposites field, 

whereas Steps 4-6 are essentially modifications of the industrial collaborator’s (Ecovative) 

current processes.  Step 7 borrows from current vacuum infusion processes for resin into 

dry composite preforms to suit the vagaries of bioresins and natural reinforcement. 

Chapter sections are organized sequentially around the logical grouping of Steps 1-3, 

Steps 4-6, and then Step 7 separately. 

 

3.1 Steps 1-3 

Similar to traditional advanced composites, mycocomposites with a sandwich 

construction consist of two main parts: a single or multilayered laminate skin (woven 

textiles) and loose core material mixed with mycelium. The manufacturing approach 

being investigated is to create rigid skin preforms that can be easily filled with previously 

colonized material that will regrow together along with growing into and integrating the 

laminate skins. The general steps of this process are:  

(1) Cut desired skin plies in the appropriate two-dimensional shape 

(2) Impregnate the skins with a natural glue 
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(3) Stack the impregnated skins layer by layer in the correct orientation to create the flat 

laminate; form the skins using molds; heat and dry the formed laminate skin to hold 

its shape by activating the glue; and sterilize it prior to filling with loose, colonized 

core material.  

 

3.1.1 Preliminary Study of Manufacturing Steps 

 To identify the best manufacturing process(es) for Steps 1-3, a preliminary study was 

conducted where multiple concepts were demonstrated experimentally and compared 

using both quantitative and qualitative metrics. Final process selection was based on a 

weighted matrix approach. 

 

3.1.1.1 Pre-cutting skin plies 

There are various ways to cut woven skin plies. For this study, woven jute textile was 

used as the test material since it is easy to obtain and low cost. The cutting methods tested 

on woven jute textile include hand cutting, die cutting, CNC cutting, and laser cutting. As 

part of an experimental comparative study of cutting processes, a shoe-shaped ply, shown 

in Figure 3.1(a), was made by hand cutting, CNC cutting, die cutting, and laser cutting. 

Process variables monitored during the experimental investigation include capital cost 

(e.g., equipment, tooling), preparation time (time required for preparation before cutting), 

cutting time, and energy consumption (estimate based on 50% of maximum power input 

to machine).  After each experiment, cut quality of the specimens was assessed by 

recording the numbers of uncut threads, numbers of frayed threads, and cutting accuracy 

on a 1-10 relative scale. 
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(a)  (b)  

(c)  

(d)  

Figure 3.1: (a) Shoe-shaped woven jute composite ply, (b) curtain-coating of an 

individual ply with natural glue, (c) forming of 2-ply stack with matched molds, and (d) 

drying the skins using simple heated platens 

 

All of the aforementioned cutting methods were ranked based on a weighted scale of 
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process variables chosen by the author. Weighted ranking matrices, a common method 

used for evaluating product design concepts, for each of the methods described are 

provided in Table 3.1. The weighted total for Tables 3.1-3.4 is calculated as the sum of 

each value in a column multiplied by the corresponding weightings and then divided by 

the largest value in that column. In Table 3.1, measurements that characterize cutting 

process quality are the number of uncut threads and frayed threads, and sample data for 

the same cutting method are averaged. The parameter for accuracy is defined as the 

relative percentage that the edges of a cut sample match the edges of a sample that is cut 

with a cutting die. However, inaccuracy, i.e. (1 – accuracy), is used for comparison to 

remain consistent with the other ‘smaller is better’ metrics used in this table. Based on the 

weighted total, the die cutting method is clearly preferable to the other three methods. 

 

Table 3.1: Ranking matrix for pre-cutting skin plies 

Cutting 

Process 

Capital 

Cost 

Prep 

Time 

Cutting 

Time 

Avg. 

Energy 

Avg. 

Uncut 

Threads 

Avg. 

Frayed 

Threads 
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a
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u

ra
cy
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g
h
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d
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o
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l 

Units $ sec. sec. joule # # % 

Weighting 

(1-10) 
*8/25000 *6/125 *10/177 *5/321600 *8/20 *5/10 *4/60 

Hand Cut $10.00 125 177 0 1.9 9 40 23.93 

Die Cut $5,000 5.58 4.066 3654 0.5 0.2 0 2.60 

Laser Cut $10,000 60 64 59,520 20 10 0 29.12 

CNC Cut $25,000 60 48 321,600 10 5 60 31.84 

 

3.1.1.2 Ply infusion with natural glue 

Several methods were investigated for infusing individual plies (woven jute) with a 

natural glue that is compatible with mycelium growth including dip-and-soak, spray 

coating and curtain coating, as shown in Figure 3.1(b). For the-dip and-soak process, two 

different approaches were tested: dry and wet. The dry method involves putting the 

pre-cut sample into the glue directly, while the wet method involves pre-wetting the 
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sample with water and then continuing with the dip-and-soak. For the spray coating 

process, a commercially available spray gun designed for automotive painting was used, 

and two different spray flow rates (corresponding to 140 kPa and 210 kPa input pressures) 

were tested. For curtain coating, a converted fish tank waterfall filter was used. The 

author found that the contact time between the glue ‘waterfall’ and the sample can be 

very short compared with other impregnating methods, even though it had to be sent 

through twice to cover both sides. Process outputs measured include dip time, spray 

pressure, sample starting weight and wet weight, coating time, and impregnation 

coverage.  

The natural glue used in all tests was developed in collaboration with Ecovative 

Design and consisted of water, starch and maltodextrin. Starch can be heat-activated to 

create strong bonds for holding together pre-forms, but the problem of syneresis requires 

the solution to be constantly mixed to avoid floating kernels from settling out. 

Maltodextrin helps to increase the viscosity of the glue. 

The ranking matrix for ply infusion with natural glue is shown in Table 3.2. It should 

be mentioned that the cost of glue is the average price/mass multiplied by the average 

glue mass usage. Based on the weighted totals, the dip & soak and curtain coating 

methods are preferable to all other infusion methods. Inspired by both methods, the 

author conceived yet another method for ply infusion involving nip rollers covered with a 

soft and porous material and immersed in (lower roller) or curtain-coated (upper roller) 

with glue (Figure 3.2). 

 

 

Figure 3.2: Roll infusion process used for infusing porous media 

Table 3.2: Ranking matrix for individual ply infusion 
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Impregnation 

Processes 

Avg. Cycle 

Time 

Avg. 

Uncovered 

Cost of 

Glue Weighted 

Total Units seconds % $ 

Weighting (1-10) *10/56 *8/100 *5/0.091 

Dip & Soak dry 10.8 0.00 $0.091 6.93 

Dip & Soak wet 15.0 0.00 $0.075 6.84 

Spray Coating (210kPa) 52.5 12.5 $0.066 14.0 

Spray Coating (140kPa) 56.0 35.0 $0.059 16.1 

Curtain Coating (twice) 7.2 3.3 $0.067 5.25 

 

3.1.1.3 Forming laminate skins 

 The methods investigated for forming laminate skins into their final shape prior to 

drying and sterilizing include hand layup, matched mold forming (shown in Figure 

3.1(c)), and double diaphragm forming (DDF), as described below: 

 Hand layup requires a single mold (shoe shape in this case), although it is 

inherently slower than the other two methods. 

 Matched mold forming involves using two matching tools (e.g., male and female) 

that when fully engaged, form a gap to accommodate the thickness of the formed 

laminate. A wooden male mold and thermoformed plastic female mold in the shape 

of a shoe sole were used to pre-form two-ply thick specimens.  

 The DDF process was investigated using an existing machine that was available. 

DDF typically involves: sandwiching an uncured stack of reinforcement (e.g., 

cloth) pre-impregnated with resin (called ‘pre-preg’) between two silicone 

diaphragms evacuated in between and suspending over a rigid frame; heating the 

pre-preg stack (typically with a blanket heater) to lower viscosity resin; and pulling 

the stack down over a rigid, stationary mold using differential pressure. Vacuum 

pressure on the diaphragms helps prevent buckling of the laminate during 

formation. After the vacuum between the diaphragms is released and the top 

diaphragm is lifted, the pre-formed skin or core is quickly frozen or dried 

(mycelium can survive either condition) to retain its formed shape and then be 
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placed in another mold for drying/sterilization. 

 Process outputs measured for these forming processes include cycle time (time 

required for the forming process), glue contact time (time that a worker is physically in 

contact with the glue), degree of wrinkling, and relative quality on a 1-10 relative scale.  

The ranking matrix for forming laminate skins is shown in Table 3.3. The DDF 

process was immediately eliminated from consideration, because it simply was not suited 

for the relatively messy ‘glued’ materials or for the low cycle times envisioned for 

production. With regards to ranking metrics, “inferiority” is used instead of quality, since 

the ranking required ‘smaller is better’ metrics. Based on the ranking, match mold 

forming is the clear choice for high production.  

 

Table 3.3: Ranking matrix for forming skins into integral tooling 

Stacking 

Processes 

Cycle 

time 

Contact 

time 

Degree of 

Wrinkling 

Inferiority 

(1/quality) 
Weighte

d Total 
Units Min Sec. 0-10 > 0.1 

Weighting 

(1-10) 
*10/8 *8/65 *8/5 *8/0.167 

Hand layup 8 65 5 0.167 34 

Match mold 

stamping 
1 20 1 0.111 10.63 

 

3.1.1.4 Skin drying/sterilization 

Methods investigating for drying and sterilizing the formed laminate skins include 

microwave heating, IR (infrared) oven heating, heated tooling (conduction, shown in 

Figure 3.1(d)), IR lamp heating, a combination of a heated tool & IR lamp heating, and  

air drying. Samples were not considered dry until a measurement of 0.0% content of 

water was indicated by an EXTECH
®
 MO210 moisture meter. The exception was air 

dried samples which could only reach 0.6% humidity due to the lab environmental 

conditions. Process outputs measured include glue usage (difference between the dry 
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sample weight and its weight after glue soaking), pre-preg sample weight gain (difference 

between the dried sample and its original dry weight), drying time, the time used for the 

entire drying process, and energy usage measured using a P3 international P4400 

Kill-A-Watt electricity usage monitor. Compliance, strength, and heating quality were 

also recorded for the drying quality.  

The ranking matrix for skin drying is shown in Table 3.4. The strength of the samples 

is converted to peel weakness for statistical purposes. The strength of the sample is 

defined as the maximum force required to separate two 2.5 cm-wide plies glued together. 

And the peel weakness is the reciprocal, namely 2.5 cm width divided by the maximum 

forces to separate two plies. The compliance of the samples is the displacement of a 2.5 

cm-wide cut sample in three-point bending experiment with an 8-cm span length and 

subjected to a 292 g weight. Overall drying quality is measured on a relative scale 

between -10 and 10, where a negative number means under-heated and white (signifying 

starch did not fully activate), a positive number stands for overheated and burnt, and 0 

signifies an optimal glued condition. Absolute values are used in the comparison, since 

negative numbers would not work for the weighted process output summation. After 

comparison, the author concluded that low powered microwave drying and flipped heated 

tool methods were less suitable and should be removed from further investigation. 

However, a heated integral tooling fabricated to any desired shape can be considered as a 

heated tool method, which can further combine the forming and drying steps into a single 

one. So in the novel manufacturing methods developed in the following sections, this 

idea will be implemented.  

 

Table 3.4: Ranking matrix for skin drying 
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Weighting (1-10) *3/12.999 *5/4.8375 *10/720 *6/485000 *7/10 
*7/9.2

59 
*9/|3| 

Microwave P50 11.704 3.822 2.5 8.06E+04 6 0.725 |0.75| 14.7 

Microwave P40 12.407 4.727 3.3 8.60E+04 2 0.315 |0.25| 11.3 

Convection Oven 12.999 4.608 5.1 2.78E+05 2.5 0.511 |1| 16.4 

Heated Tool 11.7625 3.9775 10 4.85E+05 3 1.969 |0| 16.6 

Infrared light 11.645 4.07 20 2.93E+05 10 7.353 |-1| 26.4 

Heated tool & 

Infrared 
12.014 3.881 5.892 3.72E+05 2 0.564 |-2.5| 20.8 

Heated tool & 

Infrared (flipped) 
12.459 4.442 6.65 4.20E+05 2 0.912 |0.25| 15.6 

Air dry 11.2325 4.8375 
~0.5 day = 

720 
0.00E+00 7 9.259 |-3| 38.5 

 

3.1.1.5 Final processes chosen 

Based on results described in previous sections extracted from [12] and [13], the 

optimal processes chosen for Steps 1-3, respectively, are:  

 Steel rule die cutting for the natural textile reinforcement 

 Nip rollers made from pile fabric-covered rolls for impregnating one or more 

reinforcement plies with glue and 

 Temperature-controlled matched dies to forming, set, and sterilize the integral 

tooling. 

Proof of concept models were designed and built to demonstrate feasibility for each step 

before committing resources for production equipment are described next.  

 

3.1.2 Experimental Hardware, Materials and Testing for Steps 1-3 
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To demonstrate feasibility for the final processes chosen for Steps 1-3, a loose-weave 

100% jute burlap (12 ends/in warp and 10 ends/in weft, 250 gm/m
2
 areal density) and 

tight-weave 100% linen cloth
 
[61] available on 1.4 meter wide rolls were used as the 

reinforcement for the benchmark product (sole of an outdoor sandal made as a sandwich 

structure). The burlap was twice as thick as the linen, i.e. 0.90 vs. 0.45 mm.  

Furthermore, G242 industrial corn starch from Grain Processing Corporation (GPC, see 

Appendix B) mixed with maltodextrin was used as the natural reinforcement glue (17.5g 

starch and 4.4g maltodextrin blended in 200 ml water for 2 min.). It should be noted that 

this glue is also a food source for mycelium. Because of the economics and target process 

requirements suggested by Ecovative Design, the author chose to investigate integral 

tooling – preformed rigid linen shells to be filled with pre-shredded core material – 

instead of using dedicated, thermoformed plastic molds for mycocomposite colonization, 

as mentioned earlier.  

 

3.1.2.1 Textile cutting (Step 1) 

Step 1 in the manufacturing process is to cut the linen reinforcement ply shape from 

rolls of fabric.  The benchmark part’s CAD model was created from a 3D scan of the 

plaster model cast from a plastic mold provided by Ecovative, as shown in Figure 3.3(a).  

A CAD solid model, shown in Figure 3.3(b), was based on the resulting point cloud using 

SolidWorks
®
 software, and flat pattern layouts for the lower textile shell and upper textile 

cover were designed from this model.  The upper pattern is simply a two dimensional 

outline of the flat face, whereas the lower patterns takes into account the ability of natural 

fabrics to stretch and form contours, while preventing overlaps and gaps in the steep side 

walls, as shown in Figure 3.3(c).  Relief cuts in the sidewall areas were added to prevent 

textile wrinkling after forming, with the size of each relief cut roughly proportional to the 

localized degree of curvature. The flat pattern .DXF files were used to make two steel 

rule cutting dies (Apple Die, LLC).  Up to 6 plies can be cut at one time using the 
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cutting dies and an industrial clicker press (Hudson Machinery Model ATM-MF9.4).  

 

(a) (b)  (c)  

Figure 3.3: (a) Plaster cast from a plaster mold of the benchmark part shape, (b) CAD 

model based on 3D scan of the plaster casting and, (c) flat pattern layout with relief cuts 

for Lower Integral Tool (textile shell) 

 

The cutting station (Step 1), including an industrial clicker press and two steel rule 

cutting dies for the top and bottom skins of the shoe sole, is shown in Figure 3.4. The 

purchased linen was manually cut to the length of the die, folded over multiple times to 

make six plies, and cut with the steel rule dies.  As expected, testing demonstrated that 

the cut linen plies were the exact shape of the cutting die, although there were 

occasionally 1-2 uncut fiber threads remaining around the perimeter which had to be 

broken by hand or cut with scissors.  Although cutting dies are adequate for proof of 

concept, a more reliable method, such as waterjet cutting, may be needed for production. 

 



42 
 

 

 

Figure 3.4: Steel rule dies sitting on an industrial clicker press for cutting upper and 

lower flat patterns for benchmark part 

 

3.1.2.2 Laminate Impregnation (Step 2) 

Step 2 involves impregnating die-cut textile plies with natural glue. A nip roller 

impregnator was designed (see CAD image in Figure 3.5(a)) with two separated rollers – 

a vertically fixed, motor-driven upper roller and freely rotating lower roller installed on 

two springs so the clamping force can be adjusted using thumb screws by changing 

spring compression.  The rollers, essentially 40mm  230mm long plastic tubes 

covered with 10 mm napped polyester fabric (commercial paint rollers from Premier 

Paint Roller Co., Richmond Hill, NY), are secured onto aluminum through-shafts 

supported with plastic bearings.  The speed of the drive motor, connected to the upper 

roller shaft with a timing belt, is controlled with a variable voltage power supply.  A 

removable roller frame, shown Figure 3.5(b), consisting of two inner panels allows for 

easier maintenance and cleaning. The lower roller is immersed in a bath of natural glue, 

while a circulation system pumps glue from the bottom of the tank to a line sprinkler that 

saturates the top roller (inspired by the curtain coater concept) and prevents solids from 

settling out.  The impregnator tank and other structural members are made with 

transparent acrylic plates so that working conditions can be observed.  The actual 

experimental hardware is shown in Figure 3.6. 

 



43 
 

 

(a)  (b)  

Figure 3.5: CAD models of (a) the roller impregnator and (b) its removable roller frame 

 

 

Figure 3.6: Pinch roller impregnator hardware with variable voltage power supply 

 

Natural textile impregnation quality tests were performed using the experimental 

setup shown in Figure 3.6.  Process variables for this test were clamping force per unit 

roller length (N/cm) and roller feed rate (cm/sec).  Force per unit length was determined 

by measuring the total force applied by the bearing blocks for two different levels of 
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spring compression (high and low) using an Ametek Accuforce Cadet handheld force 

gauge and dividing the value by roller length (23 cm).  Roller feed rate was measured by 

feeding a specified length of textile (84 cm) and measuring the time it took to pass all the 

way through the nip rollers. All process variable levels are shown in Table 3.5. Two 

different input voltages were used to obtain roller feed rates.  Both jute burlap (1 and 2 

plies) and linen (1 ply) textile were run through the impregnator while specimen weights 

before (dry textile), after (wet glue impregnated textile) and post drying were recorded, as 

well as the drying time. All dried samples were tested as simple beams (25 mm wide  80 

mm span) in three-point bending subjected to very low static loads (0.1 N for jute burlap 

and 0.002 N for linen) to measure their relative flexural stiffness (static load/deflection) 

in N/mm and assess suitability as an integral tool.  It should be noted that flexural 

modulus (e.g., using ASTM D7250/D7250M-06) was not calculated for comparison 

purposes, since the low loads encountered were well below those measurable by any 

commercial universal testing machine.  

 

Table 3.5: Process variable used for impregnation experiments 

 Level 

Process Variable Low High 

Clamping force per unit length (N/cm) 1.11 2.12 

Roller feed rate (cm/sec) 0.326 (2 volts) 0.963 (3 volts) 

 

Table 3.6: Results of impregnation experiments 
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1-1 Jute 1 High high 20 4.2 20.0 5.1 0.9 9.9 

1-2 Jute 1 Low high 20 4.2 22.1 4.9 0.7 8.8 

1-3 Jute 1 High low 20 4.2 21.9 5.1 0.8 8.5 

1-4 Jute 1 Low low 20 4.2 21.3 5.3 1.1 12.6 
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1-5 Jute 2 High high 40 8.5 39.5 10.1 1.6 31.7 

1-6 Jute 2 Low high 35 8.8 41.5 10.4 1.6 38.3 

1-7 Jute 2 High low 35 7.9 36.8 9.2 1.3 14.6 

1-8 Jute 2 Low low 40 8.6 35.5 10.7 2.1 168.9 

1-9 Linen 1 High high 7 3.3 10.7 3.6 0.3 0.5 

1-10 Linen 1 Low high 5 3.3 10.5 3.6 0.3 0.6 

1-11 Linen 1 High low 7 3.4 9.1 3.6 0.2 1.0 

1-12 Linen 1 Low low 8 3.4 9.6 3.6 0.2 0.5 

 

From Table 3.6, it is apparent that jute burlap, a course-weave textile (previously 

mentioned) with inherently higher permeability, allows better wet-out of the natural glue 

than the fine woven linen, and more infused glue results in higher jute laminate stiffness.  

Not surprisingly, flexural stiffness for single ply laminates was generally about the same 

for all process conditions other than low clamping force and low speed where stiffness 

was about 20% higher.  This latter set of conditions provides higher permeability and 

more time for infusion.  For double ply laminates, there was approximately twice the 

amount of glue infused as single ply specimens and double the thickness leading to 

increased flexural stiffness (higher area moment of inertia).  As before, low clamping 

force provided the highest stiffness.  Similar to the one ply case, lowest force and lowest 

roller speed resulted in significantly higher stiffness (4-10×) than all other sets of 

conditions.  Linen, the fine weave cloth that was half as thick as burlap, had lower 

permeability resulting in significantly less glue infusion and 1-2 orders of magnitude 

lower stiffness. 

 

3.1.2.3 Forming, sterilizing, and solidifying pre-impregnated reinforcement into integral 

tooling (Step 3) 

 The final step of the preform manufacturing process is to simultaneously form, 

dry/cure and sterilize the natural glue-impregnated plies into the integral tooling shapes. 

To demonstrate this step, an automatic press for sandal sole-shaped 

temperature-controlled matched dies with a non-stick coating was designed using CAD 
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software and fabricated, as shown in Figure 3.7. A solid aluminum die set was designed 

using the surface model shown in Figure 3.3(b) to accommodate thickness of 

reinforcement plies (2.5 mm in this case) and allow steam to escape by including laterally 

running surface grooves on the male die. Dies were coated with ceramic-reinforced 

Teflon® (Donwell Company) to avoid having to spray release on the dies after single or 

multiple cycles in a high production situation. Each die was heated with a separate 

membrane heater mounted in the back and covered with an insulated plate.  Heaters 

were sized to at least compensate for all convective, radiative and evaporative (drying of 

glue-impregnated reinforcement plies) heat losses expected in the system. Detailed heat 

transfer calculations used to size these heaters is provided in Appendix A. Die 

temperature was monitored using a single thermocouple mounted in the middle just 

beneath the forming surface. Solid insulation was added between the male die and 

attachment bracket and also between the female die and support frame to minimize 

conductive heat losses to the die press structure. The male die was affixed to four linear 

guides and automatically actuated using a pneumatic piston.  

 

(a)  
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(b)  

Figure 3.7: Heated die press (a) SolidWorks CAD model and (b) experimental hardware 

 

Most of the die press parts were made of aluminum except for the air cylinder 

crosspiece made from steel to withstand high bending stresses expected.  Both dies were 

CNC machined, polished, and later coated.  Standard T-slot extrusions from 80/20, Inc. 

were used to build the press structure frame.  Compressed air was connected through 

tubing with a flow regulator and an air switch in the middle to regulate the air pressure 

and control movement of the upper die. Type K thermocouples were placed into deep 

holes drilled at the back centers of both dies to locate the sensors close to the die’s 

forming surfaces. The thermocouples were connected to two Watt temperature controllers 

that cycled power to the membrane heaters.  A Tracer DAQ temperature monitor 

connected to the two thermal couples recorded real time temperature of the two dies.  

Several stamping experiments using the heated die press were run where temperature, 

cylinder air pressure, and sample drying time (most important) were varied.  Because of 

particular interest by Ecovative for commercial reasons, two plies of linen reinforcement 

were used for all experiments despite the poor natural glue permeability of the material.  

Impregnated plies were suspended in position over the lower female die prior to stamping 
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using a simple two piece plastic frame. Baseline parameters for all experiments included 

150°C die temperature, 310 kPa (45 psi) cylinder pressure (amounting to ~200 N of 

force), and 60 minute drying time. Typical temperature fluctuations in the dies for two 

target temperatures (150 and 170C) are shown in Figure 3.8.  Die temperatures during 

drying were considered stable and rapidly recoverable: temperature fluctuations during 

drying were well within ±5°C in both cases; and temperature recovery time back to the 

150°C and 170C set points after each cycle was 1 min and 1 min 20 sec, respectively.  

Obviously, faster cycle times would be possible with higher power die heaters and an 

optimized control scheme. Because of linen’s poor permeability, little glue reached the 

interface between the two plies for all conditions tested. However, this situation proved to 

be manageable from a research perspective (not necessarily practical from a 

manufacturing perspective), since the individual plies were flipped over after 

impregnation so that the glue-faced surfaces were facing each other and the glue-starved 

surfaces were outward facing. As a result, the plies had sufficient glue for bonding at the 

interface and little glue to bond to either heated die. Whether or not this operation is 

viable for high production or easily automated is a question left for future research. 

