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Plastic pollution poses concerns for the health of people, 
land and marine species, and the larger ecosystem. There are 
many causes for plastic pollution, some of which involves poor 
management of plastic waste, lack of incentive to sort plastic waste, 
and recycled plastic being unclaimed which leads to it being landfilled 
or incinerated. Furthermore, plastic waste is projected to increase in 
many parts of the world while landfill and incineration are becoming 
less viable due to their increasing environmental impact and the 
limitted land space. The goal of thesis project is to continually reuse 
and recycle post-consumer plastic in a way that does not reduce its 
material value or its economical value while providing meaningful 

services to society.

To develop a solution that can accomplish this goal, the issues, 
existing solutions, emerging technologies, and policies were 
documented. These were further investigated by comparing different 
waste management options, deriving advantages and disadvantages 
of different methods of using recycled plastic, and measuring the 
plastic system against Nature's Unifying Patterns and Cradle to 
Cradle. Through this investigation, the possible places in the plastic 
sytem in which an improvement to existing solution or new solutions 
can occur, called the leverage points, were identified. These possible 
solutions were organized and developed into a final solution known 
as the Skeleton-Skin Modules (SSM). The Biomimicry Design 
Lens was used to develop the SSM product. The SSM product was 

evaluated using Life Cycle Assessment.

The SSM product showed large environmental savings when 
compared to the waste management options and other products. 
Due to the design  of reusability and disassembleability, the SSM 

product showed further environmental and economical savings.

Abstract
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Sustainability 
Challenge

Plastics have become an integral part of human 
life. Plastics can be made to be water resistant, heat 
resistant, mechanical stress resistant, recyclable, 
chemical resistant, environmental degradation 
resistant, and durable. Plastics are used in many 
industries including, but not limited to, the 
medical, electrical, electronic, transportation, and 
construction.

Despite their properties and applications, some 
plastic products after being discarded can be harmful 
to humans, wildlife, and the environment. After 
entering the environment, discarded plastics can 
break down into smaller pieces called microplastics, 
and nanoplastics.1 Birds,2 whales,3 clams,4 fish,5 and 
planktons6 are a few among many species that have 
injested plastics, resulting in some species suffering 
from starvation. Plants are found to uptake plastics 
through their roots.7 Plastics have also made their way 
into drinking water8 and human organs9. Even though 
the scale of the impact is unknown, more plastics 
existing in the environment can lead to more plastics 
accumulating inside the body of living organisms, 
likely with detrimental health implications.

The lack of circular 
lifecycles of post-
consumer plastics 

has led to the 
accumuation of 
plastics on land, 

water, and air.

Problem 
Statement

IMPACT OF DISCARDED PLASTICS

AN INTEGRAL PART OF LIFE
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A look at the plastic recycling system reveals some insights into how 
post-consumer plastics are used. The chart below shows how plastic 
waste has been managed in the US and Japan. Note that even  though 
some plastic products remain in use for a long time, all plastic 
products will eventually become waste.

Plastic Waste Management

US
(2018)

Japan 
(2019)

75.7 %75.7 %

15.8 %15.8 %

8.5 %8.5 %

16 %16 %

56 %56 %

23 %23 %

4 %4 %

Incineration / LandfillIncineration / Landfill

Thermal RecyclingThermal Recycling

Feedstock RecyclingFeedstock Recycling

Mechanical RecyclingMechanical Recycling

Data Source: EPA of USAData Source: EPA of USA17  
and PWMI of Japanand PWMI of Japan18

In summary, the US reutilized 24.3% of its generated plastic while 
Japan recycled 84% of its generated plastic. While the recycling 
achievement of Japan differs greatly from that of the US, an 
understanding of the different recycling methods, their relative 
energy input, benefits, and limitations can paint a more complete 
picture.

Global Plastic ProductionGlobal Plastic Production1919  The figure on the left shows the global 
plastic production since 1950 and the projected global plastic 
production to 2040. At the current rate of increase, plastic production 
in the next ten years will be approximately that of the past 20 years 
and plastic production in the next 20 years will be approximately 
that of the past 70 years.

There are a few unsolved problems that affect the recycling rate of 
plastic, four of which are:

• Materials need to be accurately sorted for recovery.
• The quality (or material properties) of plastics is reduced  

during mechanical recycling.
• Recycling requires high energy input.
• Recycling increases atmospheric CO2.

Here are a few examples of emerging technologies that are attempting 
to solve the problems listed above:

• The Cortex Robot by AMP Robotics offers high-speed 
sorting using optical sensors to sort plastic by types and 
manufacturers.10

• Poly(diketoenamine) or PDK by Lawrence Berkeley National 
Laboratory in Berkeley, California. This type of plastic 
“will remain just as strong and valuable after each time it is 
recycled, unlike traditional plastic”.11

• Zeus Inc offers a novel depolymerization process of polylactic 
acid (PLA) using low-temperature, low-pressure reactions 
with alcohol or water.12

• LIMEX by TBM Japan is manufactured from limestone 
and can be an alternative for some types of paper and 
plastic. LIMEX plastic is made of 60% limestone and 40% 
polypropylene (PP). TBM is working on reducing the amount 
of PP to 20%.

New policies are implemented around the world to resolve plastic 
waste issues. Here are some examples:

• Plastic bag charge in Japan13 
• Mandatory reporting utilisation of single-use plastics in 

China14

• Trash to be sorted by citizens in Shanghai15

• The European Union plans to ban single-use plastic items 
such as straws, forks, knives and cotton buds by 2021.16 

EMERGING TECHNOLOGIES

POLICIES IN RESPONSE TO MORE WASTE
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Idea for a Sustainable Solution

Despite the many problems that discarded plastics pose, the thesis 
project addresses post-consumer plastics not as a waste but as a 
resource. There are existing and emerging solutions that make use 
of recycled plastics. Recycled plastics are used in composites with 
wood, mortar, or concrete to manufacture furniture, road, schools, 
houses, fences, floor tiles, wood plank, and other plastic products. 
Converting recycled plastics to monomers and fuels are becoming 
increasingly common.

Tackling plastic pollution requires many actions to be taken. Plastic 
waste must be removed from the environment. It must be possible 
to manufacture products from recycled plastic materials. Post-
consumer plastics must be efficiently sorted. New waste reduction 
policies must be enforced. Alternatives to plastic materials must 
be created. Most importantly, post-consumer plastics must be 
prevented from enterning the environment. Recognizing the 
policies being implemented and the fast growing problem of waste, 
the author recognizes that the ideal solution should be realized with 
not only a more sustainable product but also a more sustainable 
culture where the perception of waste does not exist.

EXISTING SOLUTIONS

AN UNTAKEN DIRECTIONThe thesis project aims 
to create long-term uses 
for a selective group of 
post-consumer plastics 
in which the economical 

value and material 
quality of plastics can be 

retained.

Thesis Statement

 20

 21

 22

 23

Mortar, concrete,
plastic composites24

 25

26 
 27

A new solution will have to account for the shortcomings of the 
plastic recycling system. It will need to ensure that post-consumer 
plastics, unclaimed recycled plastics, and plastics that are recollected 
from beach cleanup or from the environment have subsequent 
lifecycles other than a few reuses, incineration, and landfill. The new 
solution must create a permanent home for post-consumer plastics, 
increasing instead of decreasing their value over time, and utilize the 
emerging technologies when they become available.

OVERVIEW OF A NEW SOLUTION
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Plastic System Diagram

Extraction

Manufacture
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Water 
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Food supply
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Collection

Once reaching the oceans, plstics break down into smaller pieces of plastic via a combination of sunlight or ocean waves. 
Many marine species mistake the plastic pieces for food. Those that ingest a large quantity of plastic die of starvation.

Petroleum plastics are produced from naphtha which is 
extracted from crude oil. Crude oil has other derivatives such 

as kerosene and fuel which are used for other purposes.

Bioplastics are produced from renewable sources such as corn, 
sugarcane, and organic waste. Polyhydroxyalkanoates (PHA) 
and polylactic acid (PLA) are two main types of bioplastic.

Ghost nets

Collection

Fish and clams, a food 
source for human 

society, are among the 
marine species that 

ingested plastic waste.

Plastics are used in many industry such as 
transportations, electronics, plumbing, and packaging. 

Plastic waste 
is discarded 

into lands and 
rivers and is 
ingested by 

land species.Plastic waste is 
reclaimed and used to 
make new products.

Reclaimed plastics are 
converted to monomers 

or fuel.

Plants are negatively 
affected by plastic particles 

that are in the soil.

At the end of their 
life cycle, plastics 
are incinerated, 

often to generate 
electricity, to 

generate heat, or to 
recover metals.

