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PROJECT INTRODUCTION
Over the past two decades, product development as a field has 
experienced a massive shift toward software development, virtual 
products, and services. 

Meanwhile, the world’s tangible trash crisis has skyrocketed largely 
because of a lack of innovation in sustainable materials by the product 
development community.  

Therefore, this project uses the tools of biomimicry and design 
thinking to reimagine a sustainable, biodegradable, and much-needed 
alternative material to one of the world’s greatest tangible trash 
contributors—plastic. 

Because of the size and scope of the plastic challenge, this project 
takes a singular focus on a specific type of plastic and a specific 
use informed by the larger global context. 

World plastic production was 359 million metric tons in 20181. 
Because plastic can last upwards of 100 years, it is found in 
overwhelming quantities in our waterways and soil, causing a decline 
in the health of ecosystems and the endangerment of numerous 
species. What doesn’t end up in a landfill, the ocean, or soil, is burned 
releasing noxious gases into the air. 

Plastic pollution is a significant contributor to global pollution that 
negatively impacts human health, the health of all species and 
ecosystems, and contributes to climate change. 
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POLYPROPYLENE, BY THE NUMBERS
Polypropylene (commonly referred to as Plastic #5) is the second 
most produced plastic by volume—in 2018, global production was 
56 million metric tons 2. 

Its production is projected to reach approximately 88 million 
metric tons by the year 2026, growing at a rate of approximately 
5.7% per year. 

Its popularity makes polypropylene one of the main contributors to 
global plastic pollution:

• Only 3% of polypropylene gets recycled3 due to the difficulty 
to clean and sterilize it

• Even when cleaning is possible, the black-grey recycled pellet 
severely limit reuse

• Limited reuse means that most municipalities don’t accept 
polypropylene for recycling 

• When discarded, most of it ends up in landfills, sewers, soil, 
waterways, and the air
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When developing a sustainable 
alternative 

to plastic, polypropylene is a 

Valuable, 
Practical, 
Impactful 

place to start
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POLYPROPYLENE IS EVERYWHERE…
Polypropylene is popular because of its versatility and affordability. It 
costs an average of $0.12 per pound4 and is found in a wide variety of 
products: 

• Diapers
• Bottles
• Bottle caps
• Take-out food containers
• Automotive parts
• Food-grade packaging

The prolific use of it in food packaging is a main contributor to single-
use plastic waste. In a recent survey, food packaging was named as the 
main barrier to consumers who want to reduce their plastic 
consumption. 

Dairy and dairy-adjacent products comprise a significant portion of 
annual food sales and polypropylene packaging. Nearly every dairy 
product in every grocery store is packaged in polypropylene.

In 2019, yogurt product sales alone totaled $8.2 billion5. 
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To find a sustainable alternative 
to polypropylene food packaging, 
focusing on the category leader 

in the yogurt industry 
provides a targeted entry point
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WHAT IS BIOMIMICRY?
A walk is one of the best ways to ignite the imagination. Take that walk in 
nature and research shows6 our problem-solving abilities soar by 50%. 

Inventors and problem solvers need a constant supply of potent inspiration. 
Outdoors we find designs, wisdom, experience, and a solid track record of 
success. Nature has the answers we need to solve every problem if only we 
know where to look and which questions to ask. This provides us with a 
framework to measure how well a solution fits into its surrounding 
environment and its probability of success in a specific context. 

Biomimicry is the study of innovation inspired by nature. No matter what 
challenge we face, one of our best questions is: “What would nature do here?” 
This question gives us a way to find new sustainable solutions that solve our 
design challenges without negatively impacting the planet. 

Just as we have rules of operation in our businesses, nature also has a guiding 
set of principles known as Life’s Principles7. Briefly, they are: Evolve to 
Survive, Adapt to Changing Conditions, Be Locally Attuned and Responsive, 
Use Life-Friendly Chemistry, Be Resource Efficient (Material and Energy), 
and Integrate Development with Growth.

Biomimicry opens our eyes, ears, and hearts as we roll up our sleeves to dig 
deep (sometimes literally into the dirt!) to understand, interpret, and then 
utilize nature’s design principles to solve the challenges we face in our lives. 
By looking to nature for guidance and adapting nature’s designs to solve our 
challenges in human-based design, everyone wins. 5Photo by Shifaaz shamoon on Unsplash
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“Learning about the natural world is one thing. 
Learning from the natural world—that’s the switch. 
That’s the profound switch.” ~Janine Benyus

It’s impossible to utter a single word about the theory and practice of 
biomimicry without paying homage to Janine Benyus. A biologist, author, 
innovation consultant, and self-proclaimed “nature nerd,” Janine‘s 
ground-breaking book, Biomimicry: Innovation Inspired by Nature, has 
made its way onto bookshelves and into the hearts, hands, and minds of 
problem solvers. 

“We’re awake now,” she says. “And the question is how do we stay awake 
to the living world? How do we make the act of asking nature’s advice a 
normal part of everyday inventing?” 