Specimen weight when dry (before impregnation), after impregnation, and after 

forming/drying were recorded to determine the amount of glue used in each case.  

Several examples of dried integral tooling specimens are shown in Figure 3.9. From 

Table 3.7, drying/forming quality was evaluated qualitatively based on the frequency or 

size of undried spots left on the sample after removal from the press and also stiffness of 

the formed shape after it cooled down to ambient temperature. More quantitative 

evaluation is planned for future work.  

 



49 
 

 

(a)  

(b)  

Figure 3.8: Die temperature fluctuations for (a) 150°C and (b) 170°C set points 
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Figure 3.9: Examples of integral tools stamped and dried using press shown in Figure 

3.7(b) 

 

Table 3.7: Mass data and quality observations for forming/drying experiments 
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2-1a 150 310 60 22.06 36.96 24.18 23.24 14.9 2.12 1.18 Fair 

2-1b 150 310 60 21.67 38.69 24.97 23.14 17.02 3.3 1.47 
wall partially 

wet, good 

2-2a 160 310 60 21.89 42.51 24.6 23.09 20.62 2.71 1.2 Poor 

2-2b 160 310 60 21.38 35.6 23.19 22.52 14.22 1.81 1.14 Good 

2-3a 170 310 60 21.71 35.22 22.7 22.7 13.51 0.99 0.99 Good 

2-3b 170 310 60 21.61 36.87 22.98 22.62 15.26 1.37 1.01 Good 

Average 

21.73 37.43 23.5 22.83 15.7 1.77 1.1 
dry samples 

only 

21.69 36.67 23.58 22.84 14.98 1.89 1.16 
good/fair 

samples only 

2-4 170 275 30 21.71 41.27 27.76 23.41 19.56 6.05 1.7 

wet, cannot 

hold shape, 

poor 

2-5a 170 310 30 21.66 37.86 25.67 22.85 16.2 4.01 1.19 Good 

2-5b 170 310 30 21.79 38.58 24.83 22.84 16.79 3.04 1.05 Good 

2-5c 170 310 30 21.49 36.7 24.61 22.49 15.21 3.12 1 Good 

2-5d 170 310 30 21.58 33.06 24.26 22.39 11.48 2.68 0.81 Fair 

2-5e 170 310 30 21.6 33.78 25.49 22.75 12.18 3.89 1.15 Good 

2-5f 170 310 30 22.02 34.75 26.26 22.96 12.73 4.24 0.94 Fair 

2-6 170 345 30 21.5 38.93 26.11 22.91 17.43 4.61 1.41 
partially wet, 

fair 

2-7 170 380 30 21.02 39.64 28.16 23.57 18.62 7.14 2.55 
partially wet, 

poor 

2-8a 170 415 30 21.26 40.53 25.84 22.76 19.27 4.58 1.5 
partially wet, 

good 

2-8b 170 415 30 21.66 37.56 26.09 23.29 15.9 4.43 1.28 
partially wet, 

poor 

2-8c 170 415 30 21.66 39.81 24.43 23.24 18.15 2.77 1.58 partially wet, 
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fair 

Average 

21.69 35.79 25.19 22.71 14.1 3.5 1.02 
dry samples 

only 

21.62 37.11 25.28 22.8 15.49 3.66 1.18 
good/fair 

samples only 

 

Several interesting observations can be made from Figure 3.9 and data in Table 3.7. 

Dry laminate mass after die cutting is quite consistent (mlaminate, avg = 21.63g,  = 0.25g) 

as would be expected, whereas there is significant variation in wet and dry glue mass 

(mgluewet, avg = 16.06g,  = 2.63g; mgluedry = 1.29g,  = 0.40g, respectively). Higher die 

temperature results in better quality samples when comparing specimens 2-1 through 2-3. 

Furthermore, drying time can be reduced from 60 seconds (specimens 2-1 through 2-3) to 

30 seconds (specimens 2-4 through 2-8) without adversely affecting specimen quality, 

although more residual water remains in the glue (3.5g average glue mass in dry samples 

for 30 sec vs. 1.77g for 60 sec). Residual moisture in the reinforcement is not detrimental 

to the myceliation process, so the shorter dry time could be used for production. 

Comparing results of specimens 2-4 through 2-8, higher pressure has no positive effect 

on specimen quality; specifically, specimen quality is worse at higher pressures.  One 

probable reason is that the 0.9 mm thick 2-ply laminate is never completely consolidated 

within the 2.5 mm gap.  Specimen characteristics using optimal pressing parameters 

(Specimen 2-5a-f: 170C, 310 kPa, 30 sec) are consistent with either good or fair quality 

and no wet spots reported as compared to results of other process conditions. Lastly, 

although the pattern layout for the lower integral tool shown in Figure 3.3(c) was sized 

exactly for the mold set, the shells consistently had extra material, i.e. flashing, around 

the edges.  The reasons for flashing include inconsistent registration of impregnated 

plies over the female mold and material stretching/shearing during the forming process. 

 

3.2 Steps 4-6 

   This section discusses activities and experimental results related to a proof of concept 
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demonstration of Steps 4-6 in the manufacturing approach shown in Figure 3.3 including 

design/fabrication of growing trays and fabrication of the actual natural cores. The 

dimension of the sandwich panel specimen used for three-point bending tests is 

20.3×6.4×2.5 cm (8×2.5×1 in) based on the ASTM C393/C303M-11e1 2011 and D7250 

standards (see Figure 3.10a). The actual width of the cores made was 7.6 cm to allow the 

outside edges to be trimmed (about 0.6 cm each side) for more precise dimensional 

control prior to testing. Two-ply natural reinforcement skins with [0/0] layup are added to 

the top and bottom surfaces of the core shape to complete the sandwich panel. Multiple 

skins are cut rapidly and repeatably using a steel rule cutting die placed above the textile 

stack between the platens of an industrial clicker press, as shown in Figure 3.10b. To 

determine how the type of natural textile and number of plies influence cutting 

effectiveness, a simple study was conducted involving the three different natural textiles 

and a rectangular cutting die the size of the brick specimen.  The test metric was the 

number of uncut threads per ply. 

 

(a)  
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(b)  

Figure 3.10: (a) Oblique view of a sandwich panel specimen. Skins are attached to the 

20.3×6.4 cm top and bottom surfaces and (b) multiple textile skin plies being cut using a 

steel rule die and industrial clicker press 

 

3.2.1 Fabrication of Myceliated Core Growing Trays 

 Cores are made at Ecovative directly in the desired shape with or without natural 

skins attached prior to resin infusion. This is done by filling fungus-inoculated 

agricultural waste (substrates) into customized thermoformed growing trays and letting 

the material grow (colonize) in high humidity for about one week on storage racks. 

Custom-designed growing trays for the sandwich structure specimen (tray with mating 

cover) were designed in CAD (see Figures 3.11(a) and (b)) and thermoformed over 

CNC-machined hardwood molds (Figure 3.11(c). A 2˚ taper was used for both molds to 

allow for easier demolding, and small air through holes were drilled every half inch along 

the sharp corners to prevent air entrainment during thermoforming. Figure 3.11(d) shows 

one set of the growing trays with 1/8” air holes drilled on ½” grid spacing to allow 

respiration of fungal mycelium during their growth phase.  

 



54 
 

 

(a)  (b)  

(c)  (d)  

Figure 3.11: CAD models of (a) male and (b) female thermoforming molds, (c) wooden 

molds mounted in thermoformer, and (d) final trays after trimming 

 

3.2.2 Growth Tray Filling, Core Growth, Drying and Post Processing 

 Facilities for steps 4-6 were essentially the production equipment being used at 

Ecovative. For Step 4, an automatic substrate filler, assembled from purchased parts and 

custom-engineered parts (Figure 3.12), has the capability to fill up to 10 tools 

simultaneously in 5 minutes. Substrates filled parts are placed into Unicorn
® 

semi-permeable growth bags that provide gas exchange, but exclude water vapor, 

separately for a 5- to 8-day growth period under room temperature but with high 

humidity level (> 95% R.H.) on growth racks. There are two ways used dry the grown 

parts and deactivate the live mycelium: thermal press drying (Figure 3.13) and convective 

oven (e.g. a walk-in dryer, Figure 3.14). The thermal press has a drying time cycle of 

around 20 minutes followed by an air drying process up to 8 days, while the convective 

oven requires a drying cycle of 1 day in the oven. 
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Figure 3.12: The self-assembled automatic filler at Ecovative 

 

Figure 3.13: Large thermal press (Ecovative) used for core pressing 
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Figure 3.14: Large walk-in dryer (Ecovative) used for core drying 

 

3.3 Step 7 

The last section of this chapter focuses on the preliminary study of the last 

manufacturing step, i.e. Step 7, whereby the biocomposite preform is fabricated and then 

vacuum infused with resin (although not cured yet). Vacuum Infusion Processing (VIP) is 

a composite resin infusion process widely used in transportation and infrastructure 

markets. In this process the fiber reinforcement and core materials are laid up dry in a 

matched mold designed to withstand vacuum pressure only. Liquid resin is then drawn 

into the mold cavity through one or more ports placed in the right positions in the mold 

by a vacuum pump to fully wet out the reinforcements with resin. Unlike the autoclave, 

VIP requires neither high heat nor high pressure, and its comparatively low-cost tooling 

makes it possible to inexpensively produce large, complex parts in one shot [62]. Pirvu et 

al. [63] used the VIP/SCRIMP fabrication process for their carbon fiber-vinyl ester 

composite reinforcement of wood and resulted in a high fiber-to-resin ratio, minimum 

void content and a durable adhesive bond-to-wood substrate. In a study by Sadeghian et 

al. [64], surfactant-treated carbon nanofibers (CNF) were dispersed in polyester resin and 

then the CNF-resin suspension was infused to impregnate a glass fiber preform using VIP. 
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Also, Dweib et al. [65] reported a modified VIP process to manufacture a bio-based 

composite roof structure. 

 

3.3.1 Transparent Mold Design and Fabrication 

 Before the permanent infusion mold was designed and developed to demonstrate 

Step 7, the author decided to build a test mold out of transparent material to observe the 

flow behavior of the resin during vacuum infusion into the mold. Multiple pairs of 

inlet/outlet ports were added to the mold in order to find the combination of resin inlet 

and vacuum port locations to provide optimal flow and uniform infusion. CFD modeling 

could have been used to run flow simulations for design optimization, but the expected 

variability in natural reinforcement permeability and preform fit were expected to lead to 

erroneous results. 

 The transparent mold, shown in Figure 3.15, was created in CAD using SolidWorks. 

There are three resin inlet/outlet port holes on both the top and bottom molds: the left (#1, 

#2), middle (#3, #4) and right (#5, #6) according to Figure 3.15(a). Another pair of port 

holes (#7, #8) is placed on both ends of the mold so end section resin flow can be 

investigated. The 2.54 cm (1.0”) deep cavity in the bottom mold was constructed of two 

1.27 cm (0.5”) layers, while the top and bottom plates were (0.95 cm) 0.38” thick. 

Sealant rubber was used to vacuum seal the top and bottom molds 

 

(a)  (b)  

Figure 3.15: (a) CAD model of transparent VIP mold, and (b) acrylic mold fabricated for 

preliminary resin flow studies 
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 Acrylic plate stock was selected as the mold material since it is transparent, easy to 

machine and assemble, and easy to solvent bond together. Plates were cut to shape and 

port tap holes drilled using a laser cutter followed by tapping of the port holes for NPT 

pneumatic fittings. Once completed, all machined plates were welded together using 

acrylic solvent and allowed to set for 24 hours. Adhesively backed neoprene rubber sheet 

was cut to shape and positioned onto the top of the bottom mold for act as a vacuum seal. 

Once mold halves were completed, inlet/outlet hose connectors and plastic plugs for 

unused holes were installed (Figure 3.15(b)). 

 

3.3.2 Resin Analog and Preliminary VIP Testing 

 Since bioresin flow characteristics using the acrylic mold shown in Figure 3.15(b) 

were of interest, a rheological analog, i.e. corn syrup dyed brown to enhance visualization, 

was used for experimentation instead the true resin (commercially available bioresin, in 

this case). The viscosity of corn syrup (~1000 cP at room temperature) is very close to 

that of a bioresin used for VIP, and water solubility simplified cleanup. 

 Preliminary resin infusion tests using reinforcement skins and flax/hemp pith cores 

(50/50 mix by weight) made from Ecovative regrind and grown in the Figure 3.10 molds 

showed that the cores, being relatively porous, absorbed too much resin on the 2.54 cm 

(1”) wide edges (refer to Figure 3.10).  This is an undesirable situation for a sandwich 

specimen, since resin-infused core will adversely increase flexural strength and stiffness 

results from 3-point bending. Ecovative suggested coating the edges with wax that is used 

by the fruit industry [68], [69]. Wax coatings considered for this purpose along with their 

melting temperatures are shown in Table 3.8. As part of a simple comparative study, wax 

particles were poured into a metal container and then melted, after which specimen edges 

were wax-sealed by dipping. Following resin infusion, test specimens were sectioned 

with a sharp knife to see how deep the analog penetrated into wax-coated and 
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non-wax-coated (control) specimens.  Results of the experiments included 

non-wax-coated specimens absorbing significant resin, while wax-coated specimens 

absorbing resin in varying degrees. Carnauba wax was chosen for experimentation due to 

its good sealing characteristics and high melting temperature.  

 

Table 3.8: Wax coatings and their melting temperatures 

Wax coatings Melting point (˚C) Melting point (˚F) 

Carnauba wax 82-86 180-187
 
[70]

 

Castor wax 80 176 [71] 

Candelilla wax 68.5-72.5 155.3-162.5 [72]
 

Bee wax 62-64 144-147 [73]
 

 

3.3.3 Resin Flow Experiments 

 Resin flow experiments were performed using the transparent mold by connecting 

inlet ports to a resin analog reservoir and outlet ports to a simple vacuum pump with ½” 

plastic tubing.  A plastic resin catchpot was included between the mold and pump to 

prevent resin from fouling the pump. Two 2-ply skins were packed into the mold cavity 

with a dried core, and four different resin flow configurations, shown in Figure 3.16, 

were tested. The infusion time varied from 30 sec to 2 min depending on the seal integrity. 

The configuration that exhibited the best fill behavior is #4 in Figure 3.16, where resin 

enters from the middle top port and exits via the middle bottom port.  
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Figure 3.16: Four resin flow configurations with yellow arrows indicating resin flow 

directions 

 

3.3.4 Permanent Infusion/Curing Mold Design and Fabrication 

 Experience with the transparent mold described previously guided design of a real 

VIP mold for the sandwich brick specimen. Important design requirements/features of the 

mold include:  

 Locating resin inlet at middle of bottom mold surface and vacuum outlet at middle 

of top mold surface 

 Mold set that can be rapidly heated up (10 min) to the desired temperature for resin 

curing (140C) and then cooled down rapidly (water cooling) for part removal 

 Adequate mold sealing so that resin does not spill out when the mold is filled or 

heated and 

 Simple operation by a single person. 

 Heat transfer analysis was performed for the top and bottom molds to help in 

designing the heating control system; specifically, to size cartridge heaters that will be 

embedded in the molds. Assuming suitable insulation at all contact points or areas 
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between the molds and the frame so that conductive losses, heat input from the heaters (qi) 

to maintain a constant temperature must equal all of the heat losses (qrad = radiation losses, 

qconv = convective losses) and storage (qabs); mathematically, this can be expressed as 

[74]: 

qi = qrad + qconv + qabs            (3.1)
 

.The power required to heat the molds from room temperature to 140˚C in 10 min are 

shown in Table 3.9, and detailed calculations are included in Appendix A, as previously 

mentioned.  

 

Table 3.9: Required power to heat up permanent VIP molds 

Mold qrad (W) qconv (W) qabs (W) qi (W) 

Top 61 58 191 310 

Bottom 128 98 477 702 

A CAD model of the final mold design and cross-sectional views of the bottom mold 

are shown in Figure 3.17. Both molds are machined from aluminum stock, and cartridge 

heaters are evenly distributed throughout both molds with sufficient power per the heat 

transfer analysis. Cooling water channels are machined into both molds to allow for rapid 

mold cooling. Based on experiments described in previous sections, resin inlet/outlet 

ports are located in the middle of the top and bottom molds similar to Figure 3.16, 

Configuration #4. To prevent resin from leaking out, a T-shaped silicon rubber seal is 

used. Additional design features include:  

 Extruded aluminum framing from 80/20 Inc. for structural components 

 Hinged mechanism to separate mold halves for simple manual operation 

 Insulation pads used at all connection points between mold and frame to minimize 

conduction heat losses and 

 Two toggle clamps lock the top and bottom molds together for infusion and 

curing.  

The fabricated permanent heated mold prototype is shown in Figure 3.18.  



62 
 

 

 

 

Figure 3.17: CAD design of the permanent resin infusion/curing mold (left) and bottom 

mold cross-sectional views (right) 

 

Figure 3.18: Physical prototype of the permanent resin infusion/curing mold 

 

3.4 Chapter Summary 
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 A new seven-step approach for manufacturing biocomposite sandwich structures 

comprised of all natural materials was presented in this chapter. Steps 1-3 of a 

manufacturing system concept for manufacturing either sandwich mycocomposites or 

unitized preforms for vacuum infusion with bioresin were successfully demonstrated for 

a commercially viable product (outdoor sandal). Up to six plies of course-weave jute 

burlap and fine-weave linen textile were successfully cut with steel rule dies on a clicker 

press.  A glue impregnator, consisting of two nip rollers covered with pile fabric and 

continuously saturated with natural glue, impregnated the two textiles investigated.  The 

jute, with its high permeability, allowed for significantly more glue impregnation and 

higher stiffness integral tools.  Low roller clamping force and roller speed allowed more 

glue to impregnate.  The linen with low permeability resulted in very little glue 

impregnation and lower stiffness tools.  A forming/drying station was also successfully 

demonstrated with two-ply linen laminate exteriors coated with glue (since impregnation 

was so poor) and flipped so that the glue would bond the ply interface.  Die temperature 

had some effect on integral tool quality and drying time was reduced to 30 seconds.  The 

complete manufacturing cell with the Step 1-3 processes is shown in Figure 3.19. 

 

 

Figure 3.19: Complete manufacturing cell showing processes collocated for Steps 1-3 
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 Steps 4-6, although are established techniques used by the industrial collaborator, 

were demonstrated for a brick-shaped sandwich specimen designed for 3-point bending 

flexural testing. Growth tray were designed for this core shape to allow for mycelium 

respiration during the growth phase, and 12 thermoformed trays were used to grow cores 

consisting of a kenaf/hemp particle mix with over 2/3
rds

 their mass as water. Half the 

cores were dried by convective oven drying while the other half by thermal pressing with 

slight compression (to accommodate reinforcement skin thickness) followed by air drying. 

The latter drying method resulted in controllable thickness and significantly less in-plane 

shrinkage. 

Finally, Step 7 was demonstrated using a see-through plastic mold packed with core 

and skin reinforcement skins was filled with a resin rheological analog to help determine 

the best inlet/outlet configuration for resin infusion, i.e. fill from top and pull vacuum 

from bottom. Testing also pointed out that edges of the semi-porous core had to be coated 

with wax to prevent excessive resin impregnation. A permanent mold was designed based 

on prior experimentation and heat transfer analysis. 
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Chapter 4 - Manufacturing Processes Optimization & 

Modeling 

 

In this chapter, each of the seven steps comprising the biocomposites manufacturing 

approach introduced in Chapter 1 and formalized in Chapter 3 are investigated in more 

detail with a focus on process optimization and modeling. Three different natural textile 

reinforcements marketed for composites use were selected for investigations involving all 

seven steps: Biotex Jute 290g/m
2
 plain weave (Figure 4.1a) and Biotex Flax 400g/m

2
 2×2 

twill [66] (Figure 4.1b), both from Composites Evolution, Ltd. (Derbyshire, UK); and 

BioMid cellulous plain weave [67] (Figure 4.1c) from Absecon Mills (Cologne, NJ). A 

natural glue mixture of G242 industrial corn starch from GPC, maltodextrin and water 

was formulated for Steps 2-5. For investigations involving Steps 4-7, cores were made 

from a 50/50 regrind mix (by weight) of corn stover and hemp supplied by Ecovative.  

This is heavier and less water-absorbent than the mix used in Section 3.3.2.  Finally, a 

bioresin mix consisting of Agrol Diamond, Agrol Polyol 2.0 and Bayer Mondur 

was used for Step 7. It should be noted that the basic optimization approach taken in this 

chapter is to focus on local optimization of the individual manufacturing steps and 

assume that this will move the overall manufacturing approach to some global 

optimization. It is the author’s opinion that an attempt to reach a global optimization 

would not have been possible without a detailed physical understanding of the individual 

steps.  
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(a)  (b)  

(c)  

Figure 4.1: Three different natural reinforcement fibers: (a) Biotex jute, (b) Biotex flax, 

and (c) BioMid cellulose 

 

4.1 Step 1 – Reinforcement Cutting 

Multiple skins are cut rapidly and repeatably using a steel rule cutting die placed 

above the textile stack between the platens of an industrial clicker press, as shown in 

Figure 4.2(a). To determine how the type of natural textile and number of plies influence 

cutting effectiveness, a simple study was conducted involving the three different natural 

textiles and a rectangular cutting die the size of the brick specimen. The test metric was 

the number of uncut threads per ply. 

 Two different steel rule cutting dies where designed and procured from Apple Steel 

Rule Die Co. (Springfield, MA); one with a rectangular shape and 0.33” blade height for 

brick specimen skins, and the other a sandal sole shape and 0.65” in blade height for the 

benchmark part shape, as shown in Figure 4.2(b). The clicker press used is a Model 

ATM-MF9.4 from Hudson Machinery. For the cutting study, the three different kinds of 

textile reinforcement (mentioned previously) are manually cut from rolls and then folded 
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to be cut by the rectangular-shaped die. Even numbers of textile plies were cut using the 

same method and all uncut threads were counted and recorded. The cutting test results 

with numbers of uncut threads counted and average uncut numbers per ply for five 

replicate tests are shown in Table 4.1. From Figure 4.3, it is clear that the more plies cut 

each time, the fewer uncut threads per ply remain. This result indicates it is beneficial to 

have more plies cut by the cutting die each time, yet the maximum number of the plies 

can be cut each time is still limited by the height of the die’s cutting edge and the stroke 

and maximum force available from the clicker press.  

 

(a)  (b)  

Figure 4.2: (a) Multiple textile skin plies being cut using a steel rule die and industrial 

clicker press and (b) two cutting dies (rectangular and sandal sole shaped) shown 

 

Table 4.1: Number of uncut threads and average uncut threads for brick shaped cutting 

die 

Uncut Plies 
# of Plies 

Replicates Avg. # of uncut 

threads/layer Type of Reinforcement 1 2 3 4 5 

Biotex Jute 

2 5 5 4 4 3 2.1 

4 7 6 7 4 7 1.6 

6 9 7 6 8 10 1.3 

8 10 6 8 8 12 1.1 

Biotex Flax 
2 7 10 11 11 8 4.7 

4 12 9 9 8 8 2.3 
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6 8 10 20 12 19 2.3 

8 16 22 14 14 15 2.0 

BioMid Cellulose 

2 11 13 11 10 10 5.5 

4 21 15 19 14 14 4.2 

6 18 15 13 16 11 2.4 

8 21 14 15 11 14 1.9 

 

 

Figure 4.3: Average uncut threads for brick shape 

 

4.2 Step 2 – Natural Glue Impregnation Theory and Practice 

This section discusses a model of natural glue impregnation related to Step 2 of the 

biocomposite manufacturing process. If experimentally validated, this infusion model 

will be used by manufacturing engineers in the design of production equipment. 