Discharged plastic waste such as fish 
nets is recollected at seas or on beaches. 
Ghost nets are fishing nets that are lost 

during fishing.

Microplastic particles 
are found in drinking 
water supply around 

the world.

The plastic system is interconnected with many systems.The plastic system is interconnected with many systems.
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FOCUSING ON CIRCULARITY
The new design solutons can be made available to and The new design solutons can be made available to and 
be easily adopted by new and/or existing businesses.be easily adopted by new and/or existing businesses.
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Food SystemFood System
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SystemSystem
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AtmosphereAtmosphere

Unmet NeedsUnmet Needs

FOCUSING ON 
THE ECOSYSTEM

Waste Waste 
CollectionCollection

FOCUSING ON SERVICE
Finding long lasting uses for post-consumer plastic is key Finding long lasting uses for post-consumer plastic is key 
to tackling plastic pollution. The Service Circle is where to tackling plastic pollution. The Service Circle is where 
plastic provides services to human society. The perception plastic provides services to human society. The perception 
of plastic changes from a useful product to waste occurs of plastic changes from a useful product to waste occurs 
at the boundary of the Service Circle.at the boundary of the Service Circle.

Strategic Approach
and

Potential Impact

FOCUSING ON THE COMMUNITIES
Instead of being sent to incinceration or landfill, post-consumer Instead of being sent to incinceration or landfill, post-consumer 
plastics can fulfill some unmet needs in society.  There are likely more plastics can fulfill some unmet needs in society.  There are likely more 
people that live inside the Service Circle than the other parts of the people that live inside the Service Circle than the other parts of the 
system combined. The final solution will utilize the available human system combined. The final solution will utilize the available human 
capital to generate wealth and opportunities.capital to generate wealth and opportunities.

Keeping plastic in the Service Circle means that plastic is less Keeping plastic in the Service Circle means that plastic is less 
likely to reach its end of life at an incinerator or a landfill. The likely to reach its end of life at an incinerator or a landfill. The 
Service Circle becomes a storage of post-consumer plastics.Service Circle becomes a storage of post-consumer plastics.

Keeping plastic in the Service Circle means that Keeping plastic in the Service Circle means that 
plastic is less likely to enter  the food system, the plastic is less likely to enter  the food system, the 
marine ecosystem, the terrestrial ecosystem, the marine ecosystem, the terrestrial ecosystem, the 
water system,  and the atmosphere.water system,  and the atmosphere.

Planning for long-term uses of plastics can keep post-Planning for long-term uses of plastics can keep post-
consumer plastic in the Service Circle where it provides consumer plastic in the Service Circle where it provides 
beneficial services to the human society.beneficial services to the human society.

Reduce plastic waste from entering Reduce plastic waste from entering 
or reentering the environment.or reentering the environment.

Mitigate the negative contribution Mitigate the negative contribution 
of plastic waste to the already of plastic waste to the already 

collapsing ecosystem.collapsing ecosystem.
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Scope
and

Professional Goals

Service CircleService Circle

Unmet NeedsUnmet Needs

Waste Waste 
CollectionCollection

ENGINEERING
The author hopes to become a better engineer 
using sustainability concepts, tools, and practices. 
The author hopes to become more effective at 
utilizing tools such as system thinking, visual 
communication, and creative leadership to tackle 

the challenges in engineering.

BIOMIMICRY PRACTITIONER
The author hopes to become a lifelong nature’s apprentice. The 
author hopes to learn to apply Life's Principles and the biomimicry 

design process to solve a wider range of problems.

SUSTAINABILITY PRACTITIONER
The author hopes to incorporate sustainability practices not only 
in the work place but also in everyday life. The author recognizes 
that a sustainable communitity cannot be created without its 

citizens adopting sustainable lifestyles. 

 The main objective of the thesis project  is to create 
a product, a service, or a business that that can 

mitigate the impact of plastic waste in the present and in 
the future. The product, serivce, or business will be built 
on the constraints derived from the analysis.

 The context surrounding plastic waste is analyzed 
using sustainability tools. Contraints and criteria 

of the supposed final solution will be derived. Leverage 
points are identified. The details of the sustainability 
framework and tools will be discussed in the Execution 
section.

 As part of the project outcome, the thesis project will 
illustrate the design of the final product or service.

IN SCOPE

OUT OF SCOPE

If the outcome is a product, the thesis project will 
not cover specific materials that are best suited to 

manufacture the final product, prototyping or testing of 
the final product. The circular economy business plans for 
the final product is out of scope. All out of scope items are 
addressed in the Next Steps section.

EDUCATION
The author hopes to communicate problems and 
solutions more effectively. The author understands 
that the problems of today require a collaboration 
of people from diverse backgrounds. Education 
serves the purpose of preparing more people 
especially the next generations for the challenges 

to come.PROFESSIONAL 
GOALS
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EXECUTIONEXECUTION

• • Create a design brief containing impacts, criteria, and constraints.Create a design brief containing impacts, criteria, and constraints.
• • Design a product/service meeting the requirements in the design brief.Design a product/service meeting the requirements in the design brief.
• • Provide preliminary evaluation of the product or service.Provide preliminary evaluation of the product or service.

Project Objectives
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The Natural Step provided the four system conditions to evaluate a product. The research 
done on plastic waste has suggested that the waste management system and recycling 
system themselves do not meet the four system conditions, which means that changing 
the products within the system alone is unlikely to be sufficient. This led the author to 
use another approach.

Proposed Process

Awareness

THE NATURAL STEP

Biomimicry
Design Process

System Mapping

System Mapping

Business Model
Canvas

TNS Four System 
Conditions

Living
Principle

Cradle to Cradle

Nature’s Unifying 
Patterns

TNS's 4 System
Conditions

Envision how the SSM works in the 
recycling system.

Map the flow of plastic in the existing 
recycling system.

Evaluate the recycling system. Document 
passes and failures.

Evaluate existing products. Analyze 
limitations.

Explore nature's principles for how 
materials are cycled in the natural world.

Explore and emulate structures in nature 
for optimal strength.

Explore needs that can be fulfilled with 
the SSM.

Reevaluate the recycling system. 
Document passes and failures.

Identify possible businesses. Perform 
feasibility analysis.

SUSTAINABILITY 
FRAMEWORK

SUSTAINABILITY 
TOOLS

OBJECTIVES

Baseline Assessment

Creative Solutions

Devise a Plan

THE NATURAL STEP28 
Overview
"The Natural Step provides a clear and simple definition of sustainability for everyone. 
This creates a shared language so that we may work together for effective and desirable 
change.  When combined with well-tested processes and tools to facilitate action we can 
more quickly achieve true sustainability together."

Four System Conditions
"In a sustainable society, nature is not subject to systematically increasing…
1. ...concentrations of substances from the earth’s crust
2. ...concentrations of substances produced by society
3. ...degradation by physical means
4. And in that society there are no structural obstacles to people’s health, influence, 

competence, impartiality and meaning."

ABCD Process
A. Define what sustainability means for society.
B. Identify critical issues with gap analysis.
C. Innovate to close the gaps.
D. Derive short term, mid term, and long term solutions.

FROM PROPOSED PROCESS TO ACTUAL PROCESS
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Actual Process
SUSTAINABILITY 
FRAMEWORK

SUSTAINABILITY 
TOOLS

OBJECTIVES

System Thinking & 
Nature's Unifying Patterns

BIOMIMICRY DESIGN LENS

Analyze the context surrounding 
plastic waste. Derive constraints.

Identify related nature's functions.

Capture related nature's strategies.

Study discovered nature's strategies.

Generate solution ideas based on 
discovered and abstrated strategies.

Expand on promising ideas from the 
brainstorm list.

Identify (steps 1-3)

Discover (1)-(2)-(3)

Measure

Abstract  (1)-(2)-(3)

Life Cycle AssessmentCalculate environmental savings. 
Compare SSM to an existing product.

Life's PrinciplesEvaluate the final product against 
Life's Principles.

Cradle to CradleExplore design practices. Derive 
design criteria.

Life's PrinciplesDerive new opportunities using 
nature as a guidance.

Leverage PointsIdentify areas for new opportunities. 
Create a design brief.

Define (steps 1-6)

BIOMIMICRY DESIGN LENS29 
The Biomimicry Design Lens "provides 
context to where, how, what, and why 
biomimicry fits into the process of any 
discipline or any scale of design". There are 
four areas in the design process: scoping, 
discovering, creating, and evaluating. 

SYSTEM THINKING31 
"System thinking is a way of thinking 
that gives us the freedom of identifying 
root causes of problems and see new 
opportunities." It helps us "manage, 
adapt, and see the wide range of choices". 

