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Plastic Bottles 
Challenge 
Plastics in the ocean are receiving increased media attention. Plastic 
products range from common domestic material (e.g., bags, 
Styrofoam cups, bottles, and balloons) to industrial products (e.g., 
strapping bands, plastic sheeting, hard hats, and resin pellets) to lost 
or discarded fishing gear (e.g., nets, buoys, traps, and lines). In North 
America, the largest plastic market is packaging, accounting for ~ 30 
percent of all plastic applications, and, of this sector, beverage 
containers account for about 20 percent by weight (Franklin 
Associates 2014).  

The durability and resistance to degradation of plastics bring value in 
industrial applications but also difficulty in terms of natural systems’ 
assimilation. Of ~ 6,300 million tons of global plastic waste ever 
produced, less than 10 percent has been recycled and about 10 
percent has been incinerated, which means the remaining ~ 80 
percent has ended up in landfills or the natural environment, i.e., 
terrestrial or aquatic systems (Geyer, Jambeck, & Law 2017).  

One approach to solving the problem of ocean plastics is to find ways 
to collect and remove these substances. Another approach is to 
rethink our use of plastics in the first place. For this challenge in 
particular, Coca-Cola is looking for biomimics to help the company 
rethink the plastic beverage container–aside from using heavy glass 
bottles–and to find life-friendly ways to contain their product (Coke) 
that results in components breaking down into benign constituents 
rather than polluting marine ecosystems.  

Coca-Cola products are currently primarily packaged in polyethylene 
terephthalate (PET) plastic bottles–about 60 percent (Coca-Cola 2017). 
An additional challenge is that of plastic industrial sector uses, 
packaging applications have the shortest lifetime distribution (Geyer, 
Jambeck, & Law 2017). That is, plastic beverage containers have a very 
high throughput rate in human systems. Coca-Cola estimates that 1.9 
billion servings of Coca-Cola Company beverages are consumed each 
day (Coca-Cola 2017). 

A primary function is the most relevant function 
to address the Biomimicry design challenge and 
will be the focus of this report. We choose to 
ask as our primary function:  

“How does nature form a gas-impermeable 
barrier to store liquids under pressure (at least 
55 psi), low pH (2-4), and varying temperatures 
(~35-110 degrees F) with structural integrity?”  

For additional contextual details, see Appendix B. Scoping Context. 
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What is Biomimicry? 
Biomimicry is often referred to as the “conscious emulation of life’s genius” in order to solve human design and 

engineering challenges (Benyus 1997). Biomimicry embodies three elements: 1) the ethos element, which states that we 

must fit in with the rest of nature in order to survive, i.e., the ecosystems that provide supporting services; 2) the 

(re)connect element, which refers to humans rediscovering their connection with and being a part of the natural world; 

and 3) the emulate element, which is “the meat” of the approach in which nature is used as a model, mentor, and 

measure to solve design challenges. Biomimicry can occur at several levels: the natural form or morphic level (e.g., how 

things are shaped), the natural process level (e.g., how things are made or performed), and at the natural ecosystem level, 

which has much to do with the context of how a thing fits into or interacts with its surroundings. Therefore, another 

definition used to define Biomimicry is the learning from and then emulating natural forms, processes, and ecosystems to 

create more sustainable designs (Baumeister 2014). The emulation piece, upon which this project focuses, emphasizes 

integrating biological knowledge at the form, process, and system levels by identifying biological strategies and 

mechanisms that have evolved to survive the test of time.  

 

In the Challenge-to-Biology (C2B) model of the Biomimicry approach, the designer looks to nature for design inspiration. 

With any design, Biomimicry asks not what the design will BE but what will it DO. With this approach, biomimics start by 

converting the function of the design into a verb and then asking: "how would nature [insert verb]?" This step is referred 

to as "biologizing the function” (see previous page). A functional taxonomy (see Appendix D) is then used to identify what 

technical conflicts have already been resolved and cataloged in nature. For this project, nearly 100 natural models were 

identified discover phase (see Biomimicry Thinking figure below). Given these resolutions, a biomimic can posit champion 

adaptors, i.e., organisms that have evolved over the test of time to optimally perform the investigated function(s). The 

strategy and mechanism of these champions, or how they achieve the function, are then examined on a technical level to 

abstract new designs in the context of the human design and application—a step referred to as abstracted design 

principles (ADPs). Another important component of using the Biomimicry approach is to consider how these new ADPs 

will adhere to a set of deep patterns identified in 3.8 billion years of research and development (R&D). These patterns are 

referred to in the practice as "Life's Principles," and serve as mentor and measure for Biomimicry innovations.(See 

Appendix A).  