4.2.1 Model Details 

 An idealized cross-sectional view of the horizontal roller infusion process acting on 

the porous textile reinforcement and all the main process parameters are shown in Figure 

4.4. In this figure, R1 and R2 are the radii of the two nip rollers, V is the speed that the 

reinforcement is moving through the rollers, and H is the overall thickness of the 

multiple-layer textile layup. In the model to be developed, the material is treated as 

homogenous and ply interfaces are not considered. Since glue is pumped up from the 
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reservoir and then sprayed from some point a little above the upper slot formed between 

two rollers, the penetration starts from a certain point above the slot and continues until 

there is no pressure driving glue into the textile. Based on the governing forces of 

penetration, the infusion process can be divided into three regions. In the first region 

where the textile reinforcement is getting close to the slot but has not in contact with the 

two rollers yet, there is a small reservoir created by glue staying in the cavity formed by 

the two nip rollers, as previously mentioned. It is similar to dry textile being submerged 

into the glue, where the glue hydraulic pressure and capillary action draws glue into the 

textile layers. The time that the reinforcement passes through this stage is usually not 

long depending on the dimension of both rollers or the depth of the small glue reservoir 

and the rollers’ turning speed. In the second region, the reinforcement goes through the 

nip zone formed by the two rollers, where the glue is pressed into the textile layers by the 

clamping force of the rollers. This is the main infusion stage where most of the glue is 

forced into the reinforcements while other minor factors, such as gravity and capillary 

effect, are typically ignored. The last stage of the infusion process is the stage when the 

reinforcement has exited the nip zone. In this final stage, the excess glue drips back to the 

main glue reservoir due to gravity with much of it traveling along the two free surfaces of 

the reinforcement layup. There is still some glue absorbed into the textile reinforcement 

due to capillary action. However, the effective distance of all regions will be largely 

dependent on many variables such as glue’s flow properties, rollers’ size and turning 

speed and the glue’s flow rate, etc. For the experimental validation discussed later, the 

lengths for all three regions in order were approximately 20mm, 20mm and 60mm. 

 The main focus of this section is on penetration in the second region, which is driven 

by the pressure due to the clamping force of the two nip rollers, as earlier studies showed 

it is difficult to model the penetration in the first and the last region due to the capillary 

properties between the glue and textile reinforcements which are unknown and usually 

difficult to determine. 
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Figure 4.4: Schematic illustrating the vertical rolling infusion on a porous textile 

reinforcement 

 

4.2.2 Analytical Model and Experimental Validation 

 Analytical expressions used for predicting penetration depth for infusing 

non-Newtonian fluids are based on Darcy’s law and the modified Blake–Kozeny 

equation. As mentioned above, only the penetration driven by the pressure from the two 

nip rollers is considered here. The analytical model is based on the following 

assumptions:  

(1) For infusion with a Newtonian fluid, penetration in the porous media satisfies 1-D 

Darcy’s law; whereas for infusion with a non-Newtonian fluid, the 1-D modified 

Blake–Kozeny Equation is used.  

(2) Capillary effects are ignored.  

(3) Penetration velocity is relatively slow, and the total penetration flow rate is much 

slower than the total flow rate, Q.  
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(4) The fabric reinforcement is assumed to be coated at a relatively high infusion speed 

for the materials considered. 

 

 A customized 100% natural glue formulation was developed in prior studies, which 

is consisted by corn starch (7.9% by weight), maltodextrin (2.0% by weight) and water 

(90.1% by weight). Based on the preliminary studies of various rollers including foam 

rollers, polyester fiber rollers, wool rollers and microfiber rollers, foam rollers were 

selected since they have the most promising glue infusion result. The infusion effect of 

the nip rollers on the fabric reinforcement can be considered as a combination of two 

effects: the pressing force of the clamping rollers onto the fabric reinforcement, and the 

effect due to the natural glue in contact with the surface of the reinforcement. In order to 

better understand the pressing process of the roller infuser, a computer-based simulation 

is performed using an existing model for the pressure distribution between two cylinder 

rollers with Hertzian Theory. The depth of penetration is then calculated using one 

dimensional Darcy’s Law and other related theories. The effect of natural glue flowing on 

the reinforcement is calculated by considering contact between the roller and 

reinforcement as a lubrication system. The penetration depth of this effect can then be 

calculated based on the pressure gradients according to Ding et al. [75]. The final 

penetration depth is the combination of these two effects. This model will then be 

validated if effective by comparing the computed values to the measured values.  

 Rheological characterization of the starch-based natural glue show that it exhibits 

non-Newtonian behavior (Figure 4.5) that can be described with a power law model [75]: 

μapp = m�̇�n-1
                            (4.1)

 

where μapp is the apparent viscosity, �̇� is the shear rate, m is the consistency index of 

apparent viscosity of the non-Newtonian fluid, and n is the flow behavior index of 

apparent viscosity of the non-Newtonian fluid, which are constants that depend on the 

specific fluid. Based on the measurement performed on a Brookfield viscometer with the 
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natural glue shown on the power-law regression curve (Figure 4.5), the constants for this 

fluid are m = 48.266 cP, and n = 0.846.  

 

Figure 4.5: Log-log plot of viscosity vs. shear rate for the starch-based natural glue 

 

According to Ding
 
et al. [76], the non-Newtonian glue penetration velocity, vp, at any 

point along the porous media is obtained by applying the modified 1-D Darcy’s law:  

𝑣𝑝(x) =  
1
[
𝑘

𝜇𝑒𝑓𝑓

𝑝(𝑥)

ℎ(𝑥)
]
1/𝑛

                        (4.2) 

where ε is the porosity (0.785 for Biotex jute reinforcement measured by the water 

displacement method); k is the permeability (1.0585 x 10
-9

 m
2
 for natural glue in the 

reinforcement’s transverse direction being infused), μeff is the effective viscosity of the 

non-Newtonian fluid (μeff = m/12×(9+3/n)
n
(150kε)

(1-n)/2
 for the natural glue), p(x) is the 

pressure distribution between the roller and the reinforcement, and h(x) is the depth of 

glue penetration. Both p(x) and h(x) in Eq. 4.2 are functions of the distance from the 

roller center, x, but are based on the penetration velocity instead of the vertical velocity 

(superficial velocity); thus a porosity term, ε, is included. The penetration velocity can 
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also be derived as 

 

𝑣𝑝(𝑥) =  
𝑑[ℎ(𝑥)]

𝑑𝑡
= 

𝑑[ℎ(𝑥)]

𝑑𝑥

𝑑𝑥

𝑑𝑡
= 

𝑑[ℎ(𝑥)]

𝑑𝑥
𝑉                (4.3) 

where V is the reinforcement linear movement velocity. Thus from the combination of 

Equations 4.2 and 4.3, we obtain:  

1

𝑉
[
𝑘

𝜇
𝑝(𝑥)]

1/𝑛

𝑑𝑥 =  [ℎ(𝑥)]1/𝑛𝑑[ℎ(𝑥)]                (4.4) 

Once the pressure distribution is defined, it will be possible to derive the penetration 

depth from Eq. 4.4.  

 

4.2.2.1 Infusion effect due to clamping force of the roller onto the fabric reinforcement 

 The general method for determining the distribution of stresses in the zone of contact 

of two elastic bodies was developed in 1881 by Hertz [77]. For two cylinders in contact 

with each other, the analytical solution for the contact pressure as a function of the 

x-coordinate is: 

p(x) =  pmax√[1 − (
𝑥

𝑏
)
2

]                        (4.5) 

where pmax is the maximum pressure between the two rollers,  

𝑏 = √
4𝐹(

1−𝜐1
2

𝐸1
+
1−𝜐2

2

𝐸2
)

𝜋𝐿(
1

𝑅1
+
1

𝑅2
)

                       (4.6) 

is half the width of the contact strip,  F is the applied load onto the two rollers, υ1 and υ2 

are the Poisson’s ratios of the two rollers; E1 and E2 are the Young’s moduli of the rollers, 

and R1 and R2 are the radii of the two rollers, as shown in Figure 4.4. When a roller is in 

contact to the flat reinforcement: we get:  

R2 → ∞, so b =
√4𝐹𝑅1(

1−𝜐1
2

𝐸1
+
1−𝜐2

2

𝐸2
)

𝜋𝐿
,                     (4.7) 



74 
 

 

The maximum pressure between the roller and the reinforcement is:  

pmax = 
2𝐹

𝜋𝑏𝐿
                            (4.8) 

In Eqn. 4.7, E1 and E2 are Young’s moduli of the foam paint roller and the fabric 

reinforcement measured using cut samples on an Instron machine, respectively, and R1 is 

the radius of the roller measured using a caliper. This model was commonly used for 

rigid body with high Young’s moduli in contact. In order to test if the model works for 

entities with relatively low Young’s moduli (e.g. contact between the paint rollers and the 

fabric reinforcement), Table 4.2 shows all the measured values used for the modeling 

process. However, it is relatively difficult to measure Poisson’s ratio for the foam roller, a 

sensitivity study was carried out by varying υ1 from 0.1 to 0.4.  

 

Table 4.2: Measured parameters used in modeling of the pressure distribution between 

the roller and the fabric reinforcements 

Name Value Notes 

E1 0.05 MPa Young’s modulus of the foam roller 

E2 3.33MPa Young’s modulus of the fabric reinforcement (Biotex jute) 

υ2 0.03 Poisson’s ratio of the fabric reinforcement 

F 13.43N Applied force under 20.82 kPa or 2.5psi air pressure 

R1 0.03 m Roller radius 

L 0.1143 m Roller length 

 

 Substituting Eq. 4.8 into Eq. 4.6 yields:  

p(x) =  
2𝐹

𝜋𝑏𝐿
√[1 − (

𝑥

𝑏
)
2

]                      (4.9) 

 When pressure distribution between the roller and flat reinforcement is plotted with 

computer-aided engineering software, such as MATLAB, pmax occurs in the center of the 

contact area of the roller and the reinforcement, as would be expected. Figure 4.6 shows 

the pressure curve for υ1 = 0.1, 0.25 and 0.4, with the maximum contact pressure pmax = 

8540 Pa for υ1 = 0.4 being 1.08 times the minimum pressure of pmax = 7880 Pa for υ1 = 

0.1. This simple analysis indicates the function is not very sensitive to υ1. The pressure 
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distribution half widths for each scenario are b = 0.0095 m, 0.0092 m and 0.0088 m, 

respectively. For the experimental validation example, υ1 = 0.25 and pmax = 8089.7 Pa.  

 

 

Figure 4.6: Pressure distribution between the roller and the flat reinforcement 

 

With all variables and functions in Eq. 4.4 defined, the penetration depth, h(x), can be 

derived by first integrating on both sides of the equation: 

∫
1

𝑉
[
𝑘

𝜇
𝑝(𝑥)]

1/𝑛

𝑑𝑥 =  ∫[ℎ(𝑥)]1/𝑛𝑑[ℎ(𝑥)]                (4.10) 

Substituting p(x) from Eqn. 4.9 into Eq. 4.10 yields  

1

𝑉
(
𝑘

𝜇
)
1/𝑛 2𝐹

𝜋𝑏𝐿
∫ [1 − (

𝑥

𝑏
)
2

]
1/2𝑛

𝑑𝑥 =  
𝑛

𝑛+1
[ℎ(𝑥)](𝑛+1)/𝑛        (4.11) 

However, the integration of [1 − (
𝑥

𝑏
)
2

]
1/2𝑛

 will end up as a hypergeometric function. If 

we let   
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F1(x) = ∫𝑓(𝑥)𝑑𝑥 = ∫ [1 − (
𝑥

𝑏
)
2

]
1/2𝑛

𝑑𝑥 = x 𝐹1(
1

2
, −

1

2𝑛
;
3

2
;
𝑥2

𝑏2
)2 + 𝐶     (4.12) 

 

where 𝐹1(𝑎, 𝑏; 𝑐; 𝑥)2  is the hypergeometric function for x. Substituting Eqn.4.12 into 

Eqn. 4.11 and solving for h(x) yields 

h1(x) = [
𝑛+1

𝑛𝑉
(
𝑘

𝜇
)
1/𝑛 2𝐹

𝜋𝑏𝐿
𝐹1(𝑥)]

𝑛/(𝑛+1)

 = [
𝑛+1

𝑛𝑉
(
𝑘

𝜇
)
1/𝑛

𝑝𝑚𝑎𝑥𝐹1(𝑥)]
𝑛/(𝑛+1)

   (4.13) 

 

 MATLAB was used to plot h1(x) and develop the penetration curve directly by 

integrating f(x). With m = 48.3 cP, n = 0.846, ε = 0.785, k = 1.058410
-9

 m
2
, μeff = 

m(9+3/n)𝑛(150∗k∗ε)(1−n)/2

12
= 10.05 cP, and b = 0.0092 m, then pmax = 8090 Pa. The 

corresponding plot of distance from the contacting center (x) vs. glue penetration depth 

h(x) is shown in Figure 4.7, with three different infusing velocities, and the slower the 

infusing velocity, the larger the penetration depth.  

 

 

Figure 4.7: Penetration depth curve due to the pressure of the rollers (non-Newtonian 

fluid, one side penetration, larger h(x) values for deeper penetrations, larger x values for 

lower positions, same for figures below) 
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4.2.2.2 Infusion effect due to glue flowing on the reinforcement surfaces 

 Besides the glue being pressed into the textile plies by the nip rollers, glue flowing 

above the top of two rollers as well as glue flowing down along the infused plies also 

contributes to the final penetration depth. A generalized lubrication theory for 

non-Newtonian fluids derived by Dien and Elrod
 
[78] is used to predict the absolute 

values of pressure gradients, which are given by 

k1 = 
6�̅�(𝑉𝐻−2𝑞1)

𝐻3
                         (4.14) 

k2 = 
−6�̅�(𝑉𝐻−2𝑞2)

𝐻3
                        (4.15) 

where �̅� = mn (
𝑉

𝐻
)
𝑛−1

 effective viscosity, k1 and k2 are absolute values of the pressure 

gradients due to flow on the entering side and exiting side of the rollers for infusion with 

a non-Newtonian fluid. H is the gap between the reinforcement and the impermeable 

roller core, q1 is the glue flow rate on the entering side of the roller, and q2 is the flow rate 

for the exiting side. For the vertical roller infusion process, q1 > q2 is the typical situation. 

When the infusing process has reached steady-state, the flow rate on both sides are 

relatively constant resulting in k1 and k2 also being constants. In this case, the obtained 

expressions of the pressure distribution, p(x), are given by 

p(x) = {
 𝑘1(𝑙1 + 𝑥) (x ≤  0, reinforcement entering side)            (4.16)

𝑘2(𝑙2 − 𝑥) (x >  0, reinforcement exiting side)               (4.17)
 

 

where l1 and l2 are the contact lengths of the reinforcement with the glue. Substituting 

Eqns. 4.16 & 4.17 into Eq. 4.4 and integrating both sides, respectively, yields:  

h2(x) = 

{
 

 (
1

𝑉
)

𝑛

𝑛+1
(
𝑘

𝜇
𝑘1)

1

𝑛+1 (𝑙1 + 𝑥) + 𝐶1    (x ≤  0)                             (4.18)

 (−
1

𝑉
)

𝑛

𝑛+1
(
𝑘

𝜇
𝑘2)

1

𝑛+1 (𝑙2 − 𝑥) + 𝐶2  (x >  0)                          (4.19)

  

Using two boundary conditions: h(-l1) = 0, so C1 = 0; and h(0) = (
1

𝑉
)

𝑛

𝑛+1
(
𝑘

𝜇
𝑘1)

1

𝑛+1
𝑙1, so 

that C2 = (
1

𝑉
)

𝑛

𝑛+1
(
𝑘

𝜇
𝑘1)

1

𝑛+1
𝑙1 − (−

1

𝑉
)

𝑛

𝑛+1
(
𝑘

𝜇
𝑘2)

1

𝑛+1
𝑙2, then  
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h2(x) = 

{
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1

𝑉
)

𝑛

𝑛+1
(
𝑘

𝜇
𝑘1)

1

𝑛+1 (𝑙1 + 𝑥)          (x ≤  0)                                                          (4.20)
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𝑉
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𝑛

𝑛+1
(
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1

𝑛+1 (𝑙2 − 𝑥) + (
1

𝑉
)

𝑛

𝑛+1
(
𝑘

𝜇
𝑘1)

1

𝑛+1
𝑙1 − (−

1

𝑉
)

𝑛

𝑛+1
(
𝑘

𝜇
𝑘2)

1

𝑛+1
𝑙2  (x >  0) 

                                                                                                                                      (4.21)

 

 

For the experimental validation, a diaphragm pump is capable of pumping glue at flow 

rate of Q = 1000 ml/min = 16.67 ml/s, yet the flow distribution between q1 and q2 are still 

unknown and are relatively difficult to measure. A compromised method here is to test 

different q1 and q2 values to see the impact. Three pairs of different values are tested in 

Figure 4.8 under the same infusion speed V = 26 mm/sec. It can be seen that the three 

curves are overlapped, which means the distribution of flow rates has little effect on the 

final penetration depth. So q1 and q2 can be set equally to 500 ml/min = 8.33 ml/s, and H 

= 0.005 m, l1 = 20 mm, l2 = 60 mm, with all other parameters being the same, the glue 

penetration curve, h2(x), is obtained by plotting Eqns. 4.19 & 4.21 using MATLAB, as in 

Figure 4.8).  
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Figure 4.8: Penetration depth curve due to glue flowing on the reinforcement surface (V 

= 26 mm/sec) 

 

4.2.2.3 Overall infusion effect for the non-Newtonian starch-based natural glue 

 The overall penetration depth for non-Newtonian fluid is the combination of these 

two effects, i.e. H(x) is the summation of h1 and h2:  

 

H(x) = h1(x) + h2(x) = 

 

{
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(4.22) 
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  Since the thickness of one single ply of Biotex jute, the reinforcement used for 

experimental validation is 0.826 mm [14], the number of penetrated plies can be 

calculated. The overall penetration curve can also be obtained by adding Figure 4.7 to 

Figure 4.8 (if V = 26 mm/sec, then the penetration depth is 1.68 mm maximum 

penetration, or 2.03 plies per side / 4.061 plies considering both sides). It can be seen 

from Figure 4.9 that both the two infusing effects in the second region are in the same 

order of magnitude and thus neither of them can be neglected in the modeling process. 

Similarly, when V varies, the penetration depth will vary as well. For example, when V = 

11 mm/sec, a higher penetration depth is predicted (1.81 mm maximum penetration, or 

2.2 plies per side / 4.4 plies considering both sides); for a higher speed V = 42.3 mm/sec, 

a lower penetration depth will be obtained (1.61 mm maximum penetration, or 1.96 plies 

per side 3.92 plies considering both sides). All prediction values are listed in Table 4.  

 

 

Figure 4.9: Overall penetration depth of the roller impregnator (air cylinder pressure = 

20.8 kPa or 2.5 psi) 
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 Interesting results from the model applied to the experimental validation example are 

that the capillary action in regions I and III dominate the infusion physics. One side note - 

since the more complicated non-Newtonian model is developed in this section, a model 

for Newtonian fluids could also be developed in a similar fashion, but this is left for 

future work. 

 

4.2.3 Model Validation using Experimental Results 

 To validate the theoretical model, a prototype nip roller impregnator was designed 

and build that allows for variable roller pressing force, roller rotating speed and fluid 

flow rate. The following sections describe the prototype and validation experiments 

conducted. 

 

4.2.3.1 Physical prototype design and building 

 The prototype roller impregnator, shown in Figure 4.10, was designed using the 

SolidWorks 2011 software with an outer frame and an inner frame that can slide on the 

two sliding tracks attached to the interior walls of the outer frame. Both frames are 

fabricated using aluminum plates. Two rollers are installed horizontally on the outer and 

inner frames with the inner one movable with the frame. An air cylinder is fixed to the 

inner frame to provide adjustable force applied between the two rollers, and a power 

supply is connected to the driving motor so the roller turning speed can be adjusted by 

changing the motor supply voltage. A valve installed between the pneumatic diaphragm 

pump submerged in the natural glue bath and three evenly distributed nozzles spray glue 

directly onto the gap between the two nip rollers, so that the stable pump flow rate can be 

adjusted according to experimental needs.  
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Figure 4.10: Physical prototype of the roller impregnator 

 

4.2.3.2 Infusion experiments 

 For the validation experiments, commercially available Biotex® Jute (290g/m
3
 plain 

weave) from Composites Evolution is used as a standard 100% natural fiber textile 

reinforcement (Figure 4.11). Infusion experiments are performed using Biotex Jute 

materials that are cut to size then infused by the starch-based natural glue for natural 
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reinforcement preform production. To cut specimens to exactly the same rectangular 

shape and size (3”× 8”, or 76.2 mm× 203.2 mm, 0.85 mm measured average thickness) 

shown in Figure 4.12, the previously mentioned steel rule cutting die and industrial 

clicker press was used. The cut plies are stacked up in even numbers and weighed on a 

digital scale, then passed through the two rollers from top to bottom for infusing tests. 

The infused samples are then weighed again for net weight gain and finally checked and 

counted plies wetted though for fluid infusion penetration. 

  

Figure 4.11: Biotex Jute fabrics and bulk purchased roll 

  

Figure 4.12: Biotex Jute used in infusion tests and steel rule cutting die 
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4.2.3.3 Infusing with the non-Newtonian natural glue 

 The starch-based glue used for making the preform shells was tested in the roller 

impregnator as an example of a non-Newtonian fluid (see Figure 4.5). For this test 

apparatus the clamping forces between two rollers had to be converted from the air 

pressure inside the air cylinder. A measurement test of the clamping forces between the 

two rollers is performed under various air pressure scenarios, and the acquired data is 

shown in Table 4.3. By adjusting pressure to the cylinder and measuring force with a 

handheld force gauge, the resulting air supply pressure vs. clamping force chart (Figure 

4.13) for the data in Table 4.3 shows that the relationship is approximately linear. A set of 

full factorial roller infusion experiments were performed, with 5 replicates for each 

scenario having different values in three affecting factors: 

 Air pressure in the air cylinder varied from 0 to 28 kPa (0 to 5 psi), all 

corresponding to clamping forces of 0 to 18.4N between the two rollers 

 Input voltages of the motor are selected to be 3V, 5V and 7V with corresponding 

roller speeds of  approximately 11 mm/s, 26 mm/s and 42 mm/s 

 The number of jute plies in a stack varied from 4, 5, 6 and 8 plies. 

The experimental test results are listed in Table 4.4 below, as well as the model predicted 

values, with 36 different scenarios, and 5 replications for each of them. The full infusion 

of a single ply is defined as the weight gain of a ply of Biotex Jute passed through the 

two rollers with a glue flow rate of 1000 ml/min, air cylinder pressure of 28 kPa (5 psi), 

and driving motor input voltage of 5 V (26 mm/s). All other calculated penetration plies 

are based on the results from their own weight gains divided by the single ply weight gain. 

It is clear that the model predicted penetrated plies are quite close to the experimental 

results, and are somewhere in the middle of all numbers of fed plies tested.  

 

Table 4.3: Air cylinder pressure vs. roller clamping force 
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Pressure 

(psi) 

Pressure 

(kPa) 

Force 

(lbf) 

Force 

(N) 

0 0 0 0 

1 6.9 1.31 5.83 

2 13.8 2.01 8.94 

2.5 17.2 3.02 13.43 

3 20.7 3.35 14.90 

4 27.6 3.75 16.68 

5 34.5 4.13 18.37 

 

 

Figure 4.13: Compression pressure vs. force chart 

 

Table 4.4: Test results of Biotex Jute plies infused by starch-based natural glue 

Air 

Cylinder 

Pressure 

Clampin

g Force 

Input 

Volta

ge 

Rotating 

Speed 

Linear 

Speed 

Fed 

Reinforce

ment Plies 

Weight 

Differe

nce 

Penetrat

ed Plies 

Model 

Predict

ed Plies 

psi N V 
sec/roun

d 

Mm/se

c 
 g 

Both 

sides 

Both 

sides 

5 18.37 5 5.8 23.3 1 9.594 1 N/A 

5 18.37 7 3.6 37.57 

4 26.57 2.77 

4.01 5 32.54 3.39 

6 42.81 4.46 

Force (N) = 0.5397Pressure (kPa) + 1.8591 

0
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0 10 20 30 40

Fo
rc

e
 (

N
) 
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8 43.096 4.49 

5 5.8 23.3 

4 27.194 2.83 

4.17 
5 30.836 3.21 

6 40.37 4.21 

8 43.374 4.52 

3 11.3 12 

4 23.14 2.41 

4.57 
5 30.776 3.21 

6 44.094 4.6 

8 43.572 4.54 

2.5 13.43 

7 3.2 42.27 

4 28.336 2.95 

3.92 
5 39.64 4.13 

6 42.994 4.48 

8 43.08 4.49 

5 5.2 26 

4 28.09 2.93 

4.06 
5 33.154 3.46 

6 39.77 4.15 

8 45.628 4.76 

3 12.3 11 

4 33.058 3.45 

4.40 
5 40.12 4.18 

6 46.17 4.81 

8 46.976 4.9 

0 0 

7 3.2 45.09 

4 28.42 2.96 

3.36 
5 34.91 3.64 

6 40.732 4.25 

8 41.138 4.29 

5 5.2 30.7 

4 29.242 3.05 

3.36 
5 34.038 3.55 

6 38.55 4.02 

8 42.646 4.45 

3 12.3 14.5 

4 28.384 2.96 

3.36 
5 32.554 3.39 

6 38.918 4.06 

8 38.402 4.00 
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Figure 4.14: Comparison of model predicted penetration plies and experimental measured 

values under three different roller pressures 

 

 Based on data in Table 4.4 and Figure 4.14, it is clear that the model predicted 

number of plies penetrated is within the measured ranges, and under most circumstances 

it is equal to the penetration depth when 5-6 plies are processed through the impregnator 

at the same time. This indicates that the roller impregnator can penetrate up to a certain 

number of plies under the tested variables; higher numbers of plies do not linearly 

increase the penetrated plies after the optimal numbers of plies have been achieved. As 

the roller pressure increases, or the linear speeds of the rollers decrease, the number of 

penetration plies also increase accordingly. 