To explore this question and bring passionate and multi-talented 
collaborators into community with one another, Janine co-founded the 
nonprofit that would become The Biomimicry Institute. Over a decade 
later, the organization continues to provide education, support, and 
innovation inspiration for anyone and everyone who wants to bring the 
study and application of nature’s design genius into their work and into 
their lives. 

To learn more about biomimicry, please visit: AskNature, the Biomimicry 
Institute’s Toolbox, and view the short film, The Promise of Biomimicry.
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PROJECT GOAL
This research puts forth the use of an alternative sustainable material currently 
being researched and tested at the Ulijn Lab, a nanoscience lab at the City 
University of New York’s Advanced Science Research Center. 

This project picks up with the assumption that the creation of this new material 
will be successful and explores the development of a prototype container for 
Chobani, the category leader in the yogurt industry, that could utilize this new 
material without having to change its existing packaging machinery. 

It lays out five different bio-inspired structures for the container that could be 
tested for strength and resistance to fracture without the need for additional 
additives to the sustainable material. 

In short, this research explores the use of mechanical structure rather than 
biomolecular composition alone to develop a successful prototype container that 
could be used by Chobani and by extension any rigid plastic food packaging.

With this successful model in place, we could see the beginning of the end of 
plastic as we know it in every industry and every area of our lives as well as a 
glimpse of a brighter, better, healthier future for all beings. 

After the solution for Chobani is discussed in detail, this project also has an 
extension portion to show how this same solution for Chobani could be 
implemented for an alternate use in the medical field. 
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PROJECT GOAL – EXTENSION
This project began to solve the base problem of tangible plastic trash by developing a sustainable raw 
material that biodegrades naturally and a structure to turn that raw material into a successful prototype. 

At that time, ”COVID-19” was an unknown term. Now, it’s transformed our communities, economy, and 
future. In direct relation to this project, COVID-19 has shuttered recycling programs (especially for 
polypropylene8) to completely shut down the exportation of plastic waste to Asia for processing. Now the 
development of a biodegradable alternative to plastic from a renewable resource is even more pressing. 

COVID-19 has skyrocketed demand for PPE (Personal Protective Equipment) and medical devices made 
mostly of plastic—it’s sanitary, flexible, malleable, durable, chemically non-reactive, and cheap. Plastic 
medical waste cannot be recycled for safety reasons; it ends up in a landfill or is incinerated.

This increased demand means manufacturers are quickly running out of the raw material to create PPE. The 
NSF, CDC, FDA, and State of New York have put out a call-to-action to the science community to use their 
research to collaboratively combat this disease. We also desperately need to future-proof our healthcare 
system because the growing threat of climate change will exacerbate the likelihood of another pandemic. 

To that end, this research and product ideation begins in food packaging and may well serve as a basis for 
finding solutions to the medical waste problem which is now in a nascent stage and has a high probability 
of growing exponentially over the next weeks, months, and years. While this will not be an immediate 
solution that could be implemented today, it speaks to a tremendous opportunity within a dire, 
unprecedented challenge to improve human health and the health of planet as a whole. 

In science, collaboration, and innovation we must trust—there is no other alternative. 
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METHODOLOGY
What to do about plastic is an enormous problem to consider, and yet 
facing it head on and developing solutions and alternatives to plastic is 
crucial to the health of the planet. Animals are literally choking on plastic, 
and so are we.

The problem is complicated and vast because plastic is ubiquitous. How 
do we rise to a challenge as complex and tentacled as plastic?

CONSIDER ALL THE QUESTIONS
What is plastic?
What are the different types of plastic, and their popularity, uses, and 
recyclability options?
How do we reduce the amount of plastic we use?
How do we increase recycling and reuse?
How do we replace plastic with something better?

HIVE MIND TO THE RESCUE
The key to choosing a focal point was to ask a lot of people one important 
key question. An original survey of 400 people asked: 

“If you have tried to reduce the amount of plastic you use, what’s 
been the single biggest barrier to your efforts?”

The overwhelming answer: 
“Companies use so much plastic in packaging!”

THE SOLUTION WE NEED:
A material created from a renewable resource that has all the virtues of 
plastic when we’re using it and then quickly and easily biodegrades when 
we’re done with it. 

And that’s where this story begins…
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The Chobani Way: 
Planning the Road
Beyond Plastic
Stage 1: Scoping Overview
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Overview – Why plastic is everywhere
We’re surrounded by and covered in plastic. Its many virtues explain why. It is:
• Inexpensive and convenient
• Lightweight and waterproof
• Malleable and flexible
• Strong and durable
• Protective, sanitary, and life-saving

Anything and everything can and is made of plastic:
• Infrastructure
• Clothing
• Medical devices
• Household goods
• Food containers

The virtues of this wonder material are so numerous that for decades its vices have gone 
unchecked by industry and society. We are so enamored with what we can do with plastic 
that we didn’t stop to think if we should. 