1. Transcending paradigms
2. Paradigms (mind-set)
3. Goals (purpose or function) 
4. Self-organization (add, change, or evolve)
5. Rules (incentives, punishments, constraints)
6. Information flows (accessibility of 

information)
7. Reinforcing feedback loops (amplifying)
8. Balancing feedback loops (correcting)
9. Delays 
10. Stock-and-flow structures
11. Buffers
12. Numbers (constants and parameters)

"LCA is a technique for assessing the environmental 
aspects associated with a product over its life cycle."

CRADLE TO CRADLE30 
"Everything can be designed to be disassembled 
and safely returned to the soil as biological 
nutrients, or re-utilized as high quality materials 
for new products as technical nutrients without 
contamination." 

Ten most essential lessons from nature:
1. Nature uses only the energy it needs and 

relies on freely available energy.
2. Nature recycles all materials.
3. Nature is resilient to disturbances.
4. Nature tends to optimize rather than 

maximize.
5. Nature provides mutual benefits.
6. Nature runs on information.
7. Nature uses chemistry and materials that 

are safe for living beings.
8. Nature builds using abundant resources, 

incorporating rare resources only 
sparingly.

9. Nature is locally attuned and responsive.
10. Nature uses shape to determine 

functionality.

LEVERAGE POINTS32

Emulate

Brainstorm

Integrate (Skipped. Covered in Define step.) Life's Principles

The eight design steps are definedefine context, identifyidentify 
function, integrateintegrate Life's Principles, discoverdiscover 
natural models, abstractabstract biological strategies, 
brainstormbrainstorm bio-inspired ideas, emulateemulate design 
principles, and measuremeasure using Life's Principles.

Biomimicry Taxonomy

NATURE'S UNIFYING PATTERNS33

LIFE CYCLE ASSESSMENT34 
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DEFINE.DEFINE.  The impact, criteria, constraints, and leverage points are determined.35

Step 1.Step 1. The problem that needs solving is stated below.

Step 2.Step 2. The problem is framed as a design question.

How might we 
make recycled 
plastic useable 

for many 
applications?

Step 3.Step 3. The impact that the design needs to have is stated below.

The economical value of 
post-consumer plastics 

are maintained.

All recycled plastics are 
continually reusable or 

recycleable.

How might we use 
recycled plastic in a 
way that does not 

deteriorate the quality 
of plastic?

Most plastics are 
landfilled or incinerated 

(with or without 
energy recovery).

Recycled plastics are 
not being sourced due 

to a deteriorating 
quality issue.

Unclaimed 
recycled 

plastics are 
landfilled.

Plastic loses value 
each time it is 
mechanically 

recycled.

Feedstock 
recycling and 
pyrolysis are 
expensive.

There are economical 
and environmental costs 
associated with landfills 

and incineration.

Current and 
future plastic 
pollution is 
mitigated.

How might we 
stop plastics 

from going into 
landfills?

Biomimicry Design Lens

Communities are equipped with  
affordable DIY equipment and 

infrastructure to respond to the 
increasing amount of waste.

Further landfilling 
and incineration 
are prevented or 

significantly reduced.
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Step 4.Step 4. Write the context and constraints facing the problem.

The methods of recycling are compared based on four critiera: whether plastics can 
be retained, whether the quality of plastics can be retained, emission level, and cost.

The scoring includes the following:
  Satisfactory 
  Partially satisfactory
  Non-satisfactory

Mechanical recycling is a ‘low emission and low cost’ option in which 
plastics can be melted and molded into different products; however, 
some quality is lost during each ‘melting and molding’ process.

COMPARING WASTE MANAGEMENT OPTIONS

Methods
Criteria

Mechanical 
Recycling

Feedstock 
Recycling

Thermal 
Recycling

Incineration / 
Landfill

Retention of material    

Retaintion of material quality    

Emission rate (low to high)    

Relative cost (low to high)    

Incineration and landfill likely cost the least among all options, 
however as a result, materials and feedstocks are lost.

Plastics are broken down into their basic chemicals allowing the 
production of new plastics whose quality is comparable to virgin 
plastics. This method requires higher energy input and cost. 

Thermal recycling is incineration with energy recovery.

Avoid. Prevent materials from entering and divert materials away from landfills and the environment.

Cost of operation, equipment, and energy, plus fees.

Emission of CO2 and toxin plus any other 
environmental impact during operation.

Plastic materials are not lost or converted. 
New additives are not required. 

Plastic materials are converted into their basic chemicals. 
The basic chemicals are used to make new plastic 
materials whose quality is comparable to virgin plastic. 
The process will also require new additives.

Only use when mechanical recycling is obsolete.

First choice among the four options. Repeat multiple times.

Avoid. Only use when feedstock recycling is obsolete.
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petrochemical 
materialsnaphtha plastic 

products

sortreuse

MR

FR

TR

raw
materials

plastic 
waste

energy, heat, fuel

LegendLegend    materials, products, byproducts
   processes

TR    thermal recyclingTR    thermal recycling
FR    feedstock recyclingFR    feedstock recycling
MRMR  mechanical recycling

APPLYING CRADLE TO  CRADLE CONCEPT

As shown in the comparison of waste management options, expanding 
mechanical recycling and feedstock recycling can help keep plastics in 
circulation hence reducing raw materials input. 

The advantage that mechanical recycling 
has over reusing is that mechanical 
recycling allows plastic products to take 
become different shapes and sizes.

In order to do mechanical recycling, 
plastic products that are larger in size 
require larger shredder hence higher 
energy input.

Reusing plastic products do not require 
plastic to be shredded, melted, and 
molded hence is more energy efficient 
than mechanical recycling.

The advantage that reusing has over 
mechanical recycling is that the material 
quality of plastic is relatively maintained 
since no high temperature processing is 
involved.

Must be able to reuse plastic 
materials without repeating 
mechanical recycling process.

Mechanical recycling 
should be used mostly to 
repair a product instead of 
manufacturing new products.

The diagram above shows how recycled plastics are 
used in some existing applications. These applications 
have some drawbacks, causing the quality of plastic 
to degrade or making plastic inseparable from its 
composite material.

Limit the number of times 
that recycled plastics undergo 
mechanical recycling.

COMPARING USES OF RECYCLED PLASTICS

post-consumer 
plastics

large-
scale sorting 

facilities

wood-plastic 
composites

concrete-plastic 
composites

mycelium-plastic 
composites

new plastic 
products

Plastic Composites System DiagramPlastic Composites System Diagram Plastic shall be separable from 
its composite.









Recycled plastic is shredded, melted, and molded into 
new plastic products of different shapes, and sizes.
The material quality of plastic decreases over time.

Plastic is grinded and mixed with its composite 
material. Plastic that is used in this in way cannot be 
separated from its composite hence cannot be used 
for other applications. However each composite can 
be recycled to make the same composite.

}

"What is not remaining in cycles ends up as waste." 

}
}

}

The diagram below shows a 
simplified material cycle of 
plastics. Following smaller loops 
means more efficient recycling, 
more effective recycling, lower 
emission rate, and lower cost.

}

}

}
}

Smaller, assemblable products.
Multifunctional.
Suitable for multiple purposes.
Disassemblable.

Must be able to reuse plastic 
materials without repeating 
mechanical recycling process.
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DESIGN BRIEFDESIGN BRIEF

Transcending paradigms

Paradigms

Goals

Self-organization

Rules

Information flows

Reinforcing feedback loops

Balancing feedback loops

Delays

Stock-and-flow structures

Buffers

Numbers

LEVERAGE POINTS

Must mobilize 
communities to sort plastics.

Must mobilize communities 
to prevent litter.

All recycled plastics shall 
be continually reusable.

Reduce the resources in some other 
applications that do not normally use plastics.

IMPACTS
CRITERIA

Plastic shall be separable 
from its composite.

CONSTRAINTS

Prevent or significantly reduce further landfilling and incineration.

Avoid thermal recycling. 
Only use when feedstock 
recycling is obsolete.

Prevent materials from entering or 
reentering landfills and the environment.

Divert waste away from 
landfills and the environment.

Avoid landfill 
and incineration.

Prioritize resusing first. 
Repeat as many times as 
possible.

Prioritize mechanical 
recycling second. Repeat as 
many times as possible.

Prioritize chemical 
recycling third when reusing 
and mechanical recycling are 
obsolete.

Must be able to reuse 
plastic materials without 
repeating mechanical 
recycling.

Mechanical recycling 
is used to repair instead of 
forming new products.

The economical value of post-
consumer plastics shall be preserved.

Generate economic values 
through service to cover the 
cost of chemical recycling.

Transform landfills into storage. Waste as resource.

Create new businesses to keep plastic in circulation.

Link unclaimed recycled plastics with manufacturers.

Link unclaimed recycled plastics with manufacturers.

Require affordable equipment.