 As the full factorial experiments have been performed, a three-way ANOVA can be 

implemented using the IBM SPSS Statistics software to analyze the relationship between 

the three process variables. The result of the ANOVA are shown in Table 4.5, and it is 

obvious that the air pressure and number of plies impregnated tested have relatively 

important roles in determining the glue penetration depth (sig. or p value = 0.000). 

Among these two factors, number of plies is even more important than the air pressure as 

it has a larger F value. This also explains why the penetration depth varied little when the 

feeding velocity V changes.  

 

Table 4.5: ANOVA results – tests of between-subjects effects 

Dependent Variable:   Weight Gain   

Source 

Type III Sum 

of Squares df Mean Square F Sig. 

Corrected Model 7800.111
a
 35 222.860 22.800 .000 

Intercept 243219.599 1 243219.599 24882.488 .000 

Air Pressure 419.577 2 209.788 21.462 .000 

Input Voltage 42.933 2 21.466 2.196 .115 

Reinforcement Plies 6554.959 3 2184.986 223.534 .000 

Air Pressure * Input 

Voltage 
249.829 4 62.457 6.390 .000 
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Air Pressure * 

Reinforcement Plies 
283.744 6 47.291 4.838 .000 

Input Voltage * 

Reinforcement Plies 
143.273 6 23.879 2.443 .028 

Air Pressure * Input 

Voltage * Reinforcement 

Plies 

105.796 12 8.816 .902 .547 

Error 1407.561 144 9.775   

Total 252427.272 180    

Corrected Total 9207.672 179    

a. R Squared = .847 (Adjusted R Squared = .810) 

 

 Based on the ANOVA results, three plots are used to show the relationship of the 

three factors with the penetration depth as well as the relations among themselves (Figure 

4.15). On one hand, it is obvious that the reinforcement plies have an approximately 

linear relation with the penetrated plies when the reinforcement ply numbers are below 6. 

When this number further increases, the penetrated ply hardly increases because the 

maximum penetrated number is reached for the prototype. Also, the clamping force 

between the two rollers plays an important role and the statistical results shows the 

medium pressure (20.82 kPa or 2.5 psi in these experiments) is optimal for this set of 

conditions. On the other hand, the rolling speed has a relatively small effect to the final 

glue penetration depth, and the trend line showing this relation is close to level. However, 

the reinforcement plies are usually a fixed number in real manufacturing process and 

moreover, what a manufacturing operator can operate during production is often limited 

to changing the clamping force between the rollers, the reinforcement feeding rate and 

maybe the flow rate of the infusing fluid. So it is still meaningful to find out the best 

manufacturing parameters besides number of reinforcement plies to feed in each time. 

The maximum penetration depth, among these scenarios reached 4.9 plies for 20.8 kPa 

(2.5 psi) air pressure, 3 V input voltage (11 mm/s) and 8 reinforcement plies.  
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Figure 4.15: Relations between three factors and the final penetration depth 

 

4.2.4 Conclusions 

 An analytical model for non-Newtonian fluids (starch-based natural glue) was 

developed to study the penetration process and to predict the penetration depth during 

roller infusion of natural glue into multiple layers of woven textile reinforcements (e.g. 

Biotex Jute). Both the penetration due to the pressure applied by the clamping force on 

the two rollers and that caused by the infusing fluid flowing on the roller surfaces are 

analyzed. Predicted results from the model match experimental data quite well. A 

comparison between the modeled and experimental values, followed by an ANOVA 

analysis reveals the optimal manufacturing parameters for this manufacturing step. The 
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fluctuations in data from validation tests are caused by many reasons but can be 

eliminated by introducing a scale factor to achieve high accuracy in penetration 

predictions. To sum up, the penetrated depth of roller infusions using starch-based natural 

glue onto the currently used woven Biotex Jute reinforcement in mycelium-based 

sandwich structured biocomposites can be predicted using this analytical model.  

 

4.3 Step 3 – Form, Set & Sterilize Integral Tooling 

 

4.3.1 Flexural Properties of Natural Reinforcement Infused with Natural Glue 

After thermal pressing, the natural reinforcement preform infused with natural glue 

must be rigid and strong enough for manual or automated handling before and during 

myceliated core filling. In this section, the flexural modulus and yield stress of different 

reinforcement materials thermally pressed using a range of process variables are 

experimentally determined to discern variable effects and sensitivities. 

 

4.3.1.1 Design of experiments 

 All manufacturing variables were considered during the experiment design process. 

Two kinds of reinforcement materials are used: Biotex Jute plain weave and Biotex Flax 

2×2 twill. The same natural glue optimized previously in [13] was also used. Test 

variables include drying temperature, drying pressure and drying time. Experiment ranges 

for all these variables were determined based on preliminary studies and tests to be: 

 140, 150 and 160°C for drying temperature; 

 345, 517, 689 kPa (50, 75 and 100 psi) for drying pressure; 

 60, 90 and 120 seconds for jute and 90, 120 and 150 seconds for the thicker flax for 

drying times. 

The standard method for measuring flexural properties of advanced composites, 

ASTM-D7264/D7264M-07 [79], is followed for both sample fabrication and mechanical 
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testing protocol. According to this standard, both the jute and flax samples are made to 

dimensions ab of 63.5×12.7 mm (2.5 × 0.5 inches). Furthermore, since four plies of 

reinforcements with a [0]4 layup was used for each sample, the jute beam and flax beam 

with thicknesses of h = 1.52 mm and 1.78 mm (0.06 and 0.07 inches) required a test 

support span of L = 48.8 mm (1.92 inches), and 56.9 mm (2.24 inches), respectively. All 

test samples are made in the following way:  

 Four reinforcement plies are cut to 127 × 25.4 mm (5 × 1 inch) strips using a clicker 

press and steel rule cutting die; 

 Two plies are first immersed in the natural glue for complete wet out and then the 

wet plies are sandwiched by two dry plies; 

 The four-ply laminate is then placed immediately onto a Carver 4386 thermal press 

for heated drying under specific process conditions, as shown in Figure 4.16(a);  

 Following the drying process, the sandwiches are placed on a lab table and allowed 

to air cool and dry; and 

 Test samples are finally cut to the required size for flexural testing using a rotary 

cutter. 

From this process, eight samples are made for set of test parameters while only five of 

them with the best dimensional accuracy are chosen for testing. Examples of jute and flax 

samples are shown in Figure 4.16(b). 
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(a)  

(b)  

Figure 4.16: Biotex Jute and Flax samples cut to size 

 

 The flexural properties of all samples are measured using the three-point bending 

method on an Instron Model 5848 MicroTester machine (Figure 4.17(a)). The descent 

rate used for testing is 1.0 mm/min, while the load and extension up to failure are 

recorded (see Figure 4.17(b) for example). Maximum flexural stress, , and strain, , for 

the bottom of the beam at midspan are then calculated from force-deflection data using  

𝜎𝑚𝑎𝑥 =
3𝑃𝐿

2𝑏ℎ2
   and   𝜀𝑚𝑎𝑥 =

6𝛿ℎ

𝐿2
         (4.23) 

where:  

P = applied force 

 = midspan deflection 

L = support span 

b = width of beam 



94 
 

 

h = thickness of beam 

Flexural strength, Sf, corresponds to stress calculated at the maximum applied force, Pmax, 

using Eqn. 4.22. The chord flexural modulus of elasticity, Ef, calculated based on the 

slope of the load-extension curve obtained from tests, is  

Ef = 
𝛥𝜎

𝛥
         (4.24) 

where: 

Δσ = difference in flexural stress between the two selected strain points, kPa, and 

Δε = difference between the two selected strain points (nominally 0.002).  

Finally, the failure modes for each sample at yield are observed and recorded.  

 

(a)  

(b)  
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Figure 4.17: (a) A Biotex Jute beam sample being tested on an Instron MicroTester, and 

(b) example of a typical flexural force-displacement curve 

 

4.3.1.2 Test results and analysis for Biotex jute reinforcement 

 Full factorial test results for Biotex Jute samples are shown in Tables 4.6 and 4.7 

including average values of the flexural yield stress and modulus, respectively, for each 

combination of process variables. The average values of five replicates are shown 

followed by the standard deviation in parentheses. Failure mode is also indicated by an ‘S’ 

for interlaminar shear between plies or ‘B’ for buckling of the sample followed by the 

number of occurrences within the five replicates For example, B2, S3 indicates two 

buckling failures and three interlaminar shear failures. 

 

Table 4.6: Mean flexural strengths for three-point bending tests with Biotex Jute samples 

Pressure 

(kPa) 

Time 

(sec) 

Mean Flexural Strength (MPa) Results are Various Temperatures 

140°C 150°C 160°C 

345 

60 4.46 (1.24), S5 9.17 (2.01), S3, B2 10.1 (0.328), B4, S1 

90 11.3 (1.26), B5 10.8 (0.698), B5 10.1 (0.688), B5 

120 11.6 (1.41), B5 9.65 (1.06), B3, S2 10.1 (3.94), B4, S1 

517 

60 8.16 (3.70), S4, B1 10.9 (0.827), B5 13.4 (1.82), B5 

90 10. 4 (1.13), B4, S1 10.5 (1.35), B5 10.7 (0.772), B5 

120 11.2 (1.26), B5 9.04 (2.61), B4, S1 12.0 (1.65), S1, B4 

689 

60 11.0 (1.12), B5 11.4 (0.841), B5 11.3 (1.00), B4, S1 

90 11.4 (1.70), S2, B3 11.5 (1.68), B5 12.8 (1.72), B5 

120 11.4 (0.304), B5 10.5 (0.964), B5 11.7 (0.789), B5 

 

Table 4.7: Flexural moduli of elasticity for three-point bending tests for Biotex Jute 

Pressure 

(kPa) 

Time 

(sec) 

Mean Flexural Modulus of Elasticity (MPa) at Various Temperatures 

140°C 150°C 160°C 

345 

60 116 (72.4), S5 1070 (172), S3, B2 789 (85.9), B4, S1 

90 753 (97.0), B5 712 (78.5), B5 643 (90.7), B5 

120 802 (189), B5 598 (69.2), B3, S2 716 (306), B4, S1 

517 
60 722 (350), S4, B1 783 (97.2), B5 1070 (182), B5 

90 799 (131), B4, S1 833 (208), B5 887 (158), B5 
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120 896 (187), B5 709 (256), B4, S1 904 (203), S1, B4 

689 

60 921 (88.7), B5 928 (259), B5 977 (219), B4, S1 

90 906 (186), S2, B3 998 (172), B5 1090 (211), B5 

120 1090 (167), B5 733 (130), B5 950 (223), B5 

 

 All the data in Tables 4.6 and 4.7 were analyzed for a three-way ANOVA using the 

IBM SPSS Statistics software to reveal main effects and interactions among the three 

process variables related to flexural modulus and yield stress. From the ANOVA results 

for Biotex Jute samples provided in Table 4.8, drying pressure has the lowest p-values 

and highest F values among the three single variables and, thus, has the highest effect on 

flexural yield stress and modulus of elasticity. This is followed by the drying temperature 

and then the drying time. Temperature × time has the highest interaction effect as it has 

the lowest p-values and highest F values among three interactive factors. Finally, the 

interaction effect of drying temperature × pressure × time is also important as it has 

relatively low p-values. 

 

Table 4.8: Tests of between-subjects effects for Biotex Jute samples 

Source 
Type III Sum of 

Squares 
df Mean Square F P-value 

Corrected Model 
Syf 3.540 × 102a

 26 13.62 5.065 .000 

Ef 5.021 × 106b
 26 1.93 × 105 5.683 .000 

Intercept 
Syf 1.520 × 104 1 1.52 × 104 5656.579 .000 

Ef 8.921 × 107 1 8.92 × 107 2625.240 .000 

Temperature 
Syf 39.17 2 19.59 7.286 .001 

Ef 4.201 × 105 2 2.10 × 105 6.181 .003 

Pressure 
Syf 66.18 2 33.09 12.311 .000 

Ef 2.327 × 106 2 1.16 × 106 34.239 .000 

Time 
Syf 27.90 2 13.95 5.189 .007 

Ef 1.437 × 105 2 7.18 × 104 2.114 .126 

Temperature * 

Pressure 

Syf 14.61 4 3.653 1.359 .253 

Ef 1.535 × 105 4 3.84 × 104 1.129 .347 
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Temperature * Time 
Syf 97.30 4 24.33 9.050 .000 

Ef 1.059 × 106 4 2.65 × 105 7.789 .000 

Pressure * Time 
Syf 51.04 4 12.76 4.747 .001 

Ef 2.893 × 105 4 7.23 × 104 2.128 .082 

Temperature * 

Pressure * Time 

Syf 57.79 8 7.223 2.687 .010 

Ef 6.288 × 105 8 7.86 × 104 2.313 .025 

Error 
Syf 290.3 108 2.688 

  
Ef 3.670 × 106 108 3.40 × 104 

  

Total 
Syf 1.585 × 104 135 

   
Ef 9.790 × 107 135 

   

Corrected Total 
Syf 6.443 × 102 134 

   
Ef 8.691 × 106 134 

   
a. R Squared = .549 (Adjusted R Squared = .441) 

b. R Squared = .578 (Adjusted R Squared = .476) 

 

 Full factorial test data is used for plots that clearly show relationships between each 

factor and the flexural properties. For Biotex Jute, temperature effects on the mean Syf 

and Ef, shown in Figure 4.18, are low at 140°C and 150°C, but higher at 160°C. Figure 

4.19 indicates that higher drying pressure leads to higher mean Syf and Ef. Finally, Figure 

4.20 shows that there is an optimum drying time at 90 sec, primarily because shorter 

drying time leads to samples remaining wet, and longer drying times may actually 

compromise the glue bond. 
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Figure 4.18: Relationship between the drying temperature and mean Syf and Ef for Biotex 

Jute 

 

Figure 4.19: Relationship between the drying pressure and mean Syf and Ef for Biotex Jute 

 

Figure 4.20: Relationship between the drying time and mean Syf and Ef for Biotex Jute 

 

4.3.1.3 Test results and analysis for Biotex flax reinforcement 

 Full factorial test results for Biotex Flax samples are shown in Tables 4.9 and 4.10 

including mean values of the flexural yield stress and modulus, respectively, for each 

combination of process variables, the standard deviation for the five replicates in 

parentheses, and failure mode indicated as before.  
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Table 4.9: Mean flexural yield stress for three-point bending tests of Biotex Flax samples 

Pressure 

(kPa) 

Time 

(sec) 

Flexural Yield Stress (MPa) at Various Temperatures 

140°C 150°C 160°C 

345 

90 12.2 (1.88), B4, S1 14.1 (2.09), B5 5.41 (2.30), S4, B1 

120 10.6 (6.18), S4, B1 11.7 (3.52), S4, B1 6.17 (2.27), S5 

150 8.86 (4.03), B2, S3 8.99 (3.66), B1, S4 6.61 (3.27), S5 

517 

90 7.23 (2.86), S4, B1 5.72 (0.795), S5 6.48 (2.83), S5 

120 9.77 (2.89), S2, B3 10.3 (1.91), S3, B2 7.88 (3.39), B2, S3 

150 8.37 (3.41), S5 11.1 (3.14), B3, S2 10.4 (1.63), B2, S3 

689 

90 13.1 (1.14), B4, S1 12.3 (3.53), S5 11.9 (1.65), B5 

120 15.3 (2.22), B5 13.5 (1.25), B5 11.7 (3.03), B2, S3 

150 12.1 (3.58), S1, B4 11.2 (2.52), S1, B4 12. 6 (3.75), B4, S1 

 

Table 4.10: Mean flexural modulus for Three-point Bending Tests of Biotex Flax samples 

Pressure 

(kPa) 

Time 

(sec) 

Flexural Modulus (MPa) at Various Temperatures 

140°C 150°C 160°C 

345 

90 879 (71.2), B4, S1 1070 (172), B5 347 (154), S4, B1 

120 928 (470), S4, B1 850 (230), S4, B1 413 (166), S5 

150 590 (313), B2, S3 869 (351), B1, S4 556 (302), S5 

517 

90 453 (284), S4, B1 447 (255), S5 230 (366), S5 

120 1060 (451), S2, B3 683 (145), S3, B2 799 (332), B2, S3 

150 809 (443), S5 949 (349), B3, S2 863 (179), B2, S3 

689 

90 1050 (181), B4, S1 979 (393), S5 1010 (166), B5 

120 1460 (364), B5 925 (58.0), B5 108 (142), B2, S3 

150 980 (432), S1, B4 761 (160), S1, B4 1000 (207), B4, S1 

 

 The three-way ANOVA results for Biotex Flax are shown in Table 4.11. Similar to 

the Jute material, drying pressure has the lowest p-values and highest F values among the 

three single variables and, thus, has the highest effect on the flexural yield stress and 

modulus, followed by the drying temperature and then the drying time. Drying 

temperature and pressure has the highest interaction effect, as it has the lowest p-values 

among three interaction factors. 
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Table 4.11: Tests of Between-Subjects Effects for Biotex Flax Samples 

Source 
Type III Sum of 

Squares 
df 

Mean 

Square 
F p-value 

Corrected Model 
Syf 969.6

a
 26 37.29 4.212 .000 

Ef 7.884 × 106b
 26 3.032 × 105 3.619 .000 

Intercept 
Syf 1.405 × 104 1 1.405 × 104 1588 .000 

Ef 9.445 × 107 1 9.447 × 105 1127 .000 

Temperature 
Syf 135.8 2 67.88 7.668 .001 

Ef 5.076 × 105 2 2.538 × 105 3.029 .052 

Pressure 
Syf 412.5 2 206.2 23.30 .000 

Ef 2.465 × 106 2 1.232 × 106 14.71 .000 

Time 
Syf 21.49 2 10.75 1.214 .301 

Ef 4.817 × 105 2 2.409 × 105 2.874 .061 

Temperature * Pressure 
Syf 143.8 4 35.94 4.060 .004 

Ef 1.918 × 106 4 4.795 × 105 5.723 .000 

Temperature * Time 
Syf 56.01 4 14.00 1.582 .184 

Ef 8.855 × 105 4 2.214 × 105 2.642 .038 

Pressure * Time 
Syf 143.1 4 35.78 4.041 .004 

Ef 1.037 × 106 4 2.592 × 105 3.093 .019 

Temperature * Pressure * 

Time 

Syf 57.00 8 7.125 .805 .600 

Ef 5.897 × 105 8 7.372 × 105 .880 .536 

Error 
Syf 956.1 108 8.853 

  

Ef 9.050 × 106 108 8.380 × 104 
  

Total 
Syf 1.598 × 104 135 

   
Ef 1.114 × 108 135 

   

Corrected Total 
Syf 1926 134 

   
Ef 1.693 × 107 134 

   
a. R Squared = .504 (Adjusted R Squared = .384) 

b. R Squared = .466 (Adjusted R Squared = .337) 

 

 Similar to jute material, full factorial test data is used for plots that clearly show 

relationships between each factor and the flexural properties. For Biotex Flax, higher 

drying temperatures lead to low yield stress and modulus, as shown in Figure 4.21, so a 

lower drying temperature is recommended. Contrarily, higher drying temperatures result 
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in higher yield stress and modulus (Figure 4.22). Similar to the jute, there is an optimal 

drying time of 90 seconds for both metrics, as seen in Figure 4.23. 

 

 

Figure 4.21: Relationship between the drying temperature and mean Syf and Ef for Biotex 

Flax 

 

Figure 4.22: Relationship between the drying pressure and mean Syf and Ef for Biotex 

Flax 
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Figure 4.23: Relationship between the drying time and mean Syf and Ef for Biotex Flax 

 

4.3.1.4 Summary of Process Variable Effects on Flexural Properties 

 There are some clear trends in the effect that different hot stamping process variables 

have on flexural properties of natural reinforcement infused with a starch-based glue.  

Interesting findings include the following. 

 Increased drying temperature seems to have opposite effects on the two materials, 

i.e. a positive effect on jute but negative effect on flax. 

 Increased drying pressure has a positive effect on flexural properties for both 

materials. 

 There appears to be an optimal drying time of 90 seconds for materials. 

Based on these results, optimum manufacturing process variables for the two materials 

related to flexural properties are listed in Table 4.12, and these will be used in the future 

for further testing. The jute preforms formed under optimal conditions have a maximum 

average yield stress of 14.1 MPa and an average modulus of 1460 MPa, while the thicker 

flax samples only had a maximum average yield stress of 13.4 MPa and an average 

modulus of elasticity of 1090 MPa. The author suspects that the inherently higher 

permeability of the jute material allows more glue impregnation and better bonding with 

the reinforcement. However, both formed reinforcements are supposed to hold the 
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mycelium-inoculated substrates for at least 3 days under high humidity conditions before 

the mycelium tissue adequately bonds the core and natural reinforcement face materials. 

The next section focuses on preform performance under these conditions. 

 

Table 4.12: Optimal manufacturing parameters found through three-point bending tests 

Reinforcement Biotex Jute Biotex Flax 

Temperature (°C ) 160 140 

Pressure (kPa) 689 689 

Time (s) 90 90 

 

4.3.2 Creep Tests under Ideal Growth Conditions 

 To study the behavior of natural textile preforms in a real mycelium growth 

environment, creep tests are carried out within an environmental chamber on simply 

supported preform beam specimens subject to midspan point loading and distributed 

weight loading. The beams were made using the optimized manufacturing variables listed 

in Table 4.12. All tests are performed at 23.9C (75°F) and over 90% relative humidity in 

a Blue M AC-7602HA-3x82 environmental chamber to mimic the ideal growth 

conditions. The same specimen sizes and support spans as described in Section 4.3.1.1 

per ASTM-D7264 are used for testing bonded jute and flax specimens. All experiments 

are conducted for 3 days and deflections of the loaded specimens are recorded on a daily 

basis. 

 The creep test fixture was designed using CAD software to support the two different 

beam specimens at their respective fixed spans. Holes in the center of the platforms 

allowed fixed weights to be hung from midspan. Twenty creep test apparatus were made 

(10 for jute and 10 for flax) by laser welding 6.4 mm (1/4”) thick acrylic pieces and 

solvent welding them together, as shown in Figure 4.24. 
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(a)  (b)  

(c)  

Figure 4.24: (a) CAD design of creep test fixture; (b) prototype with flax beam specimen 

subjected to midspan loading and (c) geometry of a beam under midspan loading 

 

4.3.2.1 Concentrated Load Experiments with Jute and Flax Beams 

 A range of loading (1 to 20g) consistent with the weight/area (density × thickness) of 

typical wet substrates comprising myceliated agri-waste cores [13] were tested using 

dead weights. Midspan loading on a beam mimics a concentrated loading on geometric 

features of a lower integral mold shape prior to colonization. Preliminary experiments 

were conducted to determine the lower and upper bounds of this range where the 

specimens deflect either too little (unmeasurable) or too much (fail prematurely). Suitable 

weights for jute and flax were 5g and 10g, respectively. Although the specific weights are 

situation dependent, the basic approach can be used for other substrates, number of plies 

and type of natural glue. Ten specimens were fabricated for each reinforcement using 
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optimal process variables, as previously mentioned, and the resulting deflections versus 

time measured manually with a Vernier Caliper are provided in Tables 4.13 and 4.14. 