Now we have a problem: plastic trash. And it’s a growing, mounting, floating, sinking, 
toxic problem. 

Since 1953, when mass production of plastic grew out of its World War II innovation 
roots, we have produced 8 billion metric tons of plastic9.To put that number in 
perspective, it is as if we gave every person on the planet alive today a pet elephant that 
gram for gram was made of plastic. 

By 2050, estimates show10 there will be more plastic by weight in the ocean than fish. 
Photo by Bernard Hermant on Unsplash

https://www.scientificamerican.com/article/a-brief-history-of-plastic-world-conquest/
https://www.bbc.com/news/magazine-35562253
https://unsplash.com/@bernardhermant%3Futm_source=unsplash&utm_medium=referral&utm_content=creditCopyText
https://unsplash.com/collections/9459045/plastic%3Futm_source=unsplash&utm_medium=referral&utm_content=creditCopyText


On the surface, the solution seems simple: people need to recycle all their plastic. 

They’d like to, but they can’t. 

Most cities only take plastic identified as #1 and #211. Yogurt containers are mostly made from 
plastic #5. The solution: force cities to take all plastic for recycling.

They can’t. 

Most plastic recycled in the U.S. has been shipped to Asia for processing. In 2019, most of Asia 
closed their doors to America’s plastic trash and the U.S. doesn’t have many domestic plastic 
recycling plants. Additionally, the factories are dirty and toxic, polluting the very water, air, and 
soil that recycling efforts are meant to protect. Plastic #6 and #7 can’t be recycled by anyone 
anywhere. 

The solution here is clear as glass: tell people to use less plastic switch to alternative products. 

They’d like to, but they can’t. 

The previously mentioned survey shows consumers often don’t have a choice to use less plastic: 
companies control packaging, not consumers. Socioeconomically disadvantaged communities 
are especially hard hit by plastic-only options in their stores and lack recycling systems. 

The solution to this challenge seems simple: tell companies to find an alternative packaging. 

They’d like to, but there isn’t a sustainable, biodegradable, affordable alternative to plastic that 
has all of plastic’s virtues and none of its vices. Yet. 

That’s about to change.

Overview – Why this research matters
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Guidelines and constraints are the goalposts of innovation. They force us to be creative and 
to make our creative solutions practical and viable. 

A sustainable and biodegradable alternative-to-plastic packaging must meet all of the 
criteria below while providing Chobani with a savings in energy, money, and time by 
integrating with the company’s existing systems and machinery. 

Product attributes:
• Meet all guidelines set by the FDA for food-grade packaging12

• Resist cracking, fracture, and deformation
• Take color and printing readily and without peeling
• Physically stability at low, refrigerated temperature 
• Waterproof and leak-proof
• Non-toxic and odorless 

Economic considerations:
• Minimize the amount of raw material needed without sacrificing container quality
• Packaging cannot significantly add to cost of goods sold (COGS)

Operational necessities:
• Use existing injection molding machinery with minimal changes to processes
• Maintain existing shape of current packaging
• Raw material must be available locally and on-demand in scalable amounts to meet 

just-in-time manufacturing and supply chain needs

Contextual considerations

https://www.fda.gov/food/food-ingredients-packaging


Chobani 
North Star Goals

Nature and Chobani operate by similar sets of guiding principles for sustainability—and this similarity makes Chobani an 
excellent choice to lead this effort for the entire food packaging industry

Convert 50% of packaging 
to recyclable, 

biodegradable, or post-
consumer content by 2022. 

Zero waste to landfill 
operations by 2022 

Nature calls them Life’s Principles14, with these 3 being most 
relevant to Chobani’s packaging:

Be resource efficient
• Use low energy processes
• Use multi-functional 

design
• Recycle all materials
• Fit form to function

Use life-friendly chemistry
• Break down into benign 

constituents
• Build collectively with a 

small subset of elements
• Do chemistry in water

Integrate development with 
growth
• Self-organize
• Build from the bottom-up
• Combine modular and 

nested components
Copyright by Biomimicry 3.8
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Life’s Principles

Chobani calls them North Star Goals13, with two 
goals specifically related to packaging:

https://asknature.org/resource/lifes-principles/
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The Chobani Way:
Paving the Road 
Beyond Plastic
Stage 2: Discovery Overview
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What are biological champions and why do we 
need them?
In biomimicry, we look to nature’s designs to inspire our own. To do this, we: 

• Identify the main function that we want our design to perform

• Conduct a bio brainstorm to look to nature for expert examples 

The function “Prevents cracking, fissure, and deformation” is paramount 
here because the container must be strong and durable under a variety of 
conditions during processing, filling, shipping, distribution, and sale of the 
product.

During the research, five champions emerged and exhibit similar though 
slightly different structural variations for a new container design.

The five champions show their designs can be leveraged and used for 
successful product creation—after all nature shows us it can be done.  