Require simple procedure.

Increase the service life of post-consumer plastics.

All impacts, criteria, and constraints are 
captured and organized into the 12 leverage 
points. Additional impacts, criteria, and 
constraints are added if needed.

Require friendly marketplace.
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LIFE'S PRINCIPLES FOR BRAINSTORMING

Leverage cyclic processes
+ Renewable energy
+ Sunlight
+ Solar ovens

Use readily available materials and energy
+ Plastic waste
+ Recycled plastic
+ Organic waste
+ Sunlight
+ Mycelium materials
+ Heat from composting

Break down products into benign constituents
+ Design for minimal treatment between reusing/recycling cycles.
+ Avoid monstrous hybrid.
+ Mycelium materials are 100% compostable.

Build selectively with a small subset
+ Use two materials to make products
+ One material is plastic
+ One material is mycelium-based

Do chemistry in water
+ Use eco-friendly (water-based) paint if needed.
+ Products can be cleaned with water and be ready for the next 
production cycle.
+ Acceptable if the initial production does not use water-based 
chemistry. The subsequent processes (reuse and recycle) must use 
water-based chemistry.

Use low energy processes
+ Increase reusable volume of the final product.
+ Reuse, reassemble, replace, recycle.

Use multi-functional design
+ Products can be disassembled and reassembled into 
different products.
+ Products that can expand during use and contract for 
storage.Recycle all materials

+ Do not grind plastic and mix with its composite.
+ Use unique shapes.
+ Mycelium material is 100% compostable.
+ Able to undergo feedstock reycling and/or pyrolysis.

Fit form into function
+ Modules that can assemble into various shapes.

Self-organize
+ Creative Commons
+ Materials exchange program
+ Take-back program

Build from the bottom-up
+ Simple procedure 
(Precious Plastic, Ecovative)

Combine modular and nested components
+ Lego-like, attachable, detachable.
+ Lego sets.

Replicate strategies that work
+ Refuse, reuse, recycle.
+ Use as few materials as possible.
+ Support existing recycling 
programs and waste cleanup effort.
+ The Carbon Cycle and similar 
cycles: Abundance is created when 
materials are collected, shared, 
stored, and used but never wasted.

Integrate the unexpected
+ Instead of grinding plastic to 
achieve uniform density, make 
'larger plastic pellets'.

Reshuffle information
+ Combine technical and 
biological nutrients. Use the 
best of both worlds.

Incorporate diversity
+ Plastic recycling
+ Consumers
+ Schools
+ Lumber companies

Maintain integrity through self-renewal
+ Long service life.
+ Lego
+ Origami
+ Changeable shapes

Embody resilience through variation, 
redundancy, and decentralization

+ Work with rental and insurance
+ Community-owned equipment
+ Publicly available product blueprint

Use feedback loops
+ Loop's business model.
+ Plastic waste donations.
+ Take-back programs.

Cultivate cooperative 
relationships

+ Precious Plastic
+ Plastic Bank
+ Ecovative
+ Mycoworks 

Step 5.Step 5. Possible solutions are brainstormed or derived.

Life's Principles are used to brainstorm or derive possible solutions to the 
challenges described in the design brief. Other life-friendly solutions and 
technologies that are appropriate to the challenge are captured.
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CRADLE TO CRADLE
The ideas from the brainstorm list from the previous page are organized into Cradle to Cradle framework, 
biosphere  on the left, technosphere on the right, ideas that benefit both at the center. Additional ideas, 
concepts, and technologies that are related to the ideas in the brainstorming list are added. The best 
combination of ideas from the biosphere and the technosphere are used to develop a single product idea 
that best meets the requirement from the design brief. The Cradle to Cradle framework is used as the last 
step because it holds the bottom line for circularity model. In other words, circularity cannot happen if for 
example metal, plastic, and organic waste are mixed and inseparable from each other. Fewer materials are 
a better choice by default.

Dual material system

Avoid monstrous hybrid

Lumber companies

Collaborate with recycling centers

Creative CommonsMaterials exchange program

Take-back program

Simple procedure

Combine technical and biological 
nutrients. Use the best of both worlds.

Use as few materials as possible

Long service life

Products that can "expand" during 
use and "contract" for storage.

Organic waste

Sunlight

Mycelium materials

Heat from composting

Solar ovens Renewable energy

Mycoworks

Ecovative

Make product blueprint publicly available

Sawdust

Wood chips

100% Compostable

Wood
Furniture companies

Industrial compost

Home compost

Minimal energy usage in production

Simple and easy 
disassembly process

Dry leaves

Abundance is created when materials are collected, 
shared, stored, and used but never wasted.

Leaf houses

Bamboo

















Coffee ground




Community-owned equipment

Used for developing product concept & model

Used for developing product model
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Minimal treatment between 
reusing/recycling cycles.

Acceptable if the initial production does 
not use water-based chemistry. The 

subsequent processes (reuse and recycle) 
must use water-based chemistry.

Use eco-friendly (water-based) paint if needed.

Products can be cleaned with water and be ready for the next production cycle.

Schools

Plastic recycling facilities

Instead of grinding plastic to achieve 
uniform density, make 'larger plastic pellets'.

Lego sets

Lego-like, attachable, detachable.

Refuse, reuse, recycle.

Support existing recycling 
programs and waste cleanup effort.

Origami

Changeable shapes

Increase reusable volume of the final product

Reuse, reassemble, replace, recycle.

Do not grind plastic and mix with its composite.

Unique building blocks

Able to undergo feedstock recycling 
and/or pyrolysis. Plastic has to be 

separable from its composite.

Plastic waste

Recycled plastic

Loop's business model

Donations of cleaned plastic
Plastic Bank

Precious Plastic

Rental

Recollected plastic

Can be assembled for use and disassembled for storage

Small number of building blocks

Modular

Not subjected to continuous severe environmental 
factors that degrade the quality of plastic

Smile Plastic

Unclaimed recollected plastic




























Used for developing product concept & model

Product assembly Ideas

Categories of post-consumer plastic Sources of post-consumer plastic

Component Production & Service Ideas

Recollection Ideas

Used for developing product model
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Skin - MyceliumSkin - Mycelium
(biological nutrients)

(compostable in home garden)

Skeleton - PlasticSkeleton - Plastic
(technical nutrient)
(harmful when discarded)
(recoverable, recyclable)
(expensive to make)

Example of a Skeleton-Skin BlockExample of a Skeleton-Skin Block

Example of Skeleton-Skin AssemblyExample of Skeleton-Skin AssemblyModularity ConceptModularity Concept
Depending on a product’s needs, different structures of the 
skeleton can be designed to provide desired strength and 
flexibility. An SSM can take the shape of common objects such 
as bricks, tables, and chairs. The images on the left illustrate the 
concept of the SSM. For example, SSM bricks can be assembled in 
a structure similar to that used with clay brick.

THE SKELETON-SKIN MODULES
The product idea is called the Skeleton-Skin Module (SSM). 
An SSM has two main parts:

• “skeleton”, the core or frame
• “skin”, the cover or exterior

Skeleton Concept Skeleton Concept 
The “skeleton” is made of recycled plastic. Like the skeleton of 
a human body, the “skeleton” provides the main support for the 
product and is recoverable at the end of the product’s service life. 
It can replace the raw material input of the next product.

Skin ConceptSkin Concept
The “skin” is made of a mycelium material that covers the entire 
skeleton such that the skeleton is not exposed to weathering or direct 
sunlight. The skin can be made using technical advances in the 
growing field of bio-fabrication. Together, the skeleton-skin structure 
can be designed to meet strength and flexibility requirements of 
some products.

Modularity FeatureModularity Feature
A modularity feature can be added to the skeleton-skin structure. 
Like the skeleton of a human body, the “skeleton” can be an assembly 
of smaller pieces. The small pieces can be designed with interlocking 
feature or be held together by the “skin” which enables the product 
to be assembled into various shapes and be disassembled. The plastic 
modules can be manufactured with acceptable precision using 
various molding methods or 3D printing.

Material Cycle of the SSMsMaterial Cycle of the SSMs
The diagram  on the right shows how recycled 
plastics are used to make SSMs. The “skeleton” 
is protected from weathering and other 
factors that can degrade its quality hence can 
be reused without remelting and remolding. 
The mycelium is grown from feedstocks such 
as wood dust and coffee ground which can 
be decomposed in a home garden without 
contaminating the soil.

Skeleton-Skin Modules System DiagramSkeleton-Skin Modules System Diagram

sorted, 
recycled 
plastics

mycelium 
feedstock

manufacture 
process

composted, may or may not 
feed the next production cycle

Step 6:Step 6: The design question 
is rewritten.