 

 

 

 

 

 

 

 

 

 . (Left) Biological “Research & Development” (R&D) stands the test of time—a comparison to the fraction of Earth’s existence in which humans 

have performed R&D;  (Middle) Three pieces of Biomimicry approach © Biomimicry 3.8, (Right) Three levels at which the Biomimicry Emulate 

piece is performed, © Biomimicry 3.8 

Biomimicry Thinking – Discovery Process Highlighted per 
Biomimicry 3.8  © Biomimicry 3.8 
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Taxonomy 
Taxonomies are often used to classify information to identify and highlight 
deep patterns found across systems. Having this information portrayed 
visually can help a designer narrow their strategy based on the identified 
criteria.  

The following taxonomy denotes the 15 biological champions identified in this 
document, and the associated design principles derived from each organism.  
While a larger collection of organisms might reveal further information, this 
taxonomy does illuminates certain patterns and relationships that were 
elucidated during the research phase.  Each organism is represented by an 
image, and beneath each image is a symbol (or symbols) representing its 
grouping (or groupings).  The symbol meaning can be found along the right-
hand column.  This structure is repeated for the five (5) taxonomic groupings.  
Along each taxonomic grouping, strong patterns can be identified by the 
number of common symbols found beneath the organism images.   

For instance, of the investigated set of champion 
organisms, it was observed that implementing a 
strategy to store liquids involves using both shape 
and material (i.e., often proteins, sugars, and/or 
wax) at many scales on the surface and/or interior of 
the organism.  

Each biological champion is explored further in the 
Champion Adaptors Section of this report, using the 
same images found here for easy identification.  
Alternative taxonomies have been included in 
Appendix C to appeal to all readers 
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Taxonomy: ReTHINK Plastic Bottles – Champion Adaptors  
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Champion Adaptor Species 
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How to Read Champion Adaptor Pages 
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Bacteria (Bacillus subtilis)  
Membranes store liquid  

 
Membrane matrix stores l iquid in 

semi-permeable container while 

maintaining structural integrity 

in variable temperature and 

pressure conditions 

STRATEGY & MECHANISM  
Helically inserted highly polar units are separated by small 

peptide chains to form a strong and flexible inter-membrane 

matrix.  Alignment of multiple micro-units forms biofilm to 

reduce penetration by microbes, and multiscale roughness and 

surface finish contribute to a gas-impermeable membrane.  The 

structure withstands turgor pressures of up to 1.9MPa due to 

structural ordering of the outer membrane, which elongates 

and twists under pressure to alleviate stress.  The cell wall 

density contributes to the stiffness of the container at low 

pressure, and the internal turgor pressure contributes to the 

stiffness at high pressure.  

DESIGN PRINCIPLE 
Helically inserted hexagonal polar units linked covalently with 

double bond characteristics form the wall of pill shaped structures 

which maintain shape up to 1.9 MPa internal pressures.  The unit 

retains its stiffness in varying pressures due to a combination of 

structure and internal pressure.  Multiscale roughness, inter-

membrane matrix composition, and surface topography contribute 

to a gas and microbial impermeable layer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPLICATION IDEAS 
 Containers for high pressure 

environments 

 Containers for sterile environments 

such as the medical world 

 Elongating structures that change with 

pressure 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  

STRATEGY DIAGRAM 

ABSTRACTED DESIGN PRINCIPLE 

 Modeling cell elongation before and after turgor shock 

Helically inserted polar units bond together to form structure of cylindrical container. The surface topography 
is made up of multiscale bumps. 