Mean deflection and error bars with 95% confidence interval for the jute and flax 

reinforcement are shown in Figure 4.25 (a) and (b), respectively, for Day 0 (static 

deflection) and Days 1-3 (creep). Maximum deflection occurs after the first day (49% for 

jute and 74% for flax) and it tapers off the second two days. Maximum deflection for the 

flax samples as would be expected with higher loading and maximum tensile stress 

(calculated later). Variability in measured deflection is also much greater for the flax 

specimens than the jute. Using Eqn. 4.23, the maximum flexural stress (bottom of beam 

at midspan) for jute with a 5g loading is 122 kPa and for flax with a 10g loading is 208 

kPa. All the geometry dimensions used in calculating the flexural stress and the 

maximum stress for both loading/reinforcement combinations are listed in Table 4.15. 

 

Table 4.13: Daily deflections of 4-ply Biotex Jute  

preform beam specimens subjected to 5 g midspan loading 

Specimen 

Identifier 

Specimen Deflection (mm) 

Day 0 Day 1 Day 2 Day 3 

J1 0.13 2.49 3.00 4.55 

J2 0.20 1.78 2.59 3.71 

J3 0.23 1.50 2.77 3.53 

J4 0.15 1.47 2.59 3.76 

J5 0.28 2.06 2.84 4.70 

J6 0.30 1.55 2.67 3.61 

J7 0.18 2.67 3.12 3.99 

J8 0.20 2.21 2.69 3.23 

J9 0.23 1.96 2.64 4.24 

J10 0.25 1.85 3.12 4.83 

Average 0.22 1.95 2.80 4.01 

St. Dev. 0.055 0.410 0.209 0.542 

 

Table 4.14: Daily deflections of 4-ply Biotex Flax  

preform beam specimens subjected to 10 g midspan loading 
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Specimen 

Identifier 

Specimen Deflection (mm) 

Day 0 Day 1 Day 2 Day 3 

F1 0.28 1.19 2.87 3.10 

F2 0.25 2.18 2.72 3.71 

F3 0.18 3.15 4.29 4.45 

F4 0.33 2.90 3.10 4.29 

F5 0.36 4.24 5.51 6.15 

F6 0.20 4.65 5.49 5.99 

F7 0.46 3.40 3.51 3.76 

F8 0.36 4.80 4.88 4.90 

F9 0.38 5.94 6.32 6.38 

F10 0.13 4.42 5.31 6.86 

Average 0.29 3.69 4.40 4.96 

St. Dev. 0.102 1.40 1.28 1.30 
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(b)  

Figure 4.25: Deflection results of creep tests for (a) Biotex Jute with 5g midspan load and 

(b) Biotex Flax with 10g midspan load showing mean deflection and error bars 

corresponding to 95% confidence level 

 

Table 4.15: List of geometries and maximum stresses for all loading/reinforcement 

combinations 

Loading/reinforcement P (g) L (mm) l (mm) b (mm) h (mm) Max. stress (kPa) 

midspan/jute 5 48.8 n/a 12.7 1.52 122 

midspan/flax 10 56.9 n/a 12.7 1.78 208 

distributed/jute 5 48.8 25 12.7 1.52 121 

distributed/flax 10 56.9 25 12.7 1.78 220 

 

4.3.2.2 Distributed Load Experiments with Jute and Flax Beams 

 The same tests were conducted as before (i.e. same materials, beam specifications, 

span length) except that the dead weight was uniformly distributed over 2.5 cm of the 

midspan using 1.3 × 5.1 cm plastic sandbags (Figure 4.26). The author reasoned that 

distributed loading would better represent unbound core material weighting down 

unsupported spans in the lower integral mold. Data for the jute and flax specimens are 

provided in Tables 4.16 and 4.17, respectively. The results are plotted in Figure 4.27. For 

distributed weight bending tests, the maximum flexural stress of the specimens occurring 
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at the beam underside at the bottom is calculated using  

𝜎𝑚𝑎𝑥 = 
𝑀𝑦

𝐼
           (4.25) 

where: 

𝑀 = bending moment =
𝑃(𝐿−𝑙)

4
+
𝑃𝐿

8
,  

l = distributed load length shown in Figure 4.26(b) = 2.5 cm, 

y = the distance from the centerline of the specimen to the convex surface = h/2,  

𝐼 = polar moment of intertia =
𝑏ℎ3

12
. 

Substituting all of these relationships into Eqn. 4.25 yields  

𝜎𝑚𝑎𝑥 = 
3𝑃

2𝑏ℎ2
 (
3

2
𝐿 − 𝑙)                      (4.26) 

As seen in Table 4.15, the maximum flexural stress for jute is 121 kPa and for flax is 220 

kPa with distributed loading.  

 

(a)  

(b)  

Figure 4.26: (a) Prototype with flax beam specimen subjected to distributed loading and 

(b) geometry of a beam under distributed loading 
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Table 4.16: Daily deflections of 4-ply Biotex Jute  

preform beam specimens subjected to 5g uniformly distributed loading 

Specimen 

Identifier 

Specimen Deflection (mm) 

Day 0 Day 1 Day 2 Day 3 

J1 0.15 2.13 3.68 5.03 

J2 0.10 1.57 5.46 6.68 

J3 0.08 0.84 5.44 5.64 

J4 0.18 2.67 5.89 6.50 

J5 0.20 1.60 5.03 5.69 

J6 0.13 1.22 2.67 4.29 

J7 0.20 1.65 3.58 4.22 

J8 0.25 1.96 4.32 5.03 

J9 0.23 1.17 4.11 5.18 

J10 0.15 1.42 6.15 7.49 

Average 0.17 1.62 4.63 5.58 

St. Dev. 0.056 0.526 1.14 1.06 

 

Table 4.17: Daily deflections of 4-ply Biotex Flax  

preform beam specimens subjected to 10g uniformly distributed loading 

Specimen 

Identifier 

Specimen Deflection (mm) 

Day 0 Day 1 Day 2 Day 3 

F1 0.25 4.39 5.26 6.55 

F2 0.15 2.62 4.60 6.58 

F3 0.18 1.73 2.46 2.72 

F4 0.20 4.57 6.32 7.29 

F5 0.28 1.96 3.15 4.04 

F6 0.20 3.53 4.70 4.88 

F7 0.13 2.90 4.11 5.03 

F8 0.10 2.72 3.94 5.11 

F9 0.28 2.49 3.71 4.50 

F10 0.10 2.97 4.50 5.44 

Average 0.19 2.99 4.27 5.21 

St. Dev. 0.068 0.94 1.08 1.35 
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(a)  

(b)  

Figure 4.27: Deflection results of creep tests for (a) Biotex Jute with 5g distributed 

loading and (b) Biotex Flax with 10g distributing loading showing mean deflection and 

error bars corresponding to 95% confidence level 

 

 Deflection results and overall data variation for the distributed loading are similar to 

concentrated loading with a few exceptions. For the jute beams, there was less deflection 

on Day 1, a maximum change in deflection on Day 2 and a significantly higher deflection 

on Day 3 for the distributed load. For the flax beams, there is less deflection on Day 1 

and similar deflections on Day 3 for the distributed load.  Variation with flax beams 
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overall was greater than for jute, presumably due to the lower glue infusion permeability. 

 

4.3.2.3 Concentrated and Distributed Load Experiments with Different Thickness Flax 

Beams 

 Since the previous sets of loading experiments investigated the effect of material and 

type of loading on preform creep, the last experiment looks at the effect of layup, 

specifically the number of plies.  Only 2-ply (h = 0.89mm) and 6-ply (h = 2.67mm) flax 

beams were tested but loads were chosen to provide the same maximum level of stress as 

the 4-ply beam with a 10g concentrated load according to Eqn. 4.24. The corresponding 

loads required would be 2.50g for 2-ply flax fiber and 22.50 g for the 6-ply flax fiber for 

midspan load; 2.49g for 2-ply flax fiber and 22.45 g for the 6-ply flax fiber for distributed 

loading. As these two sets of loads are quite close, the first set (2.50g and 22.50g) was 

used for all experiments. The experimental results for the 2-ply beam are shown in Tables 

4.18 & 4.19 and Figure 4.28, and 6-ply beam are shown in Tables 4.20 & 4.21 and Figure 

4.29.  

 

Table 4.18: Daily deflections of 2-ply Biotex Flax  

preform specimens subjected to 2.50g midspan load 

Specimen 

Identifier 

Specimen Deflection (mm) 

Day 0 Day 1 Day 2 Day 3 

F1 0.56 6.12 7.70 12.3 

F2 0.61 4.52 5.87 9.12 

F3 0.58 6.02 6.38 8.48 

F4 0.64 6.02 7.06 10.6 

F5 0.56 3.78 4.29 6.30 

F6 0.46 5.54 6.83 9.98 

F7 

(outlier) 
0.56 11.99 25.4 25.4 

F8 0.38 5.56 7.01 17.3 

F9 0.61 5.49 6.60 10.9 

F10 0.53 4.62 5.13 8.71 

Average 0.55 5.30 6.32 10.4 
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St. Dev. 0.077 0.809 1.06 3.11 

 

Table 4.19: Daily Deflections of 2-ply Biotex Flax  

Preform Specimens subjected to 2.50g uniformly distributed loading 

Specimen 

Identifier 

Specimen Deflection (mm) 

Day 0 Day 1 Day 2 Day 3 

F1 0.28 3.35 5.13 5.89 

F2 0.25 2.95 3.66 5.03 

F3 0.23 3.89 4.60 5.69 

F4 0.33 1.96 2.57 4.34 

F5 0.30 2.79 3.48 3.84 

F6 0.33 2.92 4.45 5.18 

F7 0.20 2.79 5.92 7.44 

F8 0.15 4.19 5.59 6.63 

F9 0.28 4.14 5.11 5.28 

F10 0.25 3.02 3.18 4.47 

Average 0.26 3.20 4.37 5.38 

St. Dev. 0.056 0.700 1.11 1.09 
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(b)  

Figure 4.28: Deflection results of creep tests for (a) 2-ply Biotex Flax beam with 2.50g 

midspan load and (b) uniformly distributed loading showing mean deflection and error 

bars corresponding to 95% confidence level 

 

Table 4.20: Daily deflections of 6-ply Biotex Flax  

preform specimens subjected to 22.50g midspan load 

Specimen 

Identifier 

Specimen Deflection (mm) 

Day 0 Day 1 Day 2 Day 3 

F1 

(outlier) 
0.61 8.20 16.7 18.0 

F2 0.56 2.18 2.90 3.15 

F3 0.58 2.24 4.17 4.78 

F4 0.81 2.49 3.53 3.84 

F5 0.56 3.05 3.35 4.17 

F6 0.71 4.65 5.97 6.91 

F7 

(outlier) 
0.64 3.35 10.3 25.4 

F8 0.61 3.18 3.71 5.56 

F9 0.58 4.09 5.00 5.66 

F10 0.79 3.20 3.89 4.06 

Average 0.65 3.13 4.06 4.77 

St. Dev. 0.093 0.874 0.988 1.22 
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Table 4.21: Daily deflections of 6-ply Biotex Flax  

preform specimens subjected to 22.50g uniformly distributed loading 

Specimen 

Identifier 

Specimen Deflection (mm) 

Day 0 Day 1 Day 2 Day 3 

F1 0.28 3.28 3.86 4.22 

F2 0.36 2.79 3.20 3.38 

F3 0.53 2.11 2.97 3.05 

F4 0.41 2.44 3.00 3.23 

F5 0.38 1.14 1.98 2.54 

F6 0.36 2.36 2.95 3.43 

F7 0.25 1.24 2.31 3.20 

F8 0.56 0.584 1.22 1.75 

F9 0.33 0.787 1.09 1.32 

F10 0.36 0.762 0.965 1.63 

Average 0.38 1.75 2.35 2.77 

St. Dev. 0.098 0.959 1.00 0.935 
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(b)  

Figure 4.29: Deflection results of creep tests for (a) 6-ply Biotex Flax beam with 22.50g 

midspan load and (b) uniformly distributed loading showing mean deflection and error 

bars corresponding to 95% confidence level 

 

 Several important observations can be made regarding how well preform shells 

(integrated tooling) will hold their shape after filled with agri-waste (Step 4) and during 

the growth phase (Step 5). 

 For the typical agri-waste loadings expected, preform shells experience significant 

deflection (4-5.5 mm for 4-ply jute and flax, 5-12 mm for 2 ply flax and 3-8 mm for 

6-ply flax) during the growth phase in high humidity. Although not quantified, this 

is counteracted over time by the mycelium colonization, which binds skins and core 

into a stiffened structure. 

 The flax reinforcement was stiffer and creeped less than jute. Although not 

investigated in detail, the higher stiffness may be attributable to higher tensile 

modulus (30-80 GPa for flax vs. 10-30 GPa for jute [80]), better bonding between 

the starch glue and fiber, and to a lesser extent, thicker plies (1.78 vs. 1.52 mm). 

 Most of the creep occurred on Day 1, even accounting for static deflection from the 

concentrated mid-span and distributed loads. 
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 Several specimens completely failed within the 3-day test period for the 

concentrated mid-span loading (F7 in 2-ply tests, F1 and F7 in 6-ply tests) while no 

specimen failed for any of the distributed load tests. However, distributed loading 

resulted in higher deflection variation than concentrated loading. 

 Uniformly distributed loading resulted in less than half the deflection as compared 

to the same load concentrated as mid-span for the 2- and 6-ply flax beams, which is 

consistent with solid mechanics theory [81], although the difference is not as 

significant for the 4-ply specimens. Interestingly, the opposite is true for the jute 

specimens. 

 

4.4. Steps 4&5 – Mold Filling & Mycelium Growth 

4.4.1 Brick Shape Mold Filling & Growth  

 The core substrate began as pre-grown ‘regrind’ material, i.e. corn stover and hemp 

mix (50/50 by weight) bound together with mycelium then pulled apart into smaller 

pieces by a trommeling process. The growth trays are washed clean with water, wiped dry 

and sprayed with an alcohol-based solution to sterilize. Two plies of the same textile 

reinforcements are also sterilized by 10% hydrogen peroxide solution and then properly 

positioned at the bottom of the growth tray. The tray is then filled with 120 g of regrind, 

capped with another two plies of reinforcement then by the mating cover to provide slight 

compression, and the covered tray is held in place with binder clips positioned around the 

mold flange. Each filled and capped growth tray is placed into a semi-permeable 

polypropylene bag, as shown in Figure 4.30, which will create and maintain a high 

humidity environment (up to 98% relative humidity) and allow for the respiration of 

mycelium fungi. The incubation process, which lasts for five days, takes place on growth 

racks at the industrial collaborator’s facility under room temperature (24°C).  
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Figure 4.30: Core in a growing bag on the rack after one week’s growth 

 

4.4.2 Shoe Shape Mold Filling & Growth 

 Five preformed shells are made using jute reinforcement and another five are made 

using flax through the process mentioned in previous sections, all of which consisted by a 

two-ply bottom that contours the shape of the foot and a two-ply flat cover. The bottoms 

are sterilized by several sprays of an alcohol-based solution, while the top covers are 

sterilized by 10% hydrogen peroxide solution before they are placed onto the mold. 170g 

of pre-grown ‘regrind’, i.e. corn stover and hemp mix (HX, 50/50 by weight) are filled 

into the preformed tooling by hand. All 10 parts are placed individually into 

semi-permeable growth bags and let grow for 5 days on the rack (Figure 4.31(a) and (b)) 

at Ecovative. 
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(a)  (b)  

Figure 4.31: (a) Jute preform shell filled with corn stover/hemp substrate and (b) 

substrate-filled flax shells in a semi-permeable growth bag 

 

4.5 Step 6 – Mold Drying/Sterilization 

4.5.1 Thermally Pressed then Air Dried Brick Shape Beams 

 If dried without attached reinforcement skins, the 2.5 cm thick wet cores must be 

dried to specific thicknesses by thermal pressing under slight compression to 

accommodate reinforcement skin thicknesses during resin infusion. All three woven 

natural reinforcements were tested, and their measured fiber thickness, number of plies 

per skin (2 skins per sandwich panel specimen), and required core thickness are shown in 

Table 4.22. 

 

Table 4.22: Average measured 2-ply reinforcement thickness and required core thickness 

Reinforcement Biotex Jute Biotex Flax BioMid Cellulose 

Skin thickness, t (mm) 1.65 1.75 0.53 

Core thickness, c (mm) 22.1 21.9 24.2 

 

 Following the growth phase, cores must be dried at a sufficiently high temperature to 



119 
 

 

drive off moisture (~70-80% by weight) and inactivate (kill) the mycelium, otherwise it 

will continue growing and decomposing the substrate. As a preliminary study to compare 

to the thermal pressing process, six cores (#1-6) were dried completely in a convection 

oven at 82˚C for 12 hours and 93˚C for 8 hours (standard cycle for industrial 

collaborator’s mycelium packaging products). Additionally, six other cores (#7-12) were 

thermally pressed and dried for 20 minutes at 250C to the specified thicknesses in Table 

4.17 (two specimens per reinforcement type) using a Model 2518 Carver press (Figure 

4.32) with platen spacing maintained by precisely machined ceramic shims.  

Specifically, specimens 7-8, 9-10 and 11-12 were compressed for the jute, flax and 

cellulose fiber skins, respectively.  A thermocouple placed mid-thickness in one of the 

thermally pressed core monitored process temperature, as shown in Figure 4.33.  

Temperature rises at a decreasing rate from ambient to the boiling point of water (100C) 

after 2 minutes, and remains there for the remainder of pressing as water continues to 

evaporate. Although this indicates that the core is not completely dry yet, the fungus has 

already been completely inactivated and the core thickness has been roughly set.  

Further drying with a thermal press to an acceptable moisture level (e.g., typically dry to 

<5% and the material naturally equilibrates to 8%) takes too long on the thermal press 

and ties up an expensive piece of equipment from a manufacturing perspective.  Hence, 

the remaining moisture can be removed by simple air drying or convection oven drying.  

The former was used in this case, and core weights were recorded every 12 hours for one 

week, as shown in Figure 4.34.  
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Figure 4.32: Two cores being thermal pressed 

  

Figure 4.33: Real-time, mid-thickness core temperature during thermal pressing 

 

 

Figure 4.34: Mass reduction of air dried Specimens (#7-12) after thermal press 

 

Results of dimensional change (measured using digital Vernier caliper with 25 µm 

resolution) and mass change (measured using digital scale with 0.1 g resolution) results 

for Specimens #1-6 (convection oven only) and #7-12 (thermal pressing followed by 

convection oven) are presented in Table 4.23 for comparison. Dimensional changes are 

based on average growth tray cavity dimensions, i.e. 20.3×7.6×2.5 cm (8”×3.01”×1”). It 
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should be noted that there was no target thickness set for Specimens 1-6, so they were all 

oversized in the thickness direction. Length and width reductions were 4-5% for 

Specimens 1-6, whereas average thickness reduction was only 0.06%. The low thickness 

reduction is an interesting, yet unexpected result. One possible reason is that the kenaf 

fibers are primarily oriented in the 20.3×7.6 cm (3”×8”) surface direction due to the 

filling methods, which resulted in significant contraction during drying as compared to 

thickness. With thermal pressing followed by air drying, length and width reductions are 

significantly less (in some cases negligible change) compared to oven drying alone. This 

may be the result of contact friction between the heated platens and drying specimen 

inhibiting dimensional changes in the length and width directions; in essence, helping 

lock these dimensions. Final thicknesses for Specimens 7-12 were uniformly less than the 

target values by 1-2%. Mass reduction for all specimens was uniformly 72-74%. 

 

Table 4.23: Dimensional and mass data for core specimens 

   Avg. Final Dimension (mm) % Dimensional Reduction 
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194.3  72.9  26.5  

3.8 4.7 0.06 N/A 72.6 

2 195.1  72.4  24.4  

3 197.1  73.2  25.2  

4 192.8  72.9  25.3  

5 195.3  72.9  25.3  

6 195.6  73.2  25.8  
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22.1  195.6  71.9  21.8  2.3 1.2 15.4 1.4 73.2 

8 22.1  195.1  71.9  22.0  1.7 -0.5 14.7 0.5 73.8 

9 21.9  195.1  71.6  21.7  0.7 0.1 13.7 0.9 73.4 

10 21.9  194.6  72.1  21.8  1.2 -0.1 13.8 0.5 73.4 

11 23.8  193.8  71.4  23.4  1.8 0.9 9.4 1.7 73.2 

12 23.8  194.1  71.9  23.3  1.8 1.6 9.9 2.1 73.5 
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4.5.2 Three-point Bending Tests for the Thermally Pressed then Air Dried Brick Shape 

Beams 

 Per the ASTM C393 and D7250 standards, 30 specimen beams (10 for each kind of 

reinforcement) were grown and then dried using the processes described in Sections 4.4.1 

and 4.5.1. Examples of each specimen type are shown in Figure 4.35.  Geometry of the 

3-point loading configuration, shown in Figure 4.36a, includes a fixed span length of S 

=15.2 cm (6”) and beam dimensions (see Figure 4.36b) provided in Tables 4.17 and 4.18.  

The actual test setup, shown in Figure 4.36c, includes a test fixture with two supporting 

and one loading cylinder (all 2.5 cm) mounted to an Instron universal testing machine, 

electro-mechanical load frame was used in displacement control. A 50lb (222N) load cell 

with a ±0.01lbf (0.044N) resolution was used to record the load applied to the center of 

the beam and the cross-head with a resolution of ±0.0001in (0.00254mm) was used to 

record the displacement of the center of the beam under load. Loading was performed at a 

vertical descent speed of 0.64 cm/min (0.25 inch/min). A typical force-deflection curve is 

shown in Figure 4.37.  Core shear ultimate strength, 𝐹𝑠
𝑢𝑙𝑡 , core shear yield stress, 

𝐹𝑠
𝑦𝑖𝑒𝑙𝑑

, and maximum facing stress, 𝜎𝑠, are calculated using the following formulas from 

[82] and results for all three natural reinforcements are provided in Tables 4.19-4.20: 

𝐹𝑠
𝑢𝑙𝑡 =

𝑃𝑚𝑎𝑥

(𝑑+𝑐)𝑏
          (4.27) 

𝐹𝑠
𝑦𝑖𝑒𝑙𝑑

=
𝑃𝑦𝑖𝑒𝑙𝑑

(𝑑+𝑐)𝑏
          (4.28) 

𝜎𝑠 =
𝑃𝑚𝑎𝑥𝑆

2𝑡(𝑑+𝑐)𝑏
         (4.29) 

where Pmax is the maximum force prior to failure; Pyield is the force applied at 2% offset 

shear strain; and c is the measured or calculated core thickness using c = d – 2t according 

to Figure 4.36b. As shown in Figure 4.38, the two failure mode(s) observed for each 

specimen are also provided in the last column of Tables 4.24-4.25. 