How might we create 
structurally sound, interlocking, 

composite modules that can 
be assembled and disassembled 

without deteriorating the 
material quality of plastics?

A product concept is derived and illustrated from the solution ideas 
obtained from applying Life's Principles shown on the previous page. 
The product concept combines as many ideas as possible. Not all ideas 
are used. Some ideas might be applicable in the latter stages of the 
product development. 
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Step 3.Step 3. The above functions are translated into biological functions.

How might we create 
a sturdy structure?

How does nature 
physically assemble 

a structure?

The modules together 
have to support some 

amount of weight.

How does nature 
manage shear 

forces?

Step 1.Step 1. The design question is broken down.

Step 2.Step 2. The functions that the design needs to have are identified.

How does nature 
manage tensile 

forces?

How does nature 
manage compressive 

forces?

The modules together 
have to withstand 

some impact.

Modules have to be 
disassembleable or 

disconnected.

The plastic and mycelium have 
to be separable at the end of an 

SSM life cycle.

How does nature 
temporarily 

attach?

How does nature 
permanently 

attach?

How does 
nature prevent 
deformation?

How does nature 
prevent fracture 

or rupture?

These functions obtained 
from the Biomimicry 
Taxonomy are most 

applicable to the current 
problem.

A potential application of the SSM 
is to replace wood, brick, or some 
construction materials, hence an 
SSM is subjected to forces similar 
to that which those construction 

materials can withstand.

Like other construction 
materials, an SSM is subjected 
to continuous weight, hence 

managing compressive forces is 
most applicable.

Source: Types of Mechanical Forces36 

Because of the chosen 
applications of the SSM, 

managing shear forces and 
tensile forces are out of context 
and are not further considered 

at this point.

The functions on the 
Taxonomy that are closest 

to locking or unlocking are 
"temporarily attached" and 
"permanently attach". These 

functions might not be 
applicable to the the design of 
the SSM, but are investigated 

further for possible design 
ideas and strategies.

How might we create 
composites?

How might we create a structure that 
can be assembled and disassembled?

How might we add more functions to 
one  structure or material?

IDENTIFY.IDENTIFY. The essential functions and context of the design solution are addressed and reframed in biological terms.37
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"To protect itself, the snail uses a hard, armor-
like shell with a tri-layered compositiontri-layered composition. 
Each layer has distinct chemical and 
physical properties that enable them to play 
different roles in managing forces from 
predatory attacks." 39

"When the outer layer starts to crack, its 
particular microscopic structure localizes 
the damage as “sacrificial microcracks” 
around the iron sulfide particles. That is, 
many small, manageable cracksmanageable cracks form right 
around the site of impact, instead of one 
large crack that could severely damage the 
whole shell." 39

"The middle layer is a thick, dense layer of dense layer of 
organic material that is pliant in natureorganic material that is pliant in nature, 
meaning it easily deforms. This property 
enables the middle layer to act as a shock shock 
absorberabsorber, relieving the pressure of a crab’s 
grasp and protecting against a poisonous 
snail’s smashing blow." 39

"Any remaining mechanical energy reaches 
the calcified inner layer. It is the last layer of 
defense and if any forces are strong enough 
to impact it, they could permanently 
damage the snail. The inner layer is like a The inner layer is like a 
brick wallbrick wall behind the marshmallow-egg 
shell complex." 39

The physical properties of a 
composite are spread over 
many layers. Each layer is 
made of a unique material 
hence hold unique property.

A material can effectively 
dissipate the energy from a 
impact by allowing for small 
ruptures or small cracks to 
occur. Because the energy is 

largely dissipated in rupturing 
the material, smaller amount of 
energy is translated through the 

rest of the material. This prevents 
further cracks. This strategy 
might point to the brittleness 

property of the material.

Brittleness describes the 
property of a material that 
fractures when subjected 
to stress but has a little 

tendency to deform before 
rupture. Brittle materials 
are characterized by little 
deformation, poor capacity 

to resist impact and vibration 
of load, high compressive 
strength, and low tensile 
strength. Most inorganic 

non-metallic materials are 
brittle materials.38 

}
} ->

}

DISCOVER (1).DISCOVER (1). "The shell of the golden-scale snail protects 
from attack with a specialized tri-layered composition." 39 

ABSTRACT (1).ABSTRACT (1). The essential features and mechanisms 
are studied. The interpretation of the strategies are noted.

Iron-sulfide 
Outer Layer

Dense Pliant 
Middle Layer

Calcified 
Inner Layer

Source 39

Source 39

Different ways energy 
from an impact on a 

material is dissipated in 
the material.

Ring/Oscillate
(Convert into 
other types 
of energies)Deform

Absorb/
Store

Rupture/
BreakConvert into 

kinetic energy

Propagate or spread in 
smaller amounts and in 

scattered directions

->
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“A hexagonal honeycomb is the way 
to fit the most area with the least 
perimeter.” 40

"And space-efficiency isn’t the only 
benefit of building with hexagons. 
Stacked together, hexagons fill spans 
in an offset arrangement with six 
short walls around each “tube,” 
giving structures a high compression 
strength. Beehives also dissipate heat 
well, preventing the waxy structure 
from melting on hot days. Though 
few species of wasps store honey, they 
too build nests using hexagonal cells, 
taking advantage of these same benefits. 
Efficiency, strength, and controlled 
heat loss are all important for human 
structures as well, so it’s no wonder that 
honeycombs inspire human design." 40

"Scientists and engineers have 
incorporated hexagonal designs 
into seemingly endless applications, 
including light-weight building 
materials, flexible panels for bridge 
construction, sound absorption, light 
diffusion, catalyst design, magnetic 
shielding, tissue engineering, and even 
building better surfboards." 40

Hollow hexagonal 
columns can 

withstand a high 
compressive force 
while using a small 

amount (mass 
or volume) of a 

material.

A circle is the way 
to fit most area with 
the least perimeter. 

Hexagons can fit most 
area with the least 

perimeter while being 
stackable or scaleable.

}

}

}

-> The ratio of the enclosed areas of a 
regular triangle, a regular hexagon, and 
a circle whose perimeters are equal is 1 
to 1.5 to 1.65. In this case, the regular 
hexagon has 50% more area than the 

regular triangle and has approximately 
91% of the area of the circle.

---->

->A = 
P2 · cot(π/n)

4n

Parameters of a 
regular polygon:
A: area
P: perimeter
n: # of sides

DISCOVER (2).DISCOVER (2). "Bees and wasps build space-efficient and 
strong nests using hexagonal cells." 40 

ABSTRACT (2).ABSTRACT (2). The essential features and mechanisms 
are studied. The interpretation of the strategies are noted.

Source 41 

Source 40

So
ur

ce
 40
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"Joining together materials with very different properties 
is challenging in nature as well as in manufacturing. When 
different materials are joined, forces can build up at the 
interface that cause failure. This type of failure is called 
“fatigue” and it can occur at lower levels of stress than each 
material could withstand on its own. In engineering, as in 
nature, failure almost always occurs at points of fatigue, 
and not in the bulk material." 42

"One way of reducing the risk of fatigue is to join different 
materials with a transition zone that has a gradient of 
properties from one to the other.  In the rotator cuff (the 
tendon array that attaches the muscles of the shoulder 
to the upper end of the arm) there is a gradient, but it 
is more complex than a simple transition. Starting at the 
collarbone and moving towards the tendon, the tissue is 
softer and more flexible the further away it is from the 
bone. The softening follows a sigmoidal pattern, which 
means the change in flexibility with distance from the 
bone is slow near the bone, and becomes more dramatic 
further away. A similar transition occurs at the tendon 
end of the join. However, instead of becoming more rigid 
like bone, as we might expect for a smooth transition 
from tendon to bone, this tissue also transitions into a 
region that is more pliable. This means that the gradient 
starts with bone, becomes more flexible than either bone 
or tendon in the middle, and then firms up slightly to 
match the properties of tendon. This extra pliable region 
seems to manage the stresses as they arise, preventing 
their build up elsewhere in the joint and reducing injury 
due to fatigue." 42

Joints are used to reduce fatigue 
between two materials that are 
joined together. In this case, the 
tougher material can deliver an 
impact to the softer material. 
The joints act as a cushion to 

alleviate this force.

Even when two of the 
same materials are joined 

together, joints are still used 
to prevent the two materials 
from rubbing against each 
other. This is dependent on 

the application.

Pliable materials can 
act as a shock absorber. }

} ->

->

DISCOVER (3).DISCOVER (3). "The rotator cuff in humans manages 
force via an extra pliable region." 42 

ABSTRACT (3).ABSTRACT (3). The essential features and mechanisms 
are studied. The interpretation of the strategies are noted.

Source 42

Source 42

->

Applicable to moving parts 
or parts that are subjected 

to movement such as 
vibration or impacts.