 

Source: Wickham Labs [Internet]; c2019; cited 2019 Apr 10]. Available from: 
https://wickhamlabs.co.uk/technical-resource-centre/fact-sheet-bacillus-subtilis/ 

https://wickhamlabs.co.uk/technical-resource-centre/fact-sheet-bacillus-subtilis/
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Hydrostatic Skeleton (Coelom) 

Membranes store liquid 
 
 
 

Tubular columns elongate under 

pressure to stores liquid with 

structural integrity 

STRATEGY & MECHANISM  
The hydrostatic skeleton facilitates a mode of diverse 

physical movements in a number of invertebrates and 

other organisms. The self-contained circulatory system 

contains a collagenous network of interconnected tissue 

fibers surrounding an incompressible fluid-filled 

(haemocoel) liquid sac called the coelom. A packed array 

of perpendicularly arranged and attached thin and thick 

filament reinforced muscle cells (essentially lobular 

troponin tropomyosin proteins) respond to changing 

pressure thresholds, providing the directional, 

volumetric contraction and/or relaxation forces that 

enable muscular shape change and physical deformation 

necessary to initiating locomotion. 

DESIGN PRINCIPLE 
Diverse modes of unit locomotion, movement, and 

spatial positioning facilitated by energy transmission. 

Comprised of a semi-rigid system of tubular structures 

internally reinforced by an interconnected array of 

octagonal and helical elastic filaments, a framework of 

horizontally aligned, inert fluid-filled cylinders enable a 

multi-directional mechanism of unit transportation. The 

force of gravity is used to exert hydrostatic pressure 

within the cylinder canals, generating an internal 

volumetric change that results in tubular contraction, 

deformation, and elongation.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPLICATION IDEAS 
 New bottle design with structurally 

improved compressive resistance and 

ease of molding properties provides for 

a more resilient, reusable outer 

package container 

 Formable liquid-containing vessels that 

can be stretched and manipulated in 

different shapes to create a singular 

“parent” structure of spatial volume – 

serving as a fillable nucleus for multiple 

bottle shapes and configurations 

 A thin-walled composite structure with 

an exterior layer of interconnected fiber 

networks, designed for reducing surface 

deformation and breakage originating 

from atmospheric pressures and 

temperature changes

 

Copyright 2019. Sea Urchin. 
https://tr.wikipedia.org/wiki/Denizkestanesi 

 

ABSTRACTED DESIGN PRINCIPLE 

STRATEGY DIAGRAM 

Differences between a pressurized cylinder reinforced with fibers in an orthogonal array 

Image http://labs.bio.unc.edu/Kier/pdf/Kier_2012.pdf 

http://labs.bio.unc.edu/Kier/pdf/Kier_2012.pdf
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Green Alga (Chlamydomonas eugametos) 
Membranes store liquid 
 
 
 

Membrane matrix stores liquid 

under pressure with structural 

integrity 

STRATEGY & MECHANISM  
The cell wall of green alga Chlamydomonas eugametos has 

significant tensile strength (95 atmospheres) despite having only a 

primitive cell wall devoid of cellulose. The cell wall is a synthesis of 

a trabecular network of microfibrils embedded in the wall 

membrane that effectively creates a reinforcing multi-laminate 

structure. This feature increases overall resistance to surface 

tension and thus, the breaking strength of the cell wall. The 

breaking strength is also increased by the microfibrils orientation 

(i.e., perpendicular to the cell wall), shape (i.e., protrusions are 

circular and/or rectangular), spacing (i.e., alternating protrusions 

with micro-indentations), and size (each modification to the cell 

wall is only 5-10 nm above or below the median plane). The overall 

shape of the cell wall also contributes to tensile strength as 

spheres, unlike cylinders, favor uniform pressure distribution. 

Further, spherical cells enjoy a relatively low surface-to-volume 

ratio, which reduces diffusion. Some C. eugametos actually form 

palmelloid colonies or groupings of the cells to form one structure, 

which can increase the breaking strength even further. 

DESIGN PRINCIPLE 
A high tensile strength envelope holds liquid or semi-solids and 

withstands up to 95 atmospheres of pressure being a flexible 

polymeric coating with a trabecular network of micro-strands 

protruding in and out of the envelope layer by ~ 5-10 nm on both 

exterior and interior sides effectively creating a multi-laminate 

structure that allows contents to take its shape for the highest 

tensile strength – spherical. Increased surface resistance may be 

imparted by: 1) orchestrating circular and/or rectangular shaped 

network elements that are oriented perpendicular to the envelope 

surface, and 2) hierarchically embedding enveloped liquids within 

additional envelopes.