The effective flexural modulus, Ef, is calculated for each composite beam in Tables 

4.19-4.20 for comparison purposes.  Starting with the moment-curvature relation for the 
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left side of the simply supported beam shown in Figure 4.36a, we obtain: 

𝐸𝐼
𝑑2𝑦

𝑑𝑥2
= 𝑀 =

𝑃𝑥

2
     (4.30) 

Integrating Eq. 4.30 twice with respect to x, applying two boundary conditions (
𝑑𝑦

𝑑𝑥
= 0 

@ 𝑥 =
𝑆

2
 and y = 0 @ x = 0) to solve for the two integration constants, and calculate the 

maximum deflection at x = S/2 yields: 

𝐸𝐼𝑦 = −
𝑃𝑆3

48
         (4.31) 

Substituting in the rectangular beam’s moment of inertia,𝐼 = 𝑏𝑑
3

12⁄ , provides an 

equation to calculate an overall flexural modulus of the sandwich panel: 

𝐸𝑓 =
Δ𝑃

Δ𝑦

𝑆3

4𝑏𝑑3
         (4.32) 

 

Figure 4.35: Three sandwich panel specimens made using different skin reinforcement 

 

(a)  
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(b)  (c)  

Figure 4.36: (a) 3-point loading configuration and bending moment diagram, (b) grown 

and dried specimen being tested on an Instron machine and (c) sandwich panel thickness 

dimensions 

 

 

Figure 4.37: Typical force-deflection curve of a sandwich panel specimen (Flax Sample 

#4) 

 

Table 4.24: Three-point bending test results for Biotex Jute textile-reinforced sandwich 

panel specimens 

Biotex Jute 

Specimen # 

Initial 

Load 

(N) 

Pmax 

(N) 

Pyield 

(N) 

y at 

Yield 

(mm) 

𝐹𝑠
𝑢𝑙𝑡 

(kPa) 

𝐹𝑠
𝑦𝑖𝑒𝑙𝑑

  

(kPa) 

s 

(kPa) 

Ef 

(kPa) 

Failure 

Modes 

1 2.7 55.6 46.7 9.7 15.4 12.9 709 3418 g, h 

2 2.7 59.2 41.4 12.7 16.3 11.4 754 2308 g 
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3 2.7 62.3 38.3 5.2 17.2 10.6 794 5268 g 

4 3.6 40.9 52.9 19.5 11.3 14.6 522 1926 g 

5 3.6 72.5 50.7 8.9 20.0 14.0 924 4045 h 

6 2.2 64.1 33.4 4.7 17.7 9.2 816 4983 g 

7 2.2 73.8 51.6 6.4 20.4 14.2 941 5717 g 

8 2.2 55.2 43.6 6.3 15.2 12.0 703 4879 g, h 

9 2.2 52.5 34.3 3.6 14.5 9.5 669 6669 g 

10 2.2 61.8 39.1 3.8 17.1 10.8 788 7325 g, h 

Average 2.6 59.8 43.2 8.08 16.51 11.93 762 4654  

St. Dev. 0.53 9.6 7.1 4.92 2.66 1.96 123 1754  

g = core tensile failure; h = interlaminar shear 

 

Table 4.25: Three-point bending test results for Biotex Flax textile-reinforced sandwich 

panel specimens 

Biotex Flax 

Specimen # 

Initial 

Load 

(N) 

Pmax 

(N) 

Pyield 

(N) 

y at 

Yield 

(mm) 

𝐹𝑠
𝑢𝑙𝑡 

(kPa) 

𝐹𝑠
𝑦𝑖𝑒𝑙𝑑

 

(kPa) 

s 

(kPa) 

Ef 

(kPa) 

Failure 

Modes 

1 2.2 140 98 11.5 38.7 27.1 1680 6049 h 

2 2.2 117 107 19.3 32.6 29.5 1420 3928 g 

3 2.2 125 102 15.8 34.5 28.2 1500 4591 g 

4 3.6 122 81 11.1 33.9 22.5 1470 5186 g 

5 3.1 124 91 12.1 34.4 25.2 1500 5321 g 

6 2.7 130 124 23.0 36.0 34.3 1570 3826 g 

7 2.7 134 101 16.3 37.3 28.0 1620 4398 g 

8 2.7 123 85 11.7 34.2 23.5 1490 5150 g 

9 2.7 110 98 16.2 30.6 27.1 1330 4297 g, h 

10 2.7 117 101 19.0 32.6 27.8 1420 3755 g 

Average 2.7 124 99 15.6 34.5 27.3 1500 4650  

Std. Dev. 0.42 8.6 12 4.0 2.4 3.3 104 755.6  

 

Table 4.26: Three-point bending test results of BioMid Cellulose textile-reinforced panel 

sandwich specimens 

BioMid 

Cellulose 

Specimen # 

Initial 

Load 

(N) 

Pmax 

(N) 

Pyield 

(N) 

y at 

Yield 

(mm) 

𝐹𝑠
𝑢𝑙𝑡 

(kPa) 

𝐹𝑠
𝑦𝑖𝑒𝑙𝑑

 

(kPa) 

s 

(kPa) 

Ef 

(kPa) 

Failure 

Modes 

1 3.1 77.4 55.6 6.8 20.5 14.7 933 5786 g 

2 1.8 74.7 44.4 4.7 19.8 11.8 901 6745 h 

3 3.1 72.5 50.7 4.4 19.2 13.4 874 8136 g 

4 2.2 57.8 44.4 4.7 15.3 11.8 697 6676 h 

5 2.7 60.1 43.6 4.4 15.9 11.5 724 6990 g, h 
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6 2.2 83.6 60.9 8.4 22.1 16.1 1008 5151 g 

7 2.7 69.0 52.5 5.0 18.2 13.9 831 7502 h 

8 1.8 91.6 65.4 5.4 24.2 17.3 1105 8513 g, h 

9 2.2 95.2 89.0 12.6 25.2 23.5 1148 4989 g 

10 2.2 85.9 60.1 8.2 22.7 15.9 1035 5179 g 

Average 2.4 76.8 56.7 6.1 20.3 15.0 926 6567  

Std. Dev. 0.48 12.5 13.6 3.2 3.3 3.6 151 1264  

 

(a)  (b)  

Figure 4.38: A biocomposite sandwich beam failures (in red circles) due to (a) core 

tensile failure and (b) interlaminar shear 

 

Core shear yield stress and ultimate strength represent the stresses above which 

permanent deformation and failure occur in the core due to shearing, respectively.  From 

Figures 4.38a and 4.38b, yield stress and ultimate strength for the specimens with flax 

skins are nearly double those for jute and cellulose skins, while cellulose is slightly 

higher than jute for both properties. Clearly, mycelium favors the flax and creates a 

stronger branching network and interfacial bonds. This preference could be due to the 

following two reasons: (1) the nutrition profile of the flax (starch, fatty acids, and ash) is 

higher than the jute and raw cellulose, and (2) the weave size of Biotex flax, although 

only slightly different, could be coarser which would permit more respiratory surface. 

Knowing how nutritious the flax is, the first reason could be the best explanation. 

Standard deviation for both properties is relatively large for jute and cellulose specimens, 
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ranging from 16-24% of the mean, and much lower for the flax, ranging from 7-12% of 

the mean. The two most common failure modes observed during experiments are core 

tensile failure (Figure 4.39a) and interlaminar shear failure between the core and the 

facial material (Figure 4.39b), both involving the lower skin subjected to tension.  For 

jute and flax, the dominant mode is core failure, while there is an even mix of core and 

interlaminar shear for the cellulose specimens.  Maximum facing stress, although 

reported in Tables 4.24-4.26 and Figure 4.39c, is not particularly important in this case, 

since there were no skin tensile or compressive failures observed. 

Flexural stiffness, D, for a sandwich panel per ASTM D7250 requires measurement 

of the facing skin’s elastic modulus.  This modulus is not easily measured, especially for 

the lightly bonded jute and cellulose specimens.  Hence, an effective flexural modulus 

for the sandwich panels, calculated using Eqn. 4.32, was determined for each type of 

reinforcement skin so relative comparison of panel stiffness between specimens could be 

made. As reported in Tables 4.24-4.26 and shown in Figure 4.40, Ef values for all three 

reinforcements were relatively similar, ranging from 4,650-6,567 kPa, suggesting that 

stiffness is dominated by the core material in this case. Jute clearly had the largest 

variation in modulus with a standard deviation that is 38% of the mean. 
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(b)  

(c)  

Figure 4.39: Comparison of (a) core shear ultimate strength, (b) core shear yield stress, 

and (c) facing strength for composite beams reinforced with the three different textile 

skins 
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Figure 4.40: Comparison of effective flexural modulus for composite beams reinforced 

with the three different textile skins 

 

4.5.3 Shoe Shape Mold Drying and Quality Assessment 

 The grown parts mentioned in Section 4.4.2 are then dried in a convective dryer at 

180°F for 1 day to deactivate the mycelium fungi and also drive away the moisture. The 

dried jute reinforced parts (Figure 4.41 (a), (b)) weight uniformly at around 100g and the 

flax reinforced ones (Figure 4.42 (a), (b)) between 120 - 125g. Compared to the flax 

reinforced parts, the jute part surfaces are less covered by the mycelium tissue on average 

and the standard deviation of percentage surface covered of flax parts is lower (see Table 

4.27) after the same procedures with the same growth period, This, once again, indicates 

that mycelium grows better on flax material than jute. 
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(a)  (b)  

Figure 4.41: (a) Bottom view of a grown jute reinforced part; (b) top view of a grown jute 

reinforced part 

(a)  (b)  

Figure 4.42: (a) Bottom view of a grown flax reinforced part; (b) top view of a grown 

flax reinforced part 

 

A coordinate measuring machine (Figure 4.43a) is used to measure the z-heights of 13 
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selected points on the surface (Figure 4.43b) of jute and flax composite parts (Figures 

4.42 and 43), in a repeatable manner that are registered to the machine base using a N-2-1 

fixture arrangement
 
[83] with part hold-downs. Average z-heights with 1 error bars and 

ideal heights superimposed as data markers are shown for the five jute and flax parts each 

in Figures 4.44a and 4.44b, respectively. Actual deviations between the average heights 

for the grown parts and the ideal heights of the 3D printed reference shape are provided 

in Table 4.28. Clearly, there is significant deviation in average height for the jute parts 

(~5 mm) and flax parts (~4.4 mm) when compared to the reference part.  Interestingly, 

the deviation for flax is roughly the same magnitude as creep deflection for 2-ply flax 

beams reported in Tables 4.18 and 19. There is also significant variation among the 5 

parts for each material as shown in the error bars. 

 

Table 4.27: Estimation of mycelium surface coverage 

Jute % Bottom Covered Flax % Bottom Covered 

J1 10 F1 70 

J2 40 F2 30 

J3 80 F3 50 

J4 70 F4 70 

J5 20 F5 30 

Avg. 44 Avg. 50 

St. Dev. 30.50 St. Dev. 20.00 
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(a)  (b)  

Figure 4.43: (a) Grown parts being measured on a CMM machine; (b) the 3D printed 

CAD model 

 

(a)  
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(b)  

Figure 4.44: Z coordinates measured from grown parts: (a) Biotex Jute; (b) Biotex Flax 

(solid lines indicating the Z coordinates of the 3D printed model) 

 

Table 4.28: Differences in Z Coordinate for both Materials (mm) 

Location 
Ideal Height (3D 

printed part) 

Deviation for Jute 

Parts 

Deviation for Flax 

Parts 

1 27.96 3.00 4.31 

2 29.62 2.79 1.43 

3 28.83 4.02 2.03 

4 27.53 5.83 3.63 

5 22.50 5.65 6.86 

6 22.45 8.18 8.19 

7 23.68 8.07 6.66 

8 30.23 1.75 2.78 

9 23.18 7.56 6.90 

10 35.54 -1.56 -1.82 

11 35.49 -1.31 -0.77 

12 22.06 8.52 6.10 

13 21.10 6.44 5.59 

Avg. of Absolute Values 4.98 4.39 

St. Dev. 2.70 2.48 

 

4.6 Step 7 – Bioresin Infused and Cured Parts 

4.6.1 Darcy’s Law Modeling of the Bioresin 
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4.6.1.1 Resin rheology and choosing rheological analog 

 The commercial bioresin adopted for the project is a mixture of Agrol® Diamond 

and Agrol Polyol 2.0 soy-based bioresin as Compound A, with Mondur® compound 

from Bayer acts as Compound B that was suggested by the manufacturer. The Agrol 

bioresins are polyols derived from purified soybean that are suitable for all polyurethane 

applications. The Agrol Diamond resin is dark brown (Gardner Index 9), chemically 

modified soybean oil (~99% weight), and has 86% bio-based content per ASTM D6866 

standard, while Agrol 2.0 is slight yellow to amber viscous hydroxylated soybean oil 

(~99% weight) that is 91.96% biodegradable according to ASTM E1720-01 standard. 

Mondur MR light compound is a brown musty liquid composed as a mixture of 

Polymeric Diphenylmethane Diisocyanate (pMDI) (50 ~ 60%), 4,4'-Diphenylmethane 

Diisocyanate (MDI, 35 – 45%), 2,4'-Diphenylmethane Diisocyanate (MDI, 1 – 5%). 

Agrol resins are mixed in a cup with a 55:45 weight ratio, while the Mondur compound is 

prepared in another cup with a 3:10 weight ratio to the Agrol mixture. The resin gels in 

30-40 min, cures overnight under room temperature, but the curing time can be greatly 

reduced to 10-15 min under elevated temperature (e.g. 120 °C). Upon reacting Agrol and 

Mondur, polyurethane resins are formed. A #5 Zahn cup is used to measure the viscosity 

of the resin, and the tests results under room temperature are shown in Table 4.29. Based 

on the calculated average number, the viscosity of the bioresin is close to 800 cP.  

 

Table 4.29: Viscosity measurements of the bioresin 

Tests time Viscosity 

# sec cSt (cP) 

1 34.6 795.8 

2 33.9 779.7 

3 33.81 777.63 

4 34.4 791.2 

5 35.7 821.1 

Avg. 34.48 793.09 

St. dev. 0.76 17.42 
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4.6.1.2 Resin flow theories 

 Currently much of the work around theoretically predicting resin flow through the 

reinforcement used in composite part building is based around Darcy’s law for flow 

through a porous medium; Darcy’s law in its one-dimensional form is shown below in Eq. 

4.33 [84], [85]: 

                               𝑄 = −
𝐾𝐴∆𝑃

𝜇∆𝑥
                          (4.33) 

where Q is the volumetric flow through the porous media, K is the permeability of the 

media, A is the cross-sectional area normal to the flow, ∆𝑃 is the pressure change across 

the flow channel, 𝜇 is viscosity of the fluid, and ∆𝑥 is the distance in the flow direction. 

 Darcy’s law is useful because it can be used as a starting point to derive an 

expression for flow front position across a distance “x” and, when used in conjunction 

with experimental data, can be used to estimate the permeability of the reinforcement 

through which the flow front proceeds. It is worth noting that the modeling techniques 

used in this experiment have been greatly simplified by the assumption of 

one-dimensionality. In two and three dimensions, the permeability term in Darcy’s law 

becomes a tensor quantity and the effects of gravity on flow need to be considered (3D 

case only). 

Theoretical expressions for permeability (Eq. 4.34) in the context of flow through a 

porous medium have been determined by Blake, Carmen, and Kozeny
 
[84]: 

 

                               𝐾 =
𝑅𝑓
2 3

4𝑘𝑧(1− )2
                         (4.34) 

where K is the permeability of the porous media, 𝜀 is the porosity of the media, and Rf is 

the fiber radius. The variable kz (shown in Eq.4.34 below) is known as the Kozeny 

constant and is evaluated using a shape factor (ko), and the tortuosity (𝜏): 
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                               𝑘𝑧 = 𝑘𝑜𝜏 = 𝑘𝑜 (
𝐿𝑒

𝐿
)
2

                   (4.35) 

The variables Le and L are measurements of the flow lines curvature length and straight 

distance between endpoints; typical values for tortuosity range from 1 – 1.4 for fiber radii 

of 30 – 10 microns (according to [82]) and the shape factor ko is generally taken to have a 

value of 2. 

Authors like Gebart and Koponen (Eq. 4.36 and 4.37 respectively) have conducted 

studies showing that the permeability can be modeled as a function of porosity and fiber 

radius [87].
 

 𝐾 = 𝑅𝑓
2 𝐶 (√

1− 𝑐

1−
− 1)

5
2⁄

  𝜀 ≤ 0.65           (4.36) 

 𝐾 =
5.55 𝑅𝑓

2

𝑒10.1(1−𝜀)−1
    0.4 < 𝜀 < 0.95            (4.37) 

The value of C in Eq. 4.36 was evaluated by Gebart using the following parameters 

(Eqs.4.38-4.39) depending on the type of fiber packing seen in the experimental media: 

            For a square packing array: 𝜀𝑐 = 1 −
𝜋

4
 ,   𝐶 =

16

9√2𝜋
           (4.38) 

           For a hexagonal packing array: 𝜀𝑐 = 1 −
𝜋

2√3
 , 𝐶 =

16

9√6𝜋
         (4.39) 

The fiber configurations which make up a hexagonal and a square packing are shown 

below in Figure 4.45: 

 

Figure 4.45: Square (A) and hexagonal (B) packing arrays as referred by Gebart 
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Equations 4.36 and 4.37 provide a more convenient means of calculating permeability 

since they depend only on the measured porosity 𝜀 and the critical porosity 𝜀𝑐. The 

porosity can be measured using Eqn. 4.40 below where 𝜌𝑏 is the bulk density of the 

reinforcement (calculated by dividing the mass of reinforcement used by the mold 

volume) and 𝜌𝑓 is the fiber density and is found from product literature [84].
 

                          𝜀 = 1 −
𝜌𝑏

𝜌𝑓
                             (4.40) 

The above expressions provide three different methods for calculating the permeability of 

a porous medium. The Kozeny expression (Eq. 4.35) is completely unaltered and is 

intended for flow through a random porous media. The expressions derived by Gebart 

and Koponen are intended specifically for fibrous media. In each case the variables to be 

determined are easily found or have been provided in the discussion. 

 

4.6.2 Mechanical Property Testing of Cured Specimens 

4.6.2.1 Measurement of the shear stress G modulus 

 The shear modulus (G12) is measured using jute and flax V-notched beam specimens 

on an Instron universal testing machine, and electro-mechanical load frame was used in 

displacement control (Figure 4.46). A 50 lb. (222N) load cell with a ±0.01 lbf. (0.044N) 

resolution was used to record the load applied to the specimens and a high resolution 

camera recorder was used to record the displacement of the specimens under load. 

Loading was performed at a vertical descent speed of 2 mm/min (0.05 inch/min). A 

typical force-deflection curve is shown in Figure 4.47, and cubic equation trend lines 

were used to fit each curve in Excel software. The shear modulus is considered the slope 

of the initial linear parts of each curve, and therefore the first order derivatives were 

calculated (Table 4.30). All slope results calculated at strain = 0 and strain = 0.001 are 

relatively close, so integers between these two values can be used as G moduli for the 

tested specimens.  
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Figure 4.46: Shear stress modulus tests using V-notched beam specimens 

 

Figure 4.47: A typical shear curve and its cubic fitting equation obtained by V-notched 

beam specimens being sheared 

 

Table 4.30a: Curve linear part slopes (G modulus) of jute specimens 

G12 G modulus (MPa) 

Specimen # y’(0) y’(0.001) 

F1 232 215 

F2 518 405 

y = 630,241,477 x3 - 25,221,267 x2 + 375,687 x + 67  
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F3 376 326 

F4 440 381 

F5 314 284 

Avg. 376 322 

St. Dev. 111 76.1 

 

Table 4.30b: Curve linear part slopes (G modulus) of flax specimens 

G12 G modulus (MPa) 

Specimen # y’(0) y’(0.001) 

J1 292 279 

J2 257 246 

J3 263 250 

J4 266 254 

J5 278 265 

Avg. 271 259 

St. Dev. 13.8 13.1 

 

4.6.2.2 Sandwich structure specimen preparation and 3-point bending 

 Thirty resin-infused then cured sandwich structured specimens are made by 

thermally pressing the grown sandwich structured preforms to 27.94 mm (1.1”), air-dried 

in the lab, and then cold pressed to exactly 1” thickness on a cold carver press, followed 

by bioresin infusion and in place curing (10 min), and finally tested for their stiffness 

using three-point bending method on an Instron machine after all of them are trimmed to 

63.5 mm (2.5”) in width (Figure 4.48). Some air bubbles were generated during the 

sample curing process causing rough top surfaces of finished samples. This may be due 

to an increase in water level in the Agrol Diamond resin. Water will react with isocyanate 

to produce carbon dioxide and could be avoided by dewatering the sample through 

heating and stirring under vacuum. The measured and observed data for parts made from 

three different reinforcements are listed in Tables 4.31 (a), (b) and (c). All the specimens’ 

failure modes are recorded; most were core failures, indicating that the mycelium bound 

core is the weakest structural link of the entire biocomposite sandwich structure. 

The actual test setup, shown in Figure 4.47c, includes a test fixture with two 
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supporting and one loading cylinder (all 2.5 cm) mounted to an Instron universal 

testing machine, electro-mechanical load frame was used in displacement control. A 50 lb. 

(222N) load cell with a ±0.01 lbf. (0.044N) resolution was used to record the load applied 

to the center of the beam and the cross-head with a resolution of ±0.0001in (0.00254mm) 

was used to record the displacement of the center of the beam under load. Loading was 

performed at a vertical descent speed of 0.64 cm/min (0.25 inch/min). A typical 

force-deflection curve is shown in Figure 4.49.  Core shear ultimate strength, 𝐹𝑠
𝑢𝑙𝑡, core 

shear yield stress, 𝐹𝑠
𝑦𝑖𝑒𝑙𝑑

, and maximum facing stress, 𝜎𝑠 are calculated using the Eqns. 

4.27-29 from [82] and results for all three natural reinforcements are provided in Table 

4.31. As shown in Figure 4.47(d), the main failure modes observed for each specimen are 

also provided in the last column of Tables 4.31 (a-c). 

The effective flexural modulus, Ef, (Eq. 4.33) is calculated for each composite beam 

in Tables 4.27 (a-c) for comparison purposes. The flexural stiffness D can then be 

calculated using Eq. 4.41 [84]:  

 

𝐷 =  
𝐸𝑓(𝑑

3−𝑐3)𝑏

12
                      (4.41) 

 

(a)  (b)  
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(c)  (d)  

Figure 4.48: (a) 3-point loading configuration and bending moment diagram, (b) 

sandwich panel thickness dimensions, (c) grown and dried specimen then trimmed being 

tested on an Instron machine with a deflection gauge attached to the bottom surface and 

(d) same specimen failed after load applying 

 

 Table 4.31 (a): Three-point bending test results of Biotex Jute textile reinforced 

bioresin infused then cured sandwich specimens 

Biotex 

Jute 

Samples # 

Initial 

Load 

(N) 

Pmax 

(N) 

Pyield 

(N) 

y at 

Yield 

(mm) 

𝐹𝑠
𝑢𝑙𝑡 

(kPa) 

𝐹𝑠
𝑦𝑖𝑒𝑙𝑑

 

(kPa) 

s 

(kPa) 

D 

(kN-mm
2
) 

Failure 

Modes 

J1 3.11 175.70 174.81 8.00 60.52 60.21 1815.62 973.59 g 

J2 3.11 155.68 146.78 11.90 53.63 50.56 1608.78 498.24 g 

J3 4.00 215.28 207.72 11.48 74.16 71.55 2224.71 844.47 g 

J4 4.00 141.00 124.99 8.94 48.57 43.05 1457.09 642.98 h 

J5 3.11 148.12 148.12 10.68 51.02 51.02 1530.64 614.07 g 

J6 3.11 254.43 254.43 8.68 87.64 87.64 2629.20 1059.92 g 

J7 3.56 210.39 210.39 6.44 72.47 72.32 2174.15 1453.78 g 

J8 3.11 225.51 225.51 8.84 77.68 77.68 2330.43 1246.26 g 

J9 3.56 126.77 126.77 10.69 43.67 43.67 1310.00 520.15 g 

J10 3.11 261.99 261.99 8.01 90.24 90.24 2707.34 1558.06 g 

Average 3.38 191.49 191.49 9.37 65.96 64.80 1978.80 941.15  

St. dev.  48.49 48.49 1.75 16.70 17.54 501.10 384.46  
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g = core tensile failure; h = interlaminar shear 

 

Table 4.31 (b): Three-point bending test results of Biotex Flax textile reinforced bioresin 

infused then cured sandwich specimens 

Biotex 

Flax 

Samples 

# 

Initial 

Load 

(N) 

Pmax 

(N) 

Pyield 

(N) 

y at 

Yield 

(mm) 

𝐹𝑠
𝑢𝑙𝑡 

(kPa) 

𝐹𝑠
𝑦𝑖𝑒𝑙𝑑

 

(kPa) 

s 

(kPa) 

D 

(kN-mm
2
) 

Failure 

Modes 

F1 2.67 179.70 175.70 8.05 61.90 60.52 1856.99 938.16 g 

F2 4.00 241.97 239.75 8.38 83.35 82.58 2500.50 1452.38 g 

F3 4.00 234.41 231.74 7.83 80.75 79.83 2422.36 1310.37 g 

F4 4.45 214.39 213.06 7.77 73.85 73.39 2215.52 1258.42 g 

F5 3.56 201.05 196.60 8.61 69.25 67.72 2077.62 1066.64 g 

F6 4.45 216.17 215.28 8.11 74.46 74.16 2233.90 1189.91 g 

F7 4.89 209.06 207.72 7.47 72.01 71.55 2160.36 1240.44 g 

F8 4.00 244.64 244.20 8.33 84.27 84.12 2528.08 1329.12 g 

F9 4.89 214.84 214.84 8.76 74.00 74.00 2220.11 1083.86 g 

F10 3.11 392.76 374.08 12.56 135.29 128.86 4058.72 2010.95 g 

Average 4.00 234.90 231.30 8.59 80.91 79.67 2427.42 1288.02  

St. dev.  58.78 54.09 1.45 20.25 18.63 607.46 293.95  

 

Table 4.31 (c): Three-point bending test results of BioMid cellulose fiber textile 

reinforced bioresin infused then cured sandwich specimens 

BioMid 

Cellulose 

Fiber 

Samples # 

Initial 

Load 

(N) 

Pmax 

(N) 

Pyield 

(N) 

y at 

Yield 

(mm) 

𝐹𝑠
𝑢𝑙𝑡 

(kPa) 

𝐹𝑠
𝑦𝑖𝑒𝑙𝑑

 

(kPa) 

s 

(kPa) 

D 

(kN-mm
2
) 

Failure 

Modes 

B1 3.11 215.28 200.60 10.46 74.16 69.10 2224.71 862.96 g 

B2 4.00 226.40 225.51 9.01 77.99 77.68 2339.62 900.55 g 

B3 3.56 213.06 212.17 7.14 73.39 73.08 2201.73 1346.57 g 

B4 3.11 233.96 233.96 10.55 80.59 80.59 2417.76 1015.56 g 

B5 4.00 192.60 192.60 8.87 66.34 66.34 1990.29 1075.01 g 

B6 4.89 182.37 181.92 7.89 62.82 62.67 1884.57 1197.25 g 

B7 4.89 160.13 160.13 10.35 55.16 55.16 1654.74 931.84 g 

B8 3.11 209.95 208.17 11.48 72.32 71.71 2169.55 845.94 g 

B9 3.56 216.17 216.17 8.26 74.46 74.46 2233.90 1315.02 g 

B10 4.45 214.39 213.95 7.47 73.85 73.70 2215.52 1376.05 g 

Average 3.87 206.43 204.52 9.15 71.11 70.45 2133.24 1086.67  

St. dev.  22.02 21.71 1.49 7.59 7.48 227.56 207.49  
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 Core shear yield stress and ultimate strength represent the stresses above which 

permanent deformation and failure occur in the core due to shearing, respectively.  From 

Tables 4.31(a-c) and Figure 4.49(a-b), yield stress and ultimate strength for the specimens 

with flax skins are the highest among the three reinforcements, while cellulose is slightly 

higher than jute for both properties. Clearly, mycelium favors the flax (as previously 

observed) and creates a stronger branching network and interfacial bonds.  Comparing 

to previous studies on sandwich structures without resin infused and cured, the difference 

between three reinforcements are no longer that remarkable, indicating the resin has 

narrowed the performance gaps between them. There may be some differences in the 

binding strength between bioresin and these three different reinforcements; however, the 

detailed mechanisms are not studied here due to limited time and will be included in the 

future work section. However, the interfacial adhesion properties could be changed 

through methods such as FT-IR/ATR or oxygen plasma. Standard deviations for both 

properties are relatively large for jute and flax specimens, ranging from 23-27% of the 

mean, and much lower for the cellulose at around 11% of the mean. The most common 

failure mode observed during experiments is core tensile failure (Figure 4.49d), involving 

the lower skin subjected to tension.  Only one jute interlaminar shear failure was 

observed for all specimens.  Maximum facing stress, although reported in Tables 

4.31(a-c) and Figure 4.49c, is not particularly important in this case, since there were no 

skin tensile or compressive failures observed. 