Including a flexible region between 
two rigid regions can help absorb 
some amount of physical impacts.

->
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• Continuous columns of plastic hexagonal prisms.
• Discontinuous columns are stiffer due to their 

shorter lengths.
• These columns are spaced apart from each other 

but still follow the pattern of the honeycomb. 
• The space in between these columns are filled 

with mycelium matierial.
• The density of the mycelium material can be 

controlled to adjust its toughness property.

• Some other configurations 
can be realized, utilizing other 
shapes.

• These configurations can 
increase the plastic to 
mycelium ratio, hence 
increasing the material that 
can be reused and decreasing 
the material that needs to be 
replaced.

BRAINSTORM.BRAINSTORM. Patterns and relationships are drawn 
from the strategies in the Discover and Abstract steps.

EMULATE.EMULATE. The solution is realized from the key lessons 
and patterns in the Brainstorm list.

Control density of  the 
material to produce 
desired mechanical 

properties.

Metal matrix composites 
(MMCs).43 

Use octagons and squares 
to construct modules, 

increasing the volume ratio 
of plastic to mycelium.

Alternate the 
composition of 
tough and soft 

materials.

Continuous hexagonal prisms Continuous hexagonal prisms 
(cut side view)(cut side view)

Discontinuous hexagonal Discontinuous hexagonal 
prisms (cut side view)prisms (cut side view)

Octagonal and Octagonal and 
square prismssquare prisms

Hexagonal prismsHexagonal prisms
(top view)(top view)

Circular columnsCircular columns
(Lego-like)(Lego-like)

Hexagonal prisms, Hexagonal prisms, 
alternative patternalternative pattern

(top view)(top view)

Cut and rotate 90o along the axis

Alternate 
the different 

types of 
plastic. 

Use snap-in feature 
to connect columns 

or modules (like 
Lego pieces).

Use male-female 
(plug-socket)
configurations.

Compress 
mycelium 
materials.

Alternate 
mycelium 
materials.

Insert, 
twist, 
lock.

Slide-in 
features.

Use thread 
(like screws)

Use mycelium as 
mortar to bind 
plastic frames 

together.

Create roughness on 
the surface plastic 
to help mycelium 
material adhere.

Source 43

Plastic

Mycelium
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LIFE CYCLE ASSESSMENT

MEASURE.MEASURE. The design concepts in the Emulate step are assessed against the Design Brief from the Define step using Life cycle 
assessment and Life's Principles.

The life cycle assessment is done on the SSM 
module below. The materials are chosen only 
for the purpose of doing the LCA.

Thermoplastic:
PET

Mycelium:
wood chips and flour
(volume ratio 57.4 to 1)

SSM Design for EvaluationSSM Design for Evaluation

2 1/4 inch

1 
1 /

2 i
nc

h

Length: 9 1/2 inch

Okala Life Cycle Assessment Worksheet Okala Life Cycle Assessment Worksheet 4545  

Material or ProcessMaterial or Process AmountAmount UnitUnit

Impact Impact 
Factor Factor 
PointsPoints UnitUnit

COCO22 eq.  eq. 
in lbin lb

TotalTotal
IFPIFP

TotalTotal
COCO22 eq. eq.

in lbin lb
Skeleton
     PET, bottle, sec. 0.84 lb. 1.6 /lb. 2.0 1.344 1.68
     Profile extrusion 0.84 lb. 0.35 /lb. 0.63 0.294 0.5292
     US low V. 0.125 kWh 1.1 /kWh 1.8 0.1375 0.225
Skin
     Cellulose fiber 0.25 lb. 0.26 /lb. 0.37 0.065 0.0925
     Corn starch 0.0065 lb. 1.3 /lb. 1.2 0.0085 0.0078
     US low V. 0.040 kWh 1.1 /kWh 1.8 0.044 0.072

Impact per Per Brick:Impact per Per Brick: 1.91.9 2.62.6

Closest to flour.

Closest to 
wood chip.

Extrude into hexagonal beam.

Water bottles.

Mass of Materials CalculationMass of Materials Calculation
Material Density (lb/in3) Mass (lb)
PET 0.049 0.840.84
Wood chip, dry 0.014 0.250.25
Flour, wheat 0.021 0.00650.0065

Energy Calculation: Shred, Melt, and Mold PlasticsEnergy Calculation: Shred, Melt, and Mold Plastics
Equipment44

Parameters
Shredder 

Pro
Extrusion 

Pro Total
Material Output (lb / hr) 110 44 -
Power (kW) 4 5 -
Material Input (lb) 0.84 0.84 -
Operation Time (hr) 0.0076 0.019 -
Electricity Usage (kWh) 0.030 0.095 0.1250.125

Energy Calculation: Bake Mycelium MaterialEnergy Calculation: Bake Mycelium Material
Sterilization Temperature46 

(oC)
Sterilization Time46

(hr)
Power Usage47 @ 300oC

(kW)
Number of SSM Bricks 

per Heating Cycle
Electricity Usage per Brick 

(kWh)
93 0.5 2.4 10 0.0400.040

Volume of Materials CalculationVolume of Materials Calculation
Counting Pieces Volume

14 ++ 88 == 1818 17.117.1

10 ++ 5252 == 18.718.7 17.817.8

NotesNotes

1 = 2 = 6

Area of 1 = 0.1 in2
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LIFE CYCLE ASSESSMENT RESULTS

The SSM brick is compared to other common construction materials. All 
comparisons are done based on the estimated weight of the SSM block. 
Hence, the weight of each material listed on the chart on the left is 1.1 
pounds. Furthermore, the impact of all materials except the SSM block is 
calculated by multiplying their weight by their Okala Impact Factor Point.

SSM (First Usage)SSM (First Usage) uses recycled PET as its resource. The impact 
includes the footprint during the process of shredding, melting, 
and molding plastic. Because the Skeleton is reused, the impact of 
the SSM (Second Usage) SSM (Second Usage) only includes the impact of remaking the 
Skin needs to be replaced. The impact reduction from first usage to 
second usage is approximately 93.8%93.8%. This environmental saving of 

the SSM is compounded each time the Skeleton is reused.

40.7
209

Bamboo
Brick

SSM (Second Usage)SSM (Second Usage)
Dry rough lumber (US NW)

Surfaced lumber (US NW)
Concrete block (lightweight)

PET - Controlled Landfill
SSM (First Usage)SSM (First Usage)

PET - Controlled Incineration
PET - Open-Pit Landfill

PET - Open-Air Incineration

0.008
0.099
0.1170.117

\\
\\

0.121
0.132

0.264
0.407

1.891.89
2.09

MaterialsMaterials Okala Impact Factor Point (mpts)Okala Impact Factor Point (mpts)

The SSM (First Usage)SSM (First Usage) reduces the environmental impact of 
controlled incineration, open-pit landfill, and open-air incineration 
of PET plastic by 9.4%, 95.3%, anad 99.1%, 9.4%, 95.3%, anad 99.1%, respectively, losing only 
to controlled landfill. However, the SSM (Second Usage)SSM (Second Usage) reduces the 
environmental impact of controlled landfill, controlled incineration, 
open-pit landfill, and open-air incineration by 71.3%, 94.4%, 99.7%, 71.3%, 94.4%, 99.7%, 

99.9%99.9%, respectively.

    LCA Calculation SSM (Second Usage)SSM (First Usage)

Waste Management OptionsSSM

The LCA only compares the environmental impact per pound of the 
SSM, some construction materials (bamboo, brick, and lumber), and 
waste management options. The result of this LCA does not imply 
that one pound of SSM performs better or worse than one pound 
of brick. A compressive strength test needs to be done in order to 

determine the suitable applications for the SSM.
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Replicate 
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Integrate the 
Unexpected
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Self-Organize
Build from the 
Bottom-Up
Combine Modular 
and Nested 
Components

Incorporate Diversity
Maintain Integrity 
Through Self-Renewal
Embody Resilience 
Through Variation, 
Redundancy, and 
Decentralization

Leverage 
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Break Down Products 
Into Benign Constituents
Build Selectively
with a Small Subset
of Elements
Do Chemistry
in Water

Use Low Energy 
Processes
Use Multi Functional 
Design
Recycle All Materials
Fit Form to Function







 






























The Skeleton-Skin Module brick is evaluated according to Life's Principles based 
on how well the design incorporates Life's Principles. Note that Life's Principles are 
used as a checkpoint not a checklist. Even if the design is deemed satisfactory or 
partially satisfactory, a better design can be achieved by repeating the Biomimicry 
Design Lens as many  times as necessary. This scenario will likely occur after 
the testing of the SSM prototype is completed. Refer to Step 5 of the DEFINE 
section for more details. The evaluation scoring includes the following: 
  Satisfactory
  Partially satisfactory
  Non-satisfactory

LIFE'S PRINCIPLES - NATURE AS A MEASURE

The design of the SSM uses available resources: plastic waste and 
organic waste. It optimizes material use and energy use by prioritizing 

reuse over recycling and by increasing the service life of plastic. 