After a through investigation of the biology, chemistry, and mechanics of the 
champions, deep design principles principles emerge and are abstracted back 
to make them applicable to human-designed products. 

The full scope of this research is included here to show the entire process and 
from scoping the problem to identifying unique biological models, and back to 
the solutions to the sustainable packaging challenge.  
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Meet the packaging champions…

GLASS SPONGE
Description: 
On the ocean floor, the 
glass sponge extracts 
readily-available silicic acid 
from sea water and build its 
skeleton of glass fibers that 
are so strong and flexible 
that they can be tied and 
untied in a knot without 
breaking.

Function: 
Efficiently synthesize a 
biodegradable, stable 
structure with materials that 
are both strong and flexible 
at cool temperatures of 
about 4 – 10 degrees 
Celsius.

BLACK-LIP OYSTER
Description: Lined with 
mother-of-pearl 
(scientifically known as 
nacre), back-lip oyster 
shells exhibit extraordinary 
strengthen and resilience to 
cracking because of the 
many alternating layers of 
spongy and hard materials.

Function: Prevent damage 
from compression and 
impact

SPIDER SILK—DARWIN BARK 
SPIDER
Description: Connecting molecularly 
highly-ordered regions to less-ordered 
regions creates a material that is both 
strong and flexible.

Function: Build strength and enhance 
flexibility at the macro-level through a 
matrix of stronger and weaker 
molecular connections

HORSE
Description: Horse hooves are one 
of the hardest known materials in the 
natural world. Despite experiencing 
nearly constant, intense pressure 
from the weight of the animal, they 
do not crack. Like our fingernails, 
the hooves are made of keratin 
stands and braided together to form 
flat sheets that are then cross-
hatched with spongy, shock-
absorbent material.

Function: Prevent fracture and 
maintain shape under pressure

IRONCLAD BEETLE
Description: An Ironclad beetles 
shell is practically indestructible. 
Made from sugar, the shell draw 
its strength from the many 
microlayers of interconnected 
hexagonal shapes that are stacked 
on top of one another to create a 
vertical spiral.  

Function: Protect from fracture 
and puncture
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Name: 
Venus’s flower basket or Glass sponge 
(Euplectella aspergillum)

Description: An ancient animal, the glass sponge is a 
marine sponge that lives on the ocean floor in deep 
Pacific ocean waters near the West Indies and the 
Philippines. The sponge extracts readily-available 
silicic acid from the ocean and produces the silica 
needed for its skeleton. Then, it takes weaves those 
silica fibers together to create its body. By weight, 
lengthen, and thickness, it is stronger than any man-
made material. Contrary to many human-made 
materials such as plastic and glass, it has the added-
bonus of not requiring the high temperatures, large 
amounts of energy, and toxic chemicals to create the 
raw material and structure. The average temperature 
where a glass sponge lives is about 4 – 10 degrees 
Celsius.  

Function: Efficiently build a biodegradable, stable 
structure with materials that are both strong and 
flexible.

Strategy: The macro architectural design of the glass-
like structure is constructed of a thin layer of frames 
and support structures in a repeating pattern. The micro 
architectural design is composed of interlocking pieces 
that provide additional strength and flexibility.

Mechanism: In addition to the readily seen cross-
hatched design of frames and support structures, there is 
another layer of structural support within each thread at 
the microscopic level. Resembling fine mesh, the 
microscopic weaving pattern is composed of what are 
known as “6-pointed siliceous spicules” that have a 
central point of connection and 6 arms that extend in 
different directions. These spicules are then locked 
together into a repeating pattern that provides structural 
stability to each thread in the glass sponge’s structure. 
This design delivers the maximum amount of strength 
with the minimum amount of material to endure the 
high-pressure present for all life on the ocean floor. The 
individual threads exhibit the powerful combination of 
incredible strength and flexibility; they can be tied in a 
knot without breaking. 

Abstracted design principle (ADP): Threads of 
materials made of interlocking pieces can be woven 
together into patterns that provide enduring strength 
and flexibility to a final product. 

Photography and illustrations:

6-pointed siliceous spicules

cross-hatched design 
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Name: 
Black-lip oyster  (Pinctada margaritifera)

Description: The Black-lip oyster belongs to a genus of 
oysters that all produce pearls. All species in this genus 
live in saltwater and they’re famous for their shells that 
are lined with thousands of microlayers of nacre, a 
material that has a combination of organic (spongy) and 
inorganic (hard) components. Each of these layers has a 
thickness of 0.35 to 0.5 µm (1µm = 1/1000mm). This 
translates to 350 – 500 nanometers. Nacre’s layers of 
multiple types of material with different properties 
protect the black-lip oyster from damage when the shell 
is compressed or experiences a collision. Nacre is 
commonly known as “mother of pearl” and has an 
iridescent quality to it that’s prized in many cultures for 
its beauty and physical resilience. Nacre is much more 
than just a beautiful material. It’s one of the world’s 
strongest natural materials. 