Flexural stiffness, D, for a sandwich panel per ASTM D7250 requires measurement 

of the facing skin’s elastic modulus.  This modulus is not easily measured, especially for 

the lightly bonded jute and cellulose specimens.  Hence, an effective flexural modulus 

for the sandwich panels, calculated, was determined for each type of reinforcement skin 

so relative comparison of panel stiffness between specimens could be made. As reported 

in Tables 4.31(a-c) and shown in Figure 4.50, D values for all three reinforcements were 
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relatively close, ranging from 1086.67-1288.02 kN-mm
2
, suggesting that stiffness is 

dominated by the core material in this case. Jute clearly had the largest variation in 

modulus with a standard deviation that is 70.8% of the mean. 
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(c)  

Figure 4.49: Comparison of (a) core shear ultimate strength, (b) core shear yield stress, and (c) 

facing strength for composite beams reinforced with the three different textile skins 

 

Figure 4.50: Comparison of flexural stiffness for composite beams reinforced with the 

three different textile skins 

 

4.6.3 Mechanical Property Comparison between Specimens with and without Bioresins 

 All four calculated mechanical properties (core shear ultimate stress, core shear yield 

stress, maximum facing stress, and effective flexural modulus) for the specimens with or 
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without cured bioresin are compared in Table 4.32. Core shear ultimate and yield stresses 

of bioresin infused parts increased to 3-5.5 times and 2-4 times those of the non-infused 

ones, respectively, while facing ultimate stresses increased to 1.5-2.5 times, and flexural 

stiffness increased to 4-6.5 times original values. Apparently, all mechanical properties 

are significantly strengthened by the resin and the increased differences really depend on 

the compositions and the curing quality of the resin. For those sandwiched structures with 

bioresin, core tensile failure was the most common failure mode, indicating that the 

mycelium-bound core is the weakest part of the entire structure, so this is the area that 

improvements (higher core density, stronger binding material, longer growth periods, etc.) 

will be needed when a larger load is to be applied to the material. 

 

Table 4.32: Mechanical property comparison of bioresin non-infused and infused 

specimens 

Mechanical 

Properties 

Biotex Jute Biotex Flax BioMid Cellulose 

non-infused infused non-infused infused non-infused infused 

𝐹𝑠
𝑢𝑙𝑡 (kPa) 11.93 65.96 27.32 80.91 14.99 71.11 

𝐹𝑠
𝑢𝑙𝑡 (kPa) 16.51 64.80 34.48 79.57 20.31 70.45 

σs (MPa) 0.762 1.979 1.499 2.427 0.926 2.133 

Ef (MPa) 4.654 27.344 4.650 30.438 6.567 25.680 

 

4.7 Chapter Summary 

 In this chapter, the manufacturing concept developed in the previous chapter is 

further studied and modeled. Using commercially available flax, jute and cellulose 

textiles that are designed for biocomposite applications, cutting tests (Step 1) indicate that 

the number of uncut threads (the authors’ chosen measure of cutting effectiveness) 

decreased as more layers are cut simultaneously with a steel rule die and clicker press.  

Obviously, this is advantageous for reducing process cycle time.   

 An analytical model for non-Newtonian fluids (starch-based natural glue) is 

developed to study the penetration process and to predict the penetration depth during 
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roller infusing natural glue (Step 2) on fabric woven reinforcements (e.g. Biotex Jute). 

Both the penetration due to the pressure applied by the clamping force on the two rollers 

and the penetration caused by the infusing fluid flowing on the roller surfaces are 

analyzed. The model is able to show a match in predicted results with the data obtained in 

prototype tests. A comparison between the modeled and experimental values, followed by 

an ANOVA analysis reveals the optimal manufacturing parameters for this manufacturing 

step. The fluctuations in data from validation tests are caused by many reasons but can be 

eliminated by introducing a scale factor to achieve high accuracy in penetration 

predictions. The penetrated depth of roller infusions using starch-based natural glue onto 

the currently used woven Biotex Jute reinforcement in mycelium-based sandwich 

structured biocomposites can be predicted using this model. 

 Natural woven textile (jute or flax) reinforced preforms for mushroom 

mycelium-based biocomposite sandwich structures (Step 3) are studied in this chapter. 

Three-point bending tests are performed on 4-ply dry samples made with process 

variables changed and the test data is analyzed statistically using ANOVA in order to find 

the optimal process parameter combination. 4-ply specimens are then made using the 

optimized process found followed by creep tests in an environmental chamber that 

mimics the real mycelium growth environment in a growth bag. The maximum flexural 

stress of these specimens are calculated and used for 2- and 6-ply specimens made later 

for the same tests. For the optimal manufacturing parameter search, drying temperature 

seems to have an inversed effect on the jute and flax material, with positive effects on 

jute but negative effect on flax; both materials have a positive response to an increased 

drying pressure and the optimal drying time for both materials is 90 seconds, which is a 

moderate drying period. For the creep tests, preforms perform better if the applied load is 

distributed evenly but not concentrated. The more plies the preform has, the smaller 

deformation there will be when a load that will result in the same stress in the beam is 

applied. Also, preforms made with small numbers of plies (e.g. 1 or 2) should be avoided 
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in real manufacturing process and if small number of plies has to be used, concentrated 

loads should be avoid when the parts are being used. For matched mold forming, filling 

and growth experiments, a heat transfer analysis is performed for the matched mold to 

determine if the 90 sec drying time is appropriate. Jute and flax grown products made by 

the optimal manufacturing method are observed and compared to each other through 

quality evaluation.  

Brick-shaped sandwich panel specimens consistent with geometry standards in 

ASTM C393 and D7250 were chosen. A two-piece growth mold set with an enclosed 

cavity for the brick specimen and respiration holes to facilitate fungal growth was 

designed and thermoformed out of heavy gauge plastic. Following a sterilization step, 

molds are filled with the various core, reinforcement and mycelium binder materials and 

allowed to grow together over a five day period in high humidity and room temperature 

conditions (steps 4, 5). Fully grown bricks are first thermally pressed to help set overall 

brick dimensions followed by a lengthy convection drying cycle in a conventional 

thermal oven to completely inactivate the mycelium and bring moisture in the core down 

to acceptable levels (Step 6).   

The resin infusion behavior (Step 7) was studied by using a rheological analog, i.e. 

corn syrup dyed brown to enhance visualization, which has a close viscosity to the real 

resin. The permanent mold was built based on the preliminary study results obtained from 

the temporary see-through mold made from acrylic plates. Resin infused then cured 

sandwich parts were made and then trimmed to the right size for three-point bending tests. 

Comparison of mechanical properties of sandwich parts with or without resin show that 

strength and yield stress are highly dependent on the degree if growth within and between 

the core and skin materials.  In this case, flax was clearly favored by the mycelium 

resulting in a 2× increase in strength.  Effective flexural modulus of non-resin infused 

parts and flexural stiffness of resin infused parts between all three skin materials are quite 

similar, suggesting that it is dominated by the core properties.  Finally, it is possible to 
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increase stiffness and strength of mycelium-based biocomposite beam panels by 

strategically choosing reinforcements favored by the type of fungus and prolonging the 

growth phase.  However, the latter suggestion also increases process cycle time as 

reported in [13] and [89]. 



 
 

150 

Chapter 5 - Manufacturing System Modeling & Optimization 

 

 A manufacturing cost model is built to include all labor, material and overhead costs 

for mushroom mycelium-based products being manufactured at the collaborator, 

Ecovative Design, LLC, and a spreadsheet-based tool is also created to calculate the 

equivalent uniform annual costs (UAC) of all manufacturing facilities. A simulation 

model of the manufacturing line is then implemented based on all these costs as well as 

system parameters experimentally measured from real manufacturing operations. A Tabu 

search method is utilized to search for the best manufacturing configuration including 

optimal numbers of machines and workers for each manufacturing step under both the 

current and projected production situations. The optimal solution can be used by the 

spreadsheet tool to calculate the net cost of each manufactured part. Therefore, the 

product retail price can be properly determined. 

 

5.1 Cost Modeling of the Manufacturing Process 

5.1.1 Manufacturing Cost Theory 

 The overall cost of a manufacturing system can be classified into individual costs for 

(1) material, (2) direct labor, (3) overhead and (4) capital expenditures. The ‘material cost’ 

is the cost for all raw materials used to make the product that here includes the fabric 

reinforcements, natural glue, and myceliated substrate filler. The ‘direct labor cost’ is the 

sum of salaries and benefits paid to the workers who operate the equipment to produce 

products. Finally, ‘overhead costs’ are all of the other expenses associated with running 

the manufacturing system.  

One of the major contributions to capital expenditures is the cost for using the 

manufacturing equipment. The machine annual cost is the initial cost of the machine 

apportioned over the life of the asset at the appropriate rate of return used by the firm 

[90]: 
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UAC = IC(A/P, i, n)                        (5.1) 

where UAC is the equivalent uniform annual cost per machine ($/yr); IC is the initial cost 

of the machine ($); and (A/P, i, n) = i(1+i)
n
/((1+i)

n
-1) is the capital recovery factor that 

converts initial cost at Year 0 into a series of equivalent uniform annual year-end values, 

where i is the annual interest rate and n is the number of years in the service life of the 

equipment [90]. Assuming the annual production capacity of the factory or production 

line is Q and there are S machines in each step, the unit cost (UC) per product for each 

step is: 

UC = 
𝑈𝐴𝐶∙𝑆

𝑄
                            (5.2) 

 The total cost rate for the machine is the sum of labor and machine costs, which can 

be expressed as [90]: 

CO = CM(1+FOHRM) + CL(1+FOHRL)               (5.3)
 

 

where CO is the hourly rate to operate the machine ($/hr), CM is the machine hourly rate 

($/hr), FOHRM is the factory overhead rate for machine, CL is the direct labor wage rate 

($/hr) and FOHRL is the factory overhead rate for labor. However, for the situation 

investigated in this thesis, i.e. workers are not assigned to a specific machine; any idle 

workers who are not working at the moment can be asked to operate any machines for 

any manufacturing step. So the labor cost should not be calculated for each step, but 

rather for the entire manufacturing process. The total yearly cost (TYC, $/yr) for the 

manufacturing line is: 

TYC = ∑ (𝑈𝐴𝐶𝑚𝑎𝑐ℎ𝑖𝑛𝑒 ∙ 𝑆 + 𝑈𝐴𝐶𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙)(1 +  𝐹𝑂𝐻𝑅𝑀)𝑎𝑙𝑙 𝑠𝑡𝑒𝑝𝑠 + 𝐶𝐿(1 + 𝐹𝑂𝐻𝑅𝐿)𝑇  

(5.4) 

where 𝑈𝐴𝐶𝑚𝑎𝑐ℎ𝑖𝑛𝑒 is the unit annual cost for machines; 𝑈𝐴𝐶𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 is the unit annual 

cost for raw materials; T is the annual working hours (about 50 weeks/year × 40 hrs/week 

= 2,000 hours). The product unit cost (PUC, $/product), which can be used to determine 
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the appropriate retail price of the product, is:  

PUC = ∑ (𝑈𝐶𝑚𝑎𝑐ℎ𝑖𝑛𝑒 + 𝑈𝐶𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙)(1 +  𝐹𝑂𝐻𝑅𝑀)𝑎𝑙𝑙 𝑠𝑡𝑒𝑝𝑠 + 𝐶𝐿(1 + 𝐹𝑂𝐻𝑅𝐿)𝑇/𝑄  

(5.5) 

or PUC = TYC/Q. 

 

5.1.2 Cost Modeling of the Biocomposite Products Manufacturing 

 As there are seven manufacturing steps for the entire manufacturing process, the 

Excel worksheet based on the cost theory covered in the previous section is created, 

where all the facilities needed for each manufacturing step are included so the user can 

input the corresponding initial cost they found for each facility and the UAC’s and PUC’s 

can be calculated directly, as well as the PUC’s with overhead expenses. For the labor 

costs, the labor rate and the number of workers needed can be input, so the labor cost 

with and without overhead can be calculated. Other costs include raw material costs such 

as the cost for the fabric reinforcements and the cost for the natural glue, however, these 

costs are estimated based on unit part and are added to the PUC’s directly before the 

overhead rate is applied. The product cost is the sum of the unit equipment and material 

cost and the unit labor cost. The inputs that need to be determined through simulations 

are the numbers of machines in each manufacturing step, the annual production capacity 

of the manufacturing line and the number of operating workers.  

 

5.1.3 Simulation Model Creation in Arena Software 

Arena® Simulation software
 
[91] for discrete event simulation is used for the 

manufacturing simulation process. The exact manufacturing process is simulated (Figure 

5.1) and each processing step is described in detail below. Entities representing a single 

ply of fabric reinforcement are being processed through the system. Two plies of 

reinforcements are used for each finished product similar to what is happening in the real 

system. The number displayed above each manufacturing step is the current batch size of 
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the entities. A limited number (10 times) of trial tests are performed on the prototypes to 

find out their working cycle time. 

 The normal working shift at the industrial collaborator is 8 hours per day, assuming 

an 8 am to 4 pm, with 250 working days in a single year. This working schedule applies 

to all facilities except for the walk-in dryer which can be operated 24 hours per day 

continuously. The first step generates raw material entities (representing the fabric 

reinforcements to be cut) based on a schedule that is similar to the real operation, which 

is 6 entities arrival per minute from 8am to 4pm. This schedule is determined by the fact 

that the raw material is always in stock and is in unlimited quantity for the manufacturing 

line to use. These raw entities are first grouped into batches of size 6 because the next 

process step—the fabric cutting station—is able to cut up to 6 plies for each cycle. The 

processing time required for the cutting station is approximated by a triangular 

distribution with min, max, and mode as 25, 35, and 30 seconds, respectively (denoted by 

Tri(25, 35, 30) seconds). 

 The batched entities are split after processing. The scrap rate for this step is 5%, so 

only 95% of the entities successfully proceed to the “glue infusion” step, where only two 

plies of reinforcements are infused with natural glue. This is followed by the “drying and 

forming” step, where the glue infused reinforcements are dried and formed by 

temperature-controlled matched molds. The processing time required at the glue infusion 

station is estimated to be Tri(60, 120, 90) seconds, while the drying and forming process 

needs Tri(2.5, 3.5, 3) minutes. The “mycelium regrind filling” process can take care of up 

to 8 parts simultaneously, so entities are again batched before they are processed. It takes 

Tri(15, 60, 30) seconds to fill all 8 parts. 

The next step in the manufacturing process is the 8-day long “mycelium growth” 

period: 4 days for growth and 4 days for pod (remove preforms from the growth tray and 

let the part grow freely in the growth bag). Twenty five production racks can be fit in the 

growth chamber at a time, each holding 240 parts, and are grown together. As such, the 
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entities are again batched with a batching size of 750 before they enter the growth 

process. The “mycelium deactivation” step then dries parts within 1~1.5 days using 

walk-in dryers that each holding up to 12 racks, each rack containing 360 parts. Then, 

these batches are separated and restored to the original status of 2 plies for each single 

part. The final step of the manufacturing process is the “resin infusion & curing station,” 

where each part is infused with bioresin then cured in place, which takes Tri(9, 11, 10) 

minutes. The number of finished products is then recorded and statistics are collected. 

Note that the scrap rates at each station are 5%, 5%, 5%, 2%, 2%, 2% and 5%, 

respectively; therefore, only 76.66% of the raw materials will end up with the final 

products.  

To better mimic the real manufacturing process where machine failures are 

unavoidable, the model incorporates machine failure with failure rates estimated from the 

real system. These failure rates for each of the seven manufacturing steps are, 

respectively, 5%, 10%, 5%, 5%, 2%, 2% and 5%. Here, the failure rates for the automatic 

fillers, growth step and walk-in dryers are directly obtained from the collaborator’s 

statistic data and the rest are estimated from built prototypes. All detailed manufacturing 

information for each manufacturing step is listed in Table 5.1.  
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Figure 5.1: Flow chart of the manufacturing process used by Arena software (numbers 

indicating batch sizes of each step) 

 

Table 5.1: Detailed manufacturing information for each step 

 
Process time (from tests 

ran on prototypes) 

Scrap rate (from 

collaborator) 

Failure rate (from 

collaborator) 

Cutting Tri(25, 35, 30) sec 5% 5% 

Glue Infusion Tri(60, 120, 90) sec 5% 10% 

Dry/forming Tri(2.5, 3.5, 3) min 5% 5% 

Substrate filling 
Tri(15, 60, 30) sec (from 

collaborator) 
2% 5% 

Mycelium growth 
8 days (from 

collaborator) 
2% 2% 

Mycelium 

deactivation 

1~1.5 days (from 

collaborator) 
2% 2% 

Resin 

infusion/curing 
Tri(9, 11, 10) min 5% 5% 
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5.2. Optimization Algorithm and Sensitivity Analysis 

 Based on the processing times of machines used for each step, manually match all 

machines so the utility rates for all machines are as high as possible. The maximum 

number of machines can be up to 161, and the number of workers needed could range 

from 1 to 238, a complete enumeration would require 161
7× 

238 search iterations, which 

is computationally intractable. Therefore, the Tabu search method [92] is used to 

efficiently find a near optimal solution. 

 

5.2.1 Optimization Algorithm 

 The main idea of this algorithm is as follows: At each iteration, a range consisting of 

3 consecutive integers (called “sliding window”) is used for each manufacturing step and 

the optimal solution is found using an optimization package, OptQuest (provided by 

Arena), based on these 7 sliding windows. After an optimal solution is found, these 

windows are slid either to left or right, or kept based on how the current optimal solution 

differs from the previous one (see details in Figure 5.2 and discussion below). The 

optimization search stops when all the windows are unchanged in two iterations. 

 To start the optimization process, the numbers of machines and workers in each 

process step in the simulation model are set to be variables, which can be altered during 

the optimization process. The first scenario is the potential configuration of the current 

system by augmenting it to manufacture the product (i.e., the benchmark or basic 

scenario). In this basic scenario, the number of industrial clicker presses, glue infusers, 

heated forming presses, regrind fillers, growth chambers, walk-in dryers and resin 

infusers are 3, 24, 48, 1, 31, 7, and 160 respectively according to their own processing 

time obtained from experiments performed on the prototypes (see Table 5.2). (Note that 

in the original data, there were some machines that worked in part-time; their 

contributions have been aggregated and rounded to the nearest integer for simplicity.) 

Here, it is also assumed that the workers know how to operate all the machines in the 
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manufacturing process and that they can work at any processing step when needed. 

Initially, each machine is operated by one worker except Steps 5 and 6, which only one 

worker for both steps because they do not require a consistent assistance. As a result, the 

initial number of workers is set to 238. 

 The replication length is set to 250 days, with a warm up period of 10 days. Each 

scenario is repeated 5 times (more replications such as 10 and 15 have been tested and no 

significant differences were found). In the basic scenario, the average system output is 

254,924.5 ± 21,339.18 parts, with a 95% confidence interval or CI (same below), and 

with these numbers, the detailed overall cost can be computed using the created Excel 

worksheet. The unit material, labor, and product costs are, respectively, $8.12, $44.94, 

and $53.06 in this case. However, these results are far from optimal, and the current 

system needs to be optimized.  

 

Table 5.2: Optimized values for the basic scenario 

Variables Optimized Values within Range  

NIC 3 

NGI 24 

NHS 48 

NRF 1 

NGC 31 

NWD 7 

NRI 160 

NW 238 

 

 All the variables can be conveniently imported to “OptQuest for Arena”, a plug-in of 

the Arena software for simulation optimization processes. For simplification purposes, 

the following acronyms are used in this section:  

 

PUP: Product unit price 

NIC: Number of industrial clickers and cutting dies 
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NGI: Number of glue infuser and rollers 

NHS: Number of heated forming presses 

NRF: Number of regrind fillers 

NGC: Number of growth chambers 

NWD: Number of walk-in dryers 

NRI: Number of resin infusers 

NW: Number of workers 

CIC: Industrial clicker and cutting die unit cost 

CGI: Glue infuser and roller unit cost 

CHS: Heated stamp unit cost 

CRF: Regrind filler unit cost 

CGC: Growth chamber unit cost 

CWD: Walk-in dryer unit cost 

CRI: Resin infuser unit cost 

CW: Worker unit cost 

 

The optimization objective is to maximize the gross profits that the collaborator can 

achieve in a single year, which can be expressed as the following:  

 

Q * PUP - CIC * NIC - CGI * NGI - CHS * NHS - CRF * NRF - CGC * NGC - CWD * NWD - CRI * 

NRI - CW * NW                                                        (5.5) 

 

where the product unit price can be any selling price ($55 in this case) and all costs are 

constants calculated from the Excel worksheet. For the basic scenario, the maximum 

gross profit from the first simulation search is $6,410,156.  

The optimization search algorithm is outlined in Figure 5.2. The initial Suggested 

Values (SV) are determined by the work cycle times of one machine in each working step, 
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and the Lower Bound (LB) is set as SV – 1, while the Upper Bound (UB) is set as SV + 1. 