Even though the materials that are used in the SSM are not self-renewal, the SSM is designed 
to be self-renewing by prioritizing reuse over recycling. The SSM is designed to further extend 

the lifespan of plastic by using mycelium material as a shield 
against degradation factors such as sunlight and rain. 

The mycelium material is replaceable. The SSM is 
designed to be manufacturable using relatively 

inexpensive equipment with blueprints 
available to the general public.

The design of the SSM 
prevents post-consumer plastic 

from doing harm to ecosystems 
by containing it inside mycelium 

materials. The plastic Skeleton can 
be disassembled  and reassembled into 

shapes that are appropriate for the intented 
applications. The SSM blocks are cleaned with 

water between reuse cycles. The mycelium materials 
are 100% compostable. 

The design of the SSM uses 
locally available resources. Post-
consumer plastic and organic 
waste are locally available in 
many parts of the world. The 
SSM provides an additional way 
in which post-consumer plastic 
can be used. Any individual, 
community, and organization 

can adopt the SSM design.

The modularity of Skeleton combined with the 
Skin allows plastic to be readily reused and allows for 
feedstock recycling and pyrolysis when required. The SSM 
blocks can be assembled into some desired constructions. 
The assembly can be done by individuals or communities.

The design of the SSM is built on the existing 
solutions and concepts from the natural world. The 
strengths and weaknesses of the existing solutions were 
investigated and used to derive the design brief for the 
SSM. Natural material cycles (the Nitrogen Cycle and 
the Carbon Cycle) were also studied. A general pattern 
was derived in which a material can take many forms 
and be shared among many species. Materials can break 

down but are always usable for some species.
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PROJECT OUTCOMEPROJECT OUTCOME
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MaterialsMaterials
& Equipment& EquipmentProcedureProcedure
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Functionality | Assembly
   SKELETON PROFILE         >>>        SOCKET-PLUG ASSEMBLY         >>>         SKELETON ASSEMBLY          >>>          SKIN PROFILE                 >>>              FINAL ASSEMBLY

1. Create socket metal frame.
2. Create plug metal frame.
3. Shred plastic into flakes.
4. Melt plastic flakes.
5. Inject and compress the melted plastic into metal frame.
6. After plastic cools down, remove the Skeleton blocks.

Socket Plug

Snap-on

Socket Plug

Socket

Plug
Snap-on

Inject & 
Compress

• Scrap metal sheet
• Metal cutter, metal welder
• Other metalwork tools
• Plastic scraps, flakes, or pellets.
• Plastic injector and/or 

compressor.

SKELETONSKELETON SKINSKIN
MaterialsMaterials
& Equipment& EquipmentProcedureProcedure

1. Prepare feedstock mixture.
2. Incubate mixture.
3. Create container around the Skeleton Assembly.
4. Fill the container with the incubated mixture.
5. Dry out the mixture.
6. Remove the container.

• Organic feedstock
• Flour, water
• Gloves, alcohol, bowl
• Carton paper,  or wood
• Plastic wrap
• Hot air blower, or oven
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Viability | Cost Parameters

Cost ParametersCost Parameters

PET48: ¢7.81 / lb
Metal sheet49: ¢2.42 / in2

Electricity50: ¢12 / kWh
Shredder51: $1,300 - $2,600
Extrusion52: $1,400 - $2,400

Other factors:
• Size by weight
• Size by volume
• Different types of plastic
• Solid/hollow core

SKELETONSKELETON SKINSKIN

Cost ParametersCost Parameters

Hemp hurd53: $14.25 / lb
Electricity: ¢12 / kWh
Natural gas: ¢95 / Ccf
Oven: varies
Hot air blower: varies

Other factors:
• Complete/partial fill
• Different types of feedstock
• Dry time
• Oven size

To determine the viability of manufacturing the Skeleton-Skin Modules, 
the cost parameters of manufacturing a skeleton-skin module (SSM) and a 
brick-mortar module (BMM) are identified. All parameters are normalized 
to one module pound, in other words one SSM pound is equal to one BMM 
pound.

GENERAL FACTORS
Some general factors that affect the cost of both the skeleton-skin module and brick-mortar 

module are listed below:

COST REDUCTION FACTORS FOR THE SSM
Some major factors that can drive down the cost of the SSM are listed below:

Labor

Material Sourcing

VendorDemand Supply Availability

Carbon TaxStart-up cost

VendorsVendors SunlightSunlight EquipmentEquipment Partial FillPartial Fill

Environmental CostEnvironmental Cost Other Organic WasteOther Organic Waste

The substrate can 
be sourced directly 

from farms.

The manufacturing process involves 
mostly heat. Switching from electricity 
and natural gas to sunlight can reduce 

equipment and operation cost.

The substrate is used only to provide 
extra strength and to smooth out 
the outer surface of the Skeleton, 

reducing the cost by >50%.

By using post-consumer plastic to 
manufacture the SSM, the cost of 
landfill and incineration of plastic 
is eliminated, or subtracted from 

the production cost of the SSM.

Coffee ground and saw dust are among many organic waste 
that can be used as the substrate for the SSM. For example, 
saw dust54 costs $29.9 per 40 lb, or ¢75 / lb¢75 / lb, reducing the 
cost by 89.5%. This  accounts for the difference between the 

density of sawdust and hemp hurd.

Geographic Location

OVERVIEW
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Viability | Estimated Cost

Unit Production Cost per PoundUnit Production Cost per Pound

SKELETON-SKIN MODULE (SSM)SKELETON-SKIN MODULE (SSM)

SKELETONSKELETON SKINSKIN SSMSSM

Weight 0.766 lb 0.234 lb 1 lb

Electricity Usage 0.149 kWh / SSM lb 0.156 kWh / SSM lb 0.305 kWh

Material Cost $0.06 / SSM lb $3.33 / SSM lb $3.39

Electricity Cost $0.02 / SSM lb $0.02 / SSM lb $0.04

Total Cost $0.08 / SSM lb $3.35 / SSM lb $3.43$3.43

Cost reduction of 89.5% from sawdust $0.37 / SSM lb $0.45$0.45

Additional 50% reduction from partial fill $0.19 / SSM lb $0.23$0.23

Unit Production Cost per PoundUnit Production Cost per Pound

BRICK-MORTAR MODULE (BMM)BRICK-MORTAR MODULE (BMM)

BRICKBRICK MORTARMORTAR BMMBMM

Weight 0.625 lb 0.375 lb 1 lb

Material Cost $0.04/ BMM lb $0.36 / BMM lb $0.40

CLAY BRICK CLAY BRICK 5555

Cost: ¢35 / brick
Weight: 5 lbs / brick
Dimension: 8in x 2.25in x 4in

Cost / Weight: ¢7 / lb
Surface Area: 118 in2

GRAY CONCRETE MIX GRAY CONCRETE MIX 5656

Cost: $57.22 / pail
Weight: 60lbs
Coverage Area: 3 ft2 @ 2 in thick
Mortar thickness between bricks 57: 0.375in

Cost / Weight: ¢95 / lb
Coverage Area: 2,304 in2 @ 0.375in thick
Number of Bricks: 20 bricks
Mortar Weight per Brick: 3 lbs / brick

The estimated cost per module pound of a skeleton-skin module and brick-mortar 
module is calculated below. The estimated cost per pound includes the material cost 
per module pound and the production energy cost per module pound.

The estimated cost per pound of manufacturing a skeleton-skin module is equivalent 
to the cost per pound of purchasing brick and mortar. Note this analysis does not 
compare the compressive strength of the SSM and BMM. The SSM will undergo 
testing as addressed in the Next Steps section.

OVERVIEW

RESULT COMPARISON
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Recycling Center

Households Collection

Businesses

Manufacture

Sorting Facility

Industrial 
compost

Recycled plastic transport

International transport

Collection

Service CircleService Circle

Unmet NeedsUnmet Needs
Waste Waste 

CollectionCollection

Manufacturing technologies 
are centralized.

SSM acts as a storage for post-consumer plastics, which means that 
fewer materials are incinerated, landfilled, or discharged.

Finite 
Resource

Population
Growth

Economic 
Incentives

Infrastructure

Supplies

vs

Climate

vs

Impact
      and

Insights

Longer service life means materials are less likely to exit 
the Service Circle.

Population growth is likely to increase 
demand in infrastructure, supplies, and 
resources, hence generating more waste.