Function: Prevent damage from compression and impact

Strategy: The inorganic material layers of the shell are 
composed of interconnected hexagons (6-sided shapes 
called platelets) that lay parallel to one another with a pore 
size that varies from several dozen to 100 nm. They help 
support the shape of the shell and require a strong force to 
break through them. The spongy organic layers between 
the inorganic material help to limit the damage and allow 
the oyster to recover when there is a physical injury to the 
inorganic layer. 

Mechanism: 95% of the shell is hard inorganic material 
made of calcium carbonate. 5% of the shell is spongy 
organic material made from chitin, the second most 
abundant material on Earth that is made of a modified form 
of glucose (sugars). On impact, the hard inorganic 
microlayers layers will protect the oyster from damage up 
to a certain amount of force. If there is a break from the 
impact, the nanoscale spongy layers will diffuse that force 
and prevent it from going through to the next layer. In this 
way it would take many repeated, strong forces in the same 
exact place to cause lethal damage to the shell of the 
oyster. 

With forces that try to deform the space of the oyster, the 
hard inorganic layers preserve the shape up to a certain 
force. When the force is repeated and excessive, the 
spongy layers allow for a certain amount of flexibility so 
that the oyster can return to its original shape once the 
force is removed.

Abstracted design principle (ADP): In a product, 
alternating thin multiple layers of hard and spongy material 
will protect a product from events that would crack or 
deform it.

Photography and illustrations:

Alternating thin multiple layers of hard and spongy 
material. We can think of this structure as similar to brick 
and mortar with the space between the bricks in a single 
layer vary from several dozen to 100 nm.

19



Name: 
Spider silk—Darwin Bark Spider (Caerostris darwini)

Description: The silk made by the Darwin bark spider is 
one of the most studied materials in the world. It is 
known for its strength, flexibility, elasticity, and 
durability. It has been measured to be eight times stronger 
than steel of the same diameter. Unlike any human-made 
material, it has all of these characteristics and is also anti-
microbial, hypoallergenic, hydrophobic, and 
biodegradable. The mechanical strength of the silk at the 
macrolevel is based on the flexible regions of the protein 
components in each one of the silk threads which 
measure 0.003mm (3 micrometers) thick. By comparison, 
a single human hair is 0.06mm (60 micrometers) thick.

Function: Build strength and enhance flexibility at the 
macro-level through a matrix of stronger and weaker 
molecular connections

Strategy: During spinning, the protein molecules of the 
silk self-assemble and align to form what is generally an 
amorphous (elastic and less-ordered) matrix that has 
crystalline (strong and highly-ordered) regions. 

Mechanism: The self-assembly happens when 
the regions made of the amino acid alanine 
(which is used to make proteins) link together 
via hydrogen bonds (which are weak bonds) to 
form folded stacks of sheets called “pleated b-
sheets”. Their crystalline (highly-ordered) 
structure gives the silk its strength. The b-sheets 
are embedded within an amorphous (less-
ordered) structure via covalent bonds (which are 
stronger than hydrogen bonds). This allows the 
whole structure to act as a set of nano-scale 
springs, giving the silk its elasticity. 

Abstracted design principle (ADP): A material 
with the macrolevel mechanical properties of 
both strength and flexibility can be formed by 
having some highly-ordered and less-ordered 
regions at the micro- and nano-levels.

Photography and illustrations:

Inside a typical fibre there are crystalline regions separated by 
amorphous linkages. The crystals are beta-sheets that self-
assemble together.
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Name: 
Horse (Equus ferus caballus)

Description:
Horses have a long and winding history of ~55 
million years prior to being domesticated by 
humans 6,000 years ago. Over their long 
evolutionary arc, the horse has evolved a hoof that 
is one of the strongest known materials in the 
natural world thanks to its intricately woven 
structure that has both vertical and horizontal 
elements that prevent cracking and fractures. This 
strength in the hoof is critical for the health of the 
horse. At an average weight of 1,100 pounds, the 
horse balances on the same bone structure as a 
person on tiptoe. Among those who work with 
horses, the phrase "no hoof, no horse” is very 
common and communicates the vital value of the 
horse hoof to the animal’s existence. 

Function:
Prevent fracturing and maintain shape under 
pressure

Strategy:
To protect the horse from the constant and intense 
pressure it experiences, the hoof is a complex structure 
that contains hard and soft components. The hard 
components are made of mineral-based material with 
nerve endings that protect the inner, softer parts of the 
hoof that contains the nerves and blood vessels. These 
softer parts are flexible and provide shock absorption. 

Mechanism: 
Horse hooves are twenty times tougher than bone and the 
one of nature’s most crack-resistant materials. Braids of 
keratin (the same substance that makes up our fingernails 
and hair) are aligned vertically and connected to one 
another horizontally in sheets with another structure 
called a “digital cushion” made of a spongy material that 
is primarily used as a shock absorber. The keratin 
structure provides protection for the horse’s foot while the 
digital cushion protects the horse’s bones from the 
constant pressure the horse exerts while walking and 
running. 