The algorithm works by shifting the search window at each iteration to improve the 

objective function and stops when no improvement can be made. There are four shifting 

rules: for each variable i = 1,..,8: (1) if the local optimal value equals the suggested value, 

then keep the current search window; (2) if the local optimal value equals the lower 

bound, then left shift the search window for 2 integers so that the new upper bound 

equals the previous lower bound; (3) if the local optimal value equals the upper bound, 

then right shift the search window for 2 integers so that the new lower bound equals the 

previous upper bound; and (4) if the local optimal value equals either the previous upper 

or lower bound, then right or left shift the search window for 1 integer so that the 

suggested value equals to the previous upper or lower bound. The algorithm stops when 

all search windows remain unchanged. The search windows for all variables at the first 

iteration are listed in Table 5.3.  
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Figure 5.2: Flow chart of optimization search algorithm 

 

Table 5.3: Search windows for all variables, 1
st
 search 

Variables Lower Bounds Suggested Values Upper Bounds 

NIC 2 3 4 

NGI 23 24 25 

NHS 47 48 49 

NRF 1 1 2 

NGC 30 31 32 

NWD 6 7 8 

NRI 159 160 161 

NW 237 238 239 

 

 If a retail price of $55 per product is assumed, the maximum gross profit from the 

first simulation search is $7,202,492, and the best numbers of machines for each step 

within the given range are shown in Table 5.4. The average product output for this 

configuration is 259,781.5 ± 19,219.94 (3σ) products per year, and therefore the gross 

profit per unit produced is $27.73 ± 2.05.  

 

Table 5.4: Local optimal values, 1
st
 search 

Variables Optimized Values within Range  

NIC 3 

NGI 25 

NHS 49 

NRF 1 

NGC 30 

NWD 6 

NRI 161 

NW 238 

 

 The search windows in the second iteration are determined based on the results from 

the first one (see Table 5.5). These values are determined based on the local optimal 

solution in Iteration 1. For example: for NIC, as the local optimal value is 3, which is 
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equal to the suggested value, the search window remains. For NGI, because the local 

optimal value 25 is equal to the upper bound, the new search window is right shifted to 

the upper bound value, so the new lower bound is equal to the previous upper bound 25. 

Variable NGC is the case where the search window is left shifted.  

 

Table 5.5: Search windows for all variables, 2
nd

 search 

Variables Lower Bounds Suggested Values Upper Bounds 

NIC 2 3 4 

NGI 25 26 27 

NHS 49 50 51 

NRF 1 1 2 

NGC 28 29 30 

NWD 4 5 6 

NRI 161 162 163 

NW 237 238 239 

 

 The maximum profit found in the second search iteration is $7,234,382, and the 

numbers of machines for each step within the search range are shown in Table 5.6. The 

average product output for this configuration is 254,068.9 ± 26,815.17 products per year, 

and therefore the gross profit per unit produced is $28.47 ± 3.00. Here variable NGI is 

updated using Rule #4 of the optimization search algorithm. 

 

Table 5.6: Local optimal values, 2
nd

 search 

Variables Optimized Values within Range  

NIC 3 

NGI 25 

NHS 49 

NRF 1 

NGC 28 

NWD 4 

NRI 161 

NW 238 
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 Similarly, the variable ranges of the third searching process are determined based on 

the results from the second one, and they are listed in Table 5.7. The maximum profit 

from the third search iteration process is $7,260,218, and the best numbers of machines 

for each step within the given range are shown in Table 5.8. The average production 

output for this configuration is 259,182.5 ± 16,737.13 products per year, and therefore the 

gross profit per unit produced is $28.01 ± 1.81. 

 

Table 5.7: Search windows for all variables, 3
rd

 search 

Variables Lower Bounds Suggested Values Upper Bounds 

NIC 2 3 4 

NGI 24 25 26 

NHS 48 49 50 

NRF 1 1 2 

NGC 26 27 28 

NWD 2 3 4 

NRI 160 161 162 

NW 237 238 239 

 

Table 5.8: Local optimal values, 3
rd

 search 

Variables Optimized Values within Range  

NIC 3 

NGI 25 

NHS 49 

NRF 1 

NGC 26 

NWD 3 

NRI 161 

NW 238 

 

 This searching process continued until the local optimal solution is found. Each 

search iteration either increases or maintains the gross profit. After 14 search iterations, 

the maximum profit is found to be $7,903,207, and the best numbers of machines are 

shown in Table 5.9. The average product output for this configuration is 264,705.3 ± 
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16,490.06 products per year, and therefore the gross profit per unit produced is $29.86 ± 

3.00. The unit material, labor, and product costs for the solution are $8.05, $41.10, and 

$49.15, respectively. 

 

Table 5.9: Local optimal values, after the 14
th

 search 

Variables Optimized Values within Range  

NIC 10 

NGI 27 

NHS 37 

NRF 2 

NGC 4 

NWD 1 

NRI 160 

NW 226 

 

5.2.2 Sensitivity Analysis 

 To examine the robustness of the solution, a sensitivity analysis is carried out. As the 

mean processing time can be more or less in the real system, the objective of the 

sensitivity analysis is to evaluate how sensitive the optimal solution is to small changes in 

the processing time, for example, a 5% increase or decrease. The raw material arriving 

rate is unchanged. Optimal values found in the previous section are put back to the 

updated model to see whether the result will change.  

 The first perturbed case is to increase the processing times of all machines by a 5%. 

This causes all machines in the system to become slightly less efficient than the original 

case. The maximum profit is found to be $8,005,401 and the best numbers of machines 

are shown in Table 5.10. The average product output for this configuration is 252,737.0 ± 

42,559.98 products per year. The unit material, labor, and product costs for the solution 

are $8.11, $42.86, and $50.97, respectively.  

 

Table 5.10: Local optimal values, +5% processing time 
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Variables Optimized Values within Range  

NIC 10 

NGI 27 

NHS 38 

NRF 2 

NGC 4 

NWD 1 

NRI 160 

NW 225 

 

 On the other hand, the second perturbed case decreases the processing times of all 

machines by 5%. All machines in the system are therefore a bit more efficient than the 

original case. The maximum profit in this case is $7,972,740 and the best numbers of 

machines are shown in Table 5.11. The average product output for this configuration is 

261,832.8 ± 16,236.25 products per year. The unit material, labor, and product costs for 

the solution are $7.93, $41.55, and $49.48, respectively. 

 

Table 5.11: Local optimal values, -5% processing time 

Variables Optimized Values within Range  

NIC 10 

NGI 26 

NHS 37 

NRF 1 

NGC 4 

NWD 1 

NRI 159 

NW 226 

 

 Figure 5.3 shows the optimal solutions of the three cases: -5%, original, and +5%. It 

can be seen that the optimal solution is not too sensitive to the changes in the processing 

times, because the optimal solutions of the two perturbed cases (+5% and -5%) are close 

in magnitude to that of the original case. Table 5.12 lists the maximum profits, average 

outputs, and unit product values for all three cases. 
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 Two observations can be made from this sensitivity analysis. First, the +5% case 

(slower machines) gives a higher profit than the original case at a lower production 

output. That is, slowing down the machines actually can increase the profit. This 

phenomenon can be explained as follows: When the machines are less efficient, fewer 

workers are needed for the line; and the reduction in the human labor cost can be higher 

than the reduction in production profit due to fewer products being produced. As such, 

the overall profit increases.  

However, such as a “slower-machines-yield-higher-profit” phenomenon is not 

always true as shown in the second observation. This second observation is that having 

faster machines (-5% case) may also increase the profit. As seen in Table 5.12, the -5% 

case yields a slightly higher profit than that of the original case. The production outputs 

of the two cases are actually quite close if one compares their confidence intervals.  

The percentages of changes of the profit and output are also given in the table. All 

change percentages are around 1% (relatively insensitive compared to the 5% change in 

the processing times) except the changes in the output when decreasing the processing 

times (i.e., +5% case), which is about 4.74% — similar to the percentage of decrease in 

the processing times.  

In summary, the optimal profit is insensitive to either faster or slower machines, but 

the production output is more sensitive to slower machines than it is to faster machines. 

Finally, the unit product costs of the “-5%” and “original” cases are relatively close while 

the “+5%” case has a higher UPC due to its low production output.  
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Figure 5.3: Sensitivity analysis result comparison for all variables 

 

Table 5.12: Final output comparison from sensitivity analysis 

 
-5% Processing 

Time Case 
Original Case 

+5% Processing 

Time Case 

Max Profit $7,972,740.00 $7,903,207.00 $8,005,401.00 

% of Profit Change 

Compared to Original 

Case 

+0.88% n/a* +1.28% 

Avg. Output 
261,832.8 ± 

16,236.25 

264,705.3 ± 

16,490.06 

252,737.0 ± 

42,559.98 

% of Output Change 

Compared to Original 

Case 

-1.09% n/a -4.74% 

UPC $49.48 $49.15 $50.97 

% of UPC Change 

Compared to Original 

Case 

-0.67% n/a -3.57% 

*n/a = not applicable 

 

5.2.3 Discussion and Extensions 

 It can be seen from the simulation process that when the local maximum gross profit 
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of the manufacturing line is realized, the annual output is also the highest value among 

the optimization process, and the unit product cost also achieved its minimum. However, 

this may not always be the case as the gross profit is not a strictly increasing function of 

the product output (see e.g., Table 5.12), which is common in the real industrial world as 

manufacturers can produce fewer products as long as they can be sold out at a higher 

price. Through the optimization process, the unit cost of the product has been reduced by 

a certain amount ($53.06 in the base scenario vs. $49.15 after the 14
th

 search), which is 

again not always the case as the lowest product cost does not indicate the highest overall 

profit.  

A sensitivity analysis on the machine processing times at ±5% levels was performed 

to validate the model and check if the result obtained in the original case is robust. 

Results from the sensitivity analysis indicate that the number of machines in the system 

and workers to hire are robust. The profit, yearly output, and unit product cost are all 

relatively robust with respect to changes in the processing times. 

This simulation and optimization approach can be easily extended to different target 

functions to find optimal configurations with the lowest product cost, which can in turn 

reduce the retail price for people who need the product. Also, any required annual output 

could be easily achieved by scaling the system up or down under that fact that resource 

matching ratios within the system is to result in the highest profit possible, while utility 

rates for all machines are to be further studied.  

 

5.3 Chapter Summary 

 A novel manufacturing process for producing sandwich-structured biocomposites 

made from agriculture waste and mushroom mycelium based core and natural fabric 

reinforcements are developed with physical prototypes designed and built for 

manufacturing parameters measuring purposes. A computer model for simulating the 

entire manufacturing process of outdoor sandal soles using mycelium-based 
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biocomposites was then created. The Tabu search method was used to optimize the 

manufacturing configuration by searching for the best numbers of machines in each 

manufacturing step and the most economical numbers of workers to hire. Compared to a 

complete enumeration method, this optimization search algorithm is able to find a near 

optimal solution quickly, which maximizes the yearly annual of the company. A 

sensitivity analysis was performed and showed that the solution found is relatively robust 

to changes in machine processing times. This method can be easily extended to other 

target functions to minimize minimized product unit cost. The retail price of the products 

can therefore be determined based on these results. The demonstrated simulation and 

optimization search method described in this chapter provides an example of optimizing 

configurations and maximizing profit (or minimizing cost) for companies by showing 

how to scientifically arrange existing manufacturing resources for cost minimization and 

efficiency maximization, which are both key factors in modern industrial manufacturing. 
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Chapter 6 - Conclusions & Future Work 

 

6.1 Conclusions 

 A novel manufacturing method for producing mycelium-based biocomposite 

sandwich structures is developed in this thesis research as one possible “green” solution 

or replacement for traditional non-biodegradable synthetic composite materials. Physical 

prototypes were designed and built and the first generation products were produced for 

mechanical property tests. The manufacturing approach proposed for this purpose is 

comprised of the following seven steps:  

Step 1 – Cut natural woven or mat reinforcement to required ply shape. 

Step 2 – Impregnate one or more reinforcement plies comprising the skin with a 

natural glue that is compatible (i.e. food) for the mycelium binder and stack these 

into a flat laminate skin. 

Step 3 – Form, set and sterilize the flat laminate into an ‘integral mold.’ The integral 

mold forms a semi-rigid tool shape out of the formed laminate that can be easily 

filled with colonized agricultural waste (agri-waste) that will grow into and 

incorporate the laminate skin.  This step replaces the dedicated plastic molds used 

by Ecovative for composite packaging as well as minimizing the number of 

manufacturing steps. 

Step 4 – Pre-grow mycelium/substrate in solid shape, macerate (without killing 

fungus) into ‘regrind,’ and store in a refrigerator to arrest further colonization. Cast 

the room-temperature regrind (constituting starting form of core material) into 

lower integral mold, and cap with upper integral mold. 

Step 5 – Allow the mycelium to bind together and grow into all core material and 

reinforcement plies under the right conditions (colonization) to form a completely 

unitized sandwich part or preform. Preforms are three-dimensional structures 
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constructed from dry reinforcement yarns, tows and fabrics for use in composite 

resin infusion processes. 

Step 6 – Dry preform/part while controlling part geometry to drive out excess 

moisture and inactivate (kill) the fungus. 

Step 7 – If needed for enhanced strength and stiffness, infuse the reinforcement 

skins (not core material) with natural resin and cure. 

The author’s hypothesis is proven since answers to all fundamental research questions 

have been answered favorably. These questions include:  

1. How are the properties of biocomposite material affected by the constituents, i.e. 

coarse or fine woven reinforcements, different natural glues, core regrinds, etc.? 

 The effect that constituent properties have on biocomposite performance are 

investigated in Sections 3.1 and 4.1-4.6. 

2. What is the optimal method for cutting natural woven and felt reinforcements into 

desired 2D shapes?  

The optimal cutting method is addressed in Sections 3.1 and 4.1. 

3. Can dedicated molds (currently thermoformed plastic trays) be replaced by 

preformed composite skins held together by inexpensive natural glues (called 

integral tooling)?  

The usefulness of preform skins is demonstrated in Sections 3.2 and 4.2, although 

there is some loss of shape fidelity in the biocomposite parts during the growth 

phase. 

4. What is the best way to form, sterilize, and set the shape of natural reinforcement 

flat stacks into integral tools?  

Heated stamping tools are shown to simultaneously form, sterilize and set the 

shape of preform skins in Sections 3.1 and 4.3. 

5. How should integral tools be filled with fungus-inoculated regrind?  

The use of standard industry methods is successfully demonstrated in Sections 3.2 
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and 4.4. 

6. What is the best method to inactivate (kill) live fungus and maintain near net shape 

part shapes at the end of the mycelium growth phase?   

The benefits of conductive drying (help maintain dimensionality) and convective 

drying (inexpensive method to completely dry parts in batch mode) are addressed 

in Sections 3.2 and 4.3-4.5. 

7. What is the optimal method for infusing biocomposite skins with bioresin if 

improved mechanical properties are required?  

Resin Transfer Molding (RTM) is used to infuse the sandwich structure skins with 

bioresin, as described in Sections 3.3 and 4.6. 

8. What analytical models are needed by manufacturing engineers to design 

manufacturable mycelium-based biocomposite parts and the associated 

manufacturing processes and system for high-volume production? 

A resin infusion model is developed and validated in Section 4.2 while a 

manufacturing system model is demonstrated for production optimization in 

Chapter 5. 

 

In addition to addressing all research questions, this thesis research provides detailed 

literature search for a better and deeper understanding of the current situation of different 

biocomposite materials, the advantages of these materials compared to traditional 

synthetic composites, as well as disadvantages. Computational modeling work such as 

the natural glue penetration model for natural glue infusion, FEA modeling of the 

finished sandwich structure, as well as the system modeling and optimization of the entire 

manufacturing process are also included. However, this study is still not complete, since 

it provides one possible solution to solve the environmental problems caused by 

traditional composites; manufacturing processes can be further improved, new methods 

and technologies may also be overlooked or appear from time to time. What can be 
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learned from the study is that the optimal manufacturing parameters can be found through 

test runs using prototypes and all products produced showed favorable properties 

comparing to their competitors, and can therefore be considered usable.  

 Future work of this thesis study will include finishing the pending job mentioned in 

Section 4.6.2.3 for the FEA modeling of the sandwich structure, as well as the design and 

building for the 2
nd

 generation prototypes, which should be scaled up to the real 

manufacturing size for further investigations. This will be one more step closer to the 

industrial manufacturing setup and mass production.  

 

6.2 Pending Work 

 The measurement of the elastic E modulus using facial strip tensile methods per 

ASTM D3039/D3039M-14 standard (Figure 6.1) is still going on in Prof. Bucinell’s lab 

at Union College. Once all tests are finished, the E modulus can be easily calculated. The 

E and G moduli will then be input to a three-point bending model built in Abaqus (Figure 

6.2) and the mechanical properties of the beam can then be modeled using FEA method.  

 

(a)  (b)  

Figure 6.1: Tensile tests (a) with strain gauge measuring specimen’s strain, (b) failed 

specimen using strips cut from facial materials 
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Figure 6.2: Three-point bending model built using Abaqus software 
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Appendices (include hardware design details, raw data, etc.) 

Appendix A: Heat Transfer Calculations for the Male and Female Dies 

Male Mold:  

qin = qcond + qrad + qconv + qabs  

 

Assuming well insulated, ignore conduction heat losses.  

 

qrad = hrA(Ts – Tsur) 

hr = εσ(Ts + Tsur)( Ts
2
 + Tsur

2
) 

  = 0.85•5.670•10
-8

Wm
-2

K
-4

(411K+293K)(411
2
K

2
+293

2
K

2
) 

  = 8.644 Wm
-2

K
-1 

qrad = hrA(Ts – Tsur) 

   = 8.644•(0.025534+0.016298+0.02478866+0.01225804)(411-293) = 80.46W 

 

qconv = hAs(Ts-T∞) 

From Table A4 

Air: Tf = 400K, k = 33.8×10
-3

W/m•K, v = 26.4×10
-6

 m
-2

 

Α = 38.3×10
-6

m
2
/s, Pr= 0.690, β=1/Tf = 0.0025K

-1
 

Ral = 
𝑔𝛽(𝑇𝑠−𝑇∞)𝐿3

𝑣𝛼
 = 2.8592×10

9
L

3
 

For vertical surface 1, 

RaL1 = 2.8592×10
9 
• 0.0127

3 
= 5856.74 

�̅�UL1 = 0.825 + 
0.387 𝑅𝑎𝐿1

1/6

(1+(
0.492

Pr
)9/16)8/27

 = 4.8374 

ℎ1̅̅ ̅ = 
𝑁𝑈𝐿1 𝑘

𝐿1
 = 

4.837 ×33.8 ×10−3

0.034
 = 12.8743 

For surface 3, 

RaL3 = 2.8592 × 109 × 0.034
3
 = 112378
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�̅�UL2 = 9.448 

ℎ3̅̅ ̅ =  
𝑁𝑈𝐿3 𝑘

𝐿3
 = 

9.448 ×33.8 ×10−3

0.034
 = 9.39 

For horizontal surfaces 2 & 4, 

RaL2 = 2.8592 ×109 × 0.3302
3
 = 1.029 ×108 

�̅�UL2 = 0.15𝑅𝑎𝐿2
1/3

= 0.15 × (1.029 × 10
9
)

1/3
 = 151.44 

ℎ2̅̅ ̅ =  
𝑁𝑈𝐿2 𝑘

𝐿2
 = 

151.44 ×33.8 ×10−3

0.3302
 =15.50 

RaL4 = 2.8592 × 109 × 0.295
3
 = 7.34 ×107 

�̅�UL4 = 0.15𝑅𝑎𝐿3
1/3

= 0.15 × (7.34 × 10
7
)

1/3
 = 62.80 

ℎ4̅̅ ̅ = 
𝑁𝑈𝐿4 𝑘

𝐿4
 = 

62.80 × 33.8 ×10−3

0.295
 = 7.196 

qconv = (ℎ1̅̅ ̅𝐴1 + ℎ2̅̅ ̅A2 + ℎ3̅̅ ̅A3 + ℎ4̅̅ ̅A4)(Ts - T∞) 

  = (12.8743 × 0.01225804 + 15.50 × 0.02478866 + 9.39 × 0.01629835 + 7.196 × 

0.025534)(411-293) 

  = 103.7W 

 

qabs = ρCp

𝛥𝑇/2

𝛥𝑡
 𝑉 = 2770 × 875 × 

411−293

2 × 60 × 30
 ×  (0.3302 × 0.1524 × 0.0127 + 0.025534 ×

0.034) = 119.74W (heat the die to desired temperature in 30 min) 

 

For male mold: qin = qrad + qconv + qabs = 80.46W + 103.7W + 119.74W = 303.9W 

 

Female Mold: assuming well insulated, ignore conduction heat losses.  

qrad = hrA(Ts – Tsur) 

hr = 8.644 Wm
-2

K
-1

  

qrad = hrA(Ts – Tsur) 

   = 8.644•[0.3515 × 0.1653 + 0.71 × 0.034 + (0.3515 + 0.1653) × 0.0508 × 2](411-293) = 

137.44W 



186 
 

 

 

qconv = hAs(Ts-T∞) 

Ral = 
𝑔𝛽(𝑇𝑠−𝑇∞)𝐿3

𝑣𝛼
 = 2.8592×10

9
L

3
 

For vertical surface 1, 

RaL1 = 2.8592×10
9 
• 0.0508

3 
= 374831.1 

�̅�UL1 = 0.825 + 
0.387 𝑅𝑎𝐿1

1/6

(1+(
0.492

Pr
)9/16)8/27

 = 12.77 

ℎ1̅̅ ̅ = 
𝑁𝑈𝐿1 𝑘

𝐿1
 = 

12.77 ×33.8 ×10−3

0.0508
 = 8.498 

For surface 3: 

RaL3 = 2.8592 × 109 × 0.034
3
 = 112378 

�̅�UL2 = 9.448 

ℎ3̅̅ ̅ =  
𝑁𝑈𝐿3 𝑘

𝐿3
 = 

9.448 ×33.8 ×10−3

0.034
 = 9.39 

For horizontal surfaces 2 & 4: 

RaL2 = 2.8592 × 109 × 0.3515
3
 = 1.24 ×108 

�̅�UL2 = 0.15𝑅𝑎𝐿2
1/3

= 0.15 × (1.24 × 10
8
)

1/3
 = 74.8 

ℎ2̅̅ ̅ =  
𝑁𝑈𝐿2 𝑘

𝐿2
 = 

74.8 ×33.8 ×10−3

0.3515
 = 7.19 

RaL4 = 2.8592 × 109 × 0.295
3
 = 7.34 ×107 

�̅�UL4 = 0.15 𝑅𝑎𝐿4
1/3

= 0.15 × (7.34 × 10
7
)

1/3
 = 62.80 

ℎ4̅̅ ̅ = 
𝑁𝑈𝐿4 𝑘

𝐿4
 = 

62.80 ×33.8 ×10−3

0.295
 = 7.196 

qconv = (ℎ1̅̅ ̅𝐴1 + ℎ2̅̅ ̅A2 + ℎ3̅̅ ̅A3 + ℎ4̅̅ ̅A4)(Ts - T∞) 

  = [8.498 × (0.3515 + 0.1653) × 0.0508 × 2 + 7.19 × (0.3515 × 0.1653 - 0.295 × 0.115) + 

9.39 × 0.71 × 0.034 + 7.196 × 0.295 × 0.115](411-293) 

  = 128.72W 

 

qabs = ρCp

𝛥𝑇/2

𝛥𝑡
 𝑉  = 2770 × 875 × 

411−293

2 × 60 ×30
 ×  (0.3515 × 0.0508 × 0.1653 − 0.295 ×
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0.115 × 0.034) = 142.86W (heat the die to desired temperature in 30 min) 

 

For female mold: qin = qrad + qconv + qabs = 137.44W + 128.72W + 142.86W = 409.02W 
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Appendix B: GPC G242 Industrial Corn Starch Product Data 

 

DESCRIPTION  

G242 is an industrial starch, partially pregelatinized, from native yellow dent corn. 

 

TYPICAL ANALYSIS 

Moisture 11% 

pH 6 

 

TYPICAL PROPERTIES 

Color   White 

Form   Granular Powder 

Bulk Density, lb/cu ft 

 Loose      33 

 Packed     40 

Solubility at room  60 

 Temperature (% db) 

 

DISTRIBUTION AND PACKAGING 

Regional Bulk Distribution Centers  

Flexible Packaging  

 Bag rail/truck  

 50-lb bags  

 Bulk bags  

 Pallet options  

Stretch wrapping 
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FDA STATUS 

 G242 industrial corn starch may be safely used as a component of the uncoated or coated 

food-contact surface of paper and paperboard intended for use with aqueous and fatty foods (21 

CFR 176.170) and with dry foods (21 CFR 176.180). 

 

PROPOSITION 65 

 Grain Processing Corporation does not knowingly add any chemicals to G242 listed by the 

State of California on Proposition 65. 

 

SAFETY 

 Safety and health information is listed on the material safety data sheet for this starch. 