The design of SSM allows for adoption 
of 'low tech' hence reduce the cost of 

recycling.

Money is spent on 
production and 

management of waste.

SSM creates incentives to reuse plastics before they become 
waste, hence waste feeding instead of fighting production and 

generating economical value for post-consumer plastics.

SSM can reduce 
raw material 

extraction of other 
resources.

SSM helps by removing plastic and 
preventing plastic from entering or 

reentering the environment.

SSM grows the 
incentive to sort 

plastics.

Plastics are collected 
and sorted but are 

unclaimed.

Population growth, 
resource depletion, 

and economic status 
drive the needs for 
more infrastructure 

and supplies. 

Climate change results in 
frequent extreme weather 

conditions which likely drives 
the needs to repair, replace, or 
create new infrastructure and 

supplies.

Waste Production

Prioritize 
preventing 

problems over 
fixing problems.

SSM is 
built using waste 

and is ideal to quickly 
create infrastructure 

and supplies in response 
to more unexpected 

weather patterns.

More than 
1,200 species 

are impacted by 
plastic.58 
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   Completed the preliminary design, analysis, and manufacturing procedure of the SSM.Completed the preliminary design, analysis, and manufacturing procedure of the SSM.

  Research competitors and markets.
  Create a business model. Raise funds for the project.
  Find and connect with potential partners, vendors, and clients.

  Complete Sketchup 3D-Model of the SSM with actual dimensions.

  Connect with vendors, builders, and enthusiasts from Precious Plastic, Plastic Bank, Ecovative, and Mycoworks.

  Manufacture SSM with different types and combinations of plastic and mycelium.
  Perform compressive strength test on the SSM.

  Finalize SSM designs.
  Test and validate SSM products.

  Generate blueprints of products and equipment.
  Create manufacturing procedure.
  Create test procedure.

  Make or buy equipment.
  Create a workplace.
  Start collecting plastics. Attend beach cleanup events. Order bulks of recycled plastic.

  Create a website to share SSM designs.
  Spread the ideas. Do good in the world.
  Design new models.
  Colloborate with existing recycling centers for customers to drop off the SSMs. Create shipping procedure for 
customers. For large amounts, work directly with customers to assemble, disassemble, and reclaim the SSMs. 

Next Steps

35

END OF THESIS PROJECTEND OF THESIS PROJECT

BUSINESS PLAN

PROTOTYPE MODEL

VENDORS & MANUFACTURERS

PROTOTYPE
PROTOTYPE TESTING

PRODUCT
PRODUCT TESTING

BLUEPRINTS
MANUFACTURING PROCEDURE

TESTING PROCEDURE

EQUIPMENT
WORK STATION

INVENTORY

COMMUNITY ACCESS PORTAL
WORKSHOP

NEW DESIGN
RECLAMATION
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The Skeleton-Skin modules 
showed a large environmental and 
economical savings. By implementing 
the SSM, the environmental impact is 
reduced by at least 70% when compared 
to landfill and incineration options. The 
environmental impact is reduced by 
over 90% when the Skeleton is reused 
the second time. The economical cost 
of the SSM can be comparable to the 
cost of brick-mortar combination when 
the appropriate mycelium substrate is 
used and the SSM is used appropriately 
considering its compressive strength. 
Similar to the environmental impact, the 
economical cost of manufacturing a new 
SSM product is also reduced when the 
Skeleton is recycled and reused. Given the 
environmental and economical savings, 
the implementation of the Skeleton-
Skin modules can reduce the amount 
of plastic waste in the environment, can 
further prevent plastic waste from being 
discharged into the environment, and can 
mitigate the present and future waste issue 

around the world.
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APPENDIX A. TERMINOLOGYAPPENDIX A. TERMINOLOGY
Word or Phrase Meaning Source Additional Notes
Microplastic "Plastics less than five millimeters (0.2 inches) in diameter." National Geographic
Primary microplastic "Primary microplastics are tiny particles designed for 

commercial use, such as cosmetics, as well as microfibers 
shed from clothing and other textiles, such as fishing nets."

National Geographic

Secondary microplastic "Secondary microplastics are particles that result from the 
breakdown of larger plastic items, such as water bottles. 
This breakdown is caused by exposure to environmental 
factors, mainly the sun’s radiation and ocean waves."

National Geographic
https://www.nationalgeographic.org/
encyclopedia/microplastics/

Material recycling Recycling to make:
• Plastic raw materials
• Plastic products.

Plastic Waste Management Institute, Japan

Mechanical recycling ISO 15270, see material recycling Plastic Waste Management Institute, Japan
Chemical recycling • Monomerization

• Blast furnace reducing agent
• Coke oven chemical feedstock recycling
• Gasification
• Liquefaction

Plastic Waste Management Institute, Japan

Feedstock recycling ISO 15270, see feedstock recycling Plastic Waste Management Institute, Japan
https://www.pwmi.or.jp/ei/plastic_
recycling_2019.pdf

Thermal recycling • Cement kiln
• Waste power generation
• [Refused] Paper & Plastic Fuel (high-calorie solid fuel 

made from waste paper & plastic)
• [Refused] Derived Fuel (solid fuel made from burnable 

waste, plastic waste, etc.)

Plastic Waste Management Institute, Japan Incineration with energy recovery, generating 
electricity, heat, and/or fuel.

Energy recovery ISO 15270, see thermal recycling Plastic Waste Management Institute, Japan
Incineration The process in which waste is burned without energy 

recovery and with or without emission control.
Controlled or uncontrolled.

Landfill The final destination of waste that is not recyled nor 
incinerated.

Controlled or uncontrolled.
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APPENDIX B. ICONSAPPENDIX B. ICONS
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...more icons...

All icons in Appendix B were obtained from thenounproject.
com. Some icons were not used in the thesis project. Citation 
of each icon is included in the icon and is visible if zoomed 
in. Note that some icons do not contain citation; this means 
that these icons do not require citation.
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APPENDIX C. DATAAPPENDIX C. DATA

Year GPP (Mt) GPPC (Mt) Year GPP (Mt) GPPC (Mt) Year GPP (Mt) GPPC (Mt) Year GPP (Mt) GPPC (Mt) Year GPP (Mt) GPPC (Mt)
1950 2 2 1960 8 47 1980 70 798 2000 213 3394 2020 439 9885
1951 2 4 1961 9 56 1981 72 870 2001 218 3612 2021 452 10337
1952 2 6 1962 11 67 1982 73 943 2002 231 3843 2022 466 10803
1953 3 9 1963 13 80 1983 80 1023 2003 241 4084 2023 480 11283
1954 3 12 1964 15 95 1984 86 1109 2004 256 4340 2024 494 11777
1955 4 16 1965 17 112 1985 90 1199 2005 263 4603 2025 509 12286
1956 5 21 1966 20 132 1986 96 1295 2006 280 4883 2026 523 12809
1957 5 26 1967 23 155 1987 104 1399 2007 295 5178 2027 538 13347
1958 6 32 1968 27 182 1988 110 1509 2008 281 5459 2028 553 13900
1959 7 39 1969 32 214 1989 114 1623 2009 288 5747 2029 569 14469
1960 8 47 1970 35 249 1990 120 1743 2010 313 6060 2030 584 15053
1961 9 56 1971 38 287 1991 124 1867 2011 325 6385 2031 600 15653
1962 11 67 1972 44 331 1992 132 1999 2012 338 6723 2032 616 16269
1963 13 80 1973 51 382 1993 137 2136 2013 352 7075 2033 632 16901
1964 15 95 1974 52 434 1994 151 2287 2014 367 7442 2034 648 17549
1965 17 112 1975 46 480 1995 156 2443 2015 381 7823 2035 665 18214
1966 20 132 1976 54 534 1996 168 2611 2016 387 8210 2036 681 18895
1967 23 155 1977 59 593 1997 180 2791 2017 399 8609 2037 698 19593
1968 27 182 1978 64 657 1998 188 2979 2018 412 9021 2038 715 20308
1969 32 214 1979 71 728 1999 202 3181 2019 425 9446 2039 733 21041

2040 750 21791
GPP: global plastic production
GPPC: global plastic production cumulation
Mt: million tons

GLOBAL PLASTIC PRODUTIONGLOBAL PLASTIC PRODUTION
This data was used to generate the Global Plastic Production chart on page 6. The global plastic production data from 1950 to 2015 was obtained from Science Advances journal (refer to 
citation 19). The global plastic production estimation from 2016 to 2040 was done using the second order polynomial y = 0.105x^2 - 1.22x + 9.72 with a coeffiient of determination (R2) of 
0.997. The global plastic production cumulation was obtained by adding the GPP of all years up to the desired year. The Global Plastic Production chart on page 6 was constructed using the 
data points highlighed in green color.
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