 

.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPLICATION IDEAS 
 To mimic the multi-laminate but ultra-

thin cell/lightweight wall for innovative 

new beverage and food packaging 

requiring strong mechanical protection 

 Aid in slow diffusion of gas across 

barriers 

 Creation of hierarchical liquid bubbles 

creating impact resistance

Source: European Space Agency at 
hhttp://www.esa.int/esapub/sp/sp1206/vande.htm 

Chlamydomonas eugametos at varying resolution; upper right shows: a palmelloid cell (many inside 
one); lower right is normal cell 

Coating envelope’s trabecular network increases tensile strength 

Image Sources clockwise from Upper Left are: European Space Agency (see left). Science Reckoner at: http://www.sciencereckoner.com/the-algae/; 
Pallemoid & Normal cell are per Nakamura et al. 1975; and Adair 1987. 

STRATEGY DIAGRAM 

ABSTRACTED DESIGN PRINCIPLE 

https://wickhamlabs.co.uk/technical-resource-centre/fact-sheet-bacillus-subtilis/
https://wickhamlabs.co.uk/technical-resource-centre/fact-sheet-bacillus-subtilis/
http://www.sciencereckoner.com/the-algae/
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Candelilla (Euphorbia cerifera)
Membranes store liquid 
 
 
 

Surface wax stores liquid under 

high temperatures 

 

STRATEGY & MECHANISM  
A bloated structure and a hard, waxy surface help retain water in 
hot, arid conditions.  Highly polar, long chains of hydrocarbons 
containing esters, free acids, and alcohols create London 
dispersion, hydrogen bonding, and dipolar interactions making 
strong internal bonds that ultimately result in a high melting point 
(72.5ᵒC) and structural stability.  Turgor pressure within the plant 
creates a bloated shape which allows for higher volumes of liquid to 
be stored.  The chemical makeup of the surface compound is safe 
for human consumption. 

 

DESIGN PRINCIPLE 
Long chains of hydrocarbons containing esters, free acids, and 

alcohols create strong bonds between molecules.  The chemical 

composition produces a wax with a high melting point (72.5ᵒC), 

which is safe for human consumption. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPLICATION IDEAS 
 Waxy coating to increase container thermal properties 

 Coating consumable goods to form a protective barrier 

from air 

 Sealants in hot ecosystems (for household use) 

 

 

 

 

 

 

 

 

 

 

 

STRATEGY DIAGRAM 

Candelilla Institute [Internet]; c2013; cited 2019 Apr 15]. Available from: 

http://www.candelilla.org/?page_id=528 

 

Candelilla wax chemical formula 

 

Highly polar waxy coating retains water in extreme heat. 

ABSTRACTED DESIGN PRINCIPLE 

http://www.candelilla.org/?page_id=528
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Lechugilla (Agave lechuguilla)
Membranes store liquid 
 
 
 

Hierarchical tubular bundle 

layers store liquid with structural 

integrity 

 

STRATEGY & MECHANISM  
The upright, sharp-tipped stalks of the Lechuguilla succulent are 

composed of a highly interconnected matrix of polymeric fiber 

strands of various lengths, formed into larger bundles containing 

multiple sets of individual strands. The strands are hydrophilic with 

a central hollow liquid conduit, with a resulting internally spongy 

physiology. Their chemical composition of dietary fiber, lipids, 

polysaccharides, and assorted proteins bestow the lignocellulosic 

fiber bundles and chains with highly resilient structural stiffening 

properties - via the binding characteristics of a blend of internal 

inulin-pectin gels and organic cements providing fiber adhesion. 

The stalk’s inner cellular symmetry and vertical orientation provides 

for excellent axial and compressive flexural bending, while the 

closely packed, interlocked fiber bundles of the epidermal surface 

offer significant penetration and puncture resistance. 

DESIGN PRINCIPLE 
The combined physical properties impart a number of hydro-

mechanical properties and tensile characteristics (including high 

surface rigidity, puncture resistance, a high elastic modulus, flexural 

bending, enhanced shear strength, and resistance to axial /buckling 

stresses). Semi-rigid, elongated, and individual tubular structures 

are assembled and bundled together in a continuous array of 

interlocked, multiple vertical strand configurations. Each elliptically-

shaped strand is composed of several overlapping