Abstracted design principle (ADP):
Braided threads woven together horizontally and 
vertically around a softer core makes a structure strong 
and able to withstand high amounts of pressure. 

Illustrations:

3D scaffold

Film composite

Hydrogel
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Name: 
Ironclad Beetle (Zopherus nodulosus haldemani)

Description:
Ironclad beetles are found in the deserts of the 
Southwestern US in states such as Arizona and Texas, 
and in South America. They are virtually indestructible. 
They’re so strong that bug collectors must use a small 
drill in order to place a pin through them. In addition to 
protecting them from predators, this exoskeleton also 
protects and maintains the moisture levels of the 
beetle’s body underneath the exoskeleton, an adaptation 
that makes them especially well-suited to their home on 
the desert sands. 

Function:
Protect from fracture and puncture

Strategy:
The ironclad beetle’s exoskeleton owes its strength and 
durability to the strong organic raw material known as 
chitin, a form of modified glucose (sugars), and the 
arrangements of the microlayers of chitin in relation to 
one another along with embedded minerals and 
microtubes of empty space that dissipate energy from 
impact. 

Mechanism: 
Each microlayer of chitin, known as a scale, is 5-15 
micrometers thick and composed of hexagonal-shaped 
components. Each scale is then separated from the 
adjacent layers by approximately 220 nm and rotated 
between 12 – 18 degrees in relation to the layer above and 
below it, forming what’s known as a Bouligand structure. 
This is similar to the macrostructure of plywood. When 
done at the micro- or nano-level, these rotations of layers 
allow the structure to mitigate damage from impact. The 
added minerals, usually in crystal structure, further 
strengthen the exoskeleton. Zinc, iron, calcium, 
manganese, magnesium, and silicon are found in the 
ironclad beetle’s exoskeleton. Finally, the tubes of empty 
space found between the layers of chitin also serve as 
another source of impact distribution to prevent damage. 

Abstracted design principle (ADP):
Microlayers rotated in relation to one another to form a 
spiral structure can create a strong, durable, and stable 
structure that redistributes the stress of impact. 
Photography:

Illustrations:
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Polypropylene’s molecular structure
When developing new materials, we often need to zoom 
into the nano- and micro-scales to understand the building 
blocks of the macro characteristics we want to mimic. 

Because this project involves a replacement for the 
existing material polypropylene (PP), it’s important to 
understand the molecular structure of PP that determines 
the mechanical properties we want our new material to 
have. 

The molecular structure of polypropylene is:

Understanding polypropylene at the micro- and macro-scales 

Illustration by Petrocuyo

Polypropylene is comprised of many identical molecules
These models show the crystal structure (arrangement of carbon and hydrogen atoms) of a single 
chain of polypropylene and a lattice of many connected chains.

Illustrations by Polymer Science Learning Center

Why polypropylene is equally flexible and strong
Two of the most important features of polypropylene that make it so popular are its dual properties of 
flexibility and strength. The secret to this success is found in its crystal structure. The CH3 
components, known as methyl groups, form highly-structured, crystals that give the material its 
strength. These crystals act as physical crosslinks between the amorphous regions that are less 
structured. These interconnected amorphous regions give polypropylene its flexibility. Traditional 
polypropylene has about 50%-60% crystallinity16, meaning it’s about half and half crystalline and 
amorphous regions. The amount of crystallinity can be designed and adjusted at the molecular level 
to yield different ratios of crystalline and amorphous regions. This “semi-crystalline” ratio is critical 
when considering the structure of a new replacement material. 

Structured crystals that servs as 
crosslinks for strength

Less-structured areas that 
provide flexibility

Illustration by 
University of Liège, 
Belgium
Fracture Mechanics 
Online class

http://www.petrocuyo.com/en/technology/polypropylene
https://pslc.ws/macrog/pp.htm
https://pslc.ws/macrog/pp.htm
http://www.ltas-cm3.ulg.ac.be/FractureMechanics/print.php%3Fp=overview_P3


Initial prototype solution

The goal of this solution is clear: develop and scale packaging that doesn’t 
become pollution

Molecular structure:
Our five biological champions all present possibilities for how we might structure 
the prototype at the microlevel. Each champion offers us a different set of material 
properties and design principles, detailed in the chart on the next page.

The two main similarities they share is some degree of crystallinity and the type of 
porosity. Most have a semi-crystalline structure, similar to polypropylene, meaning 
that they have both crystalline (structured) and amorphous (less-structured) regions 
that create strength and flexibility, respectively. This provides us with a high 
degree of confidence that this prototype can and will be successful. All of these 
materials are porous to a certain degree and have structures that are cross-linked 
either at the macro, micro, or nano-scales, and very often at  multiple-scales. 

As with polypropylene, the ratio of crystalline to amorphous regions can be dialed 
up or down by adjusting the molecular structure in order to adjust the mechanical 
properties. For example, with polypropylene if you greatly reduced the number of 
crystalline regions, the material could be the consistency of liquid glue. The key to 
success is to get that ratio exactly right for the use case. 

When compared to one another 
and against polypropylene’s 

material properties, a champion 
of champions emerged…

Photo by freestocks on Unsplash

https://unsplash.com/@freestocks%3Futm_source=unsplash&utm_medium=referral&utm_content=creditCopyText
https://unsplash.com/s/photos/spider-web%3Futm_source=unsplash&utm_medium=referral&utm_content=creditCopyText


Champions – Material Properties
Composition Structure Order Macro-

form
Type of 
Porosity

Polypropylene Organic Branched Both Variable Cross-linked

Glass sponge Inorganic Branched Crystalline Rigid Cross-linked 
and Fibrous

Black-lip oyster Composite Layered Both Rigid Cross-linked

Spider silk Organic Branched Both Variable Cross-linked 
and Fibrous

Horse Composite Layered Both Rigid Cross-linked

Ironclad beetle Composite Layered Crystalline Rigid Cross-linked 
and Porous

Composition: Organic, Inorganic, Composite
Structure: Layered, Branched, Linear, Multi-scalar
Order: Crystalline, Amorphous, or Both

Macro-form: Rigid, Semi-rigid, Soft, Variable
Type of porosity: Fibrous, Cross-linked

Spider silk has the most in 
common with polypropylene and is 
the structure to look at first for a 
prototype structure. 

Fortunately, spider silk has been 
widely studied by many scientists 
and extensively utilized in materials 
science. This provides a great deal 
of research to build on and many 
experts to consult.

Another material property of the 
prototype to measure and compare 
to polypropylene is stiffness, 
calculated by Young’s modulus.



Raw material and process: 
One of the hallmarks of sustainable product development is to begin as we wish to go. The beginning raw material for this prototype is a molecule 
similar in molecular structure to polypropylene (PP) to preserve the mechanical properties we want with two key differences: 

• This molecule is produced by the bacteria E. coli through a clean, low-energy process rather than derived from fossil fuel so the source is renewable 
and locally-based.

• This molecule has a semi-crystalline structure similar to PP but unlike PP, this molecule is biodegradable under natural, low-energy conditions, can 
be broken down to its components for reuse and repeat synthesis, and could possibly be used a form of green energy.

Initial prototype solution

Feed the E. coli Produces new 
molecule

Molecule 
precipitate

Injection 
molding process

Container 
produced

Biodegrades

Reclaim and 
recycle for 
reuse by E. coli 



Injection mold process and final product
One of the main goals of this project is to eliminate barriers to 
entry and adoption of this new alternative material. 
• To that end, this material should allow a company like 

Chobani to simply swap out polypropylene for this new 
material and continue to use all its existing machinery and 
processes to produce its containers. 

Additionally, this material should also keep costs relatively 
flat over time. 
• This will be a challenge given that plastic prices are kept 

artificially low by fossil fuel companies and do not reflect the 
full cost of plastic production and disposal on the 
environment. 

• It will require some initial investment that will be recouped 
over time by a lower environmental impact and an added 
product benefit that will attract more consumers and increase 
brand value. 

• Chobani is well-positioned to make this investment in 
packaging because it conducted packaging design innovation 
on-site with its rebranding initiative. 



Immediate next steps with details (see timeline overview 
on page 32)

Lab work:
• Molecule is synthesized by E. coli 
• Precipitated in the lab into beads

3D printing:
• Produce a prototype sheet of the material

Test mechanical properties:
• Test the sheet of material for resistance to fracture and cracking
• Match the testing thresholds used by Chobani for its existing 

containers
• Iterate the molecule’s design as needed until successful test result 

achieved

Future next steps with details (see timeline overview on 
page 32)

Small-batch retired line machine from Chobani:
• Produce a container

Testing mechanical properties:
• Test that container for resistance to fracture and cracking
• Match the testing thresholds used by Chobani for its existing 

containers
• Iterate the container design as needed



The Chobani Way:
Reflecting on the 
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Conclusion
In October 2019, I began to think about ways that cities could 
contribute more positive benefits than they take from the planet

• Can they clean air and water? Can they create healthy, fertile soil? 
Can they sink carbon and lower the temperature? 

• Can they make room for more species to live productive lives and 
remain productive to drive our economies?

• Can humans become better global citizens on par with nearly every 
other flora and fauna species on the planet? 

• Can we learn from and embody the genius that has inhabited Earth 
for 3.8 billion years?

These research questions that started me down this path continue to 
hold my deep interest. The current situation in my city has strengthened 
my passion for materials science, my determination to protect the 
natural environment, and my resolve to develop products that make the 
world a better place. For me, for now, that journey begins with plastic.

How much healthier and cleaner could our world be if we replaced 
plastic with a new material that has all of plastic’s virtues and none of 
its vices?

I plan to find out: http://beyondplastic.nyc/
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THE FUTURE—BEYOND PLASTIC
Prototype Roadmap*

PROJECT
START

DEC JAN

MILESTONE
Define challenge 
and research 
structure

FEB

MILESTONE
Conduct majority 
of research

MAR

MILESTONE
Complete first 
draft of project

APR

MILESTONE
Incorporate 
stakeholder  
feedback

MAY

MILESTONE
Finalize initial plan 
for prototype 
development

JUN

MILESTONE
Apply for funding

JUL

MILESTONE
Secure funding

AUG

MILESTONE
Operationalize 
initial prototype 
solution

SEP

MILESTONE
Develop physical 
prototype

OCT

MILESTONE
Test and iterate 
prototype

NOV

MILESTONE
Shop prototype

DEC

MILESTONE
Secure first 
customer

Q1
Conduct bulk of 

research and ideation

Q2
Develop solution for 

prototype

Q3
Quarter goals

description

Q4
Quarter goals

description

*Any delay in any of these milestones could cause a delay in the subsequent milestones
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Literature Review and Bibliography

• Literature Review

https://docs.google.com/document/d/1F8ujsvZ_AIsv_
6mHnWnU8vGMDbo-
3ym9FyEJr_cX8A4/edit?usp=sharing

• Bibliography

https://docs.google.com/document/d/12XwENYgp1Q
a97TrF8Oqm8kxcCUNFyrjvn5Y_YIOIGXE/edit?usp
=sharing

• Video

https://youtu.be/TO9RAYPQgxg
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Beyond Plastic: A biodegradable material from a local 
renewable resource to protect healthcare workers from 
COVID-19 and other viral pandemics

IMMEDIATE PROBLEM
• Healthcare workers face supply shortages: PPE, ventilators, 

respirators, and cleaning wipes
• They are made from fossil fuel-based plastic

• Nonwoven fabric and plastic molding
• There is a shortage of these materials

NEAR-TERM PROBLEM
• The exponential increase in demand and the plastic waste it causes 

will accelerate climate change, help viruses like COVID-19 thrive, and 
further increase demand for these products. 
• It’s a vicious cycle.

SOLUTION TO BOTH PROBLEMS
Create a biodegradable renewable raw material to create these products 
on-demand in the amounts we need in the U.S. without accelerating 
climate change.



Plastic container molding process – courtesy of 
CustomPart.net 

One of the benefits of plastic is that any object of any shape and any size can be made from it. Because of its literal and figurative flexibility as a material, there are also 
numerous ways to create any one object. In the case of hollow containers used to hold yogurt and other dairy products, a process called injection molding is used and 
has only three required parts: 

• Injection molding machine

• Raw material

• The mold that defines the shape and dimensions of the container

The entire process of creating a container with injection mold varies from 2 seconds to 2 minutes depending up on the size and dimensions of the final product. 
There are five steps in the linear process:

1.) Clamping - the two halves of the mold are clamped together to form a single mold

2.) Injection - The raw material is put into the injection molding machine, melted, and pressure is applied to create the exact dimensions dictated by the desired design 
of the final product

3.) Cooling - The molten plastic starts to cool on contact with the mold. As it cools, it solidifies and may slightly shrink. To ensure the desired design is created, there 
will be a bit of overflow, known as “flash” that will be trimmed away to make the final product.

4.) Ejection – the molded product is ejected from the mold

5.) Post-processing – includes trimming, inspection, and testing to assure quality

This new raw material and and the microstructures used to create the final product utilize the same machinery and the same processes that already exist within 
Chobani’s package manufacturing cycle. This saves the company time, money, and effort while producing an environmentally-superior product that can be recycled and 
reused without degradation or additives and will naturally biodegrade into benign materials in soil or in water. It is possible that it could also be safely burned as a green 
form of energy, and we will test that possibility.

https://www.custompartnet.com/wu/InjectionMolding
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Survey data
Conducted by Christa Avampato on February 23 – 24, 2020.

• In a survey of 400 people, I 
asked people one simple question: 

“If you have tried to reduce the 
amount of plastic you use, what’s 
been the single biggest barrier to 
your efforts?”

• Results:

Overwhelmingly, 67.9% said 
packaging of items they buy and 
over half of those specifically called 
out food packaging as the issue. An 
additional 24.5% said they had no 
other choice but plastic for the goods 
they buy.

Reason
Number of 
responses

Percentage of 
responses

Excess packaging general 114 28.30%

Excess food packaging 158 39.60%

Plastic is the only available 
option 98 24.50%

Other 30 7.50%



Nature’s production cycle

40Image from Quizlet.com



Human-designed product development cycle
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Iterative 
(agile) 

approach

Linear
approach

d.School, Stanford University, 2010

Design process at OnePlus.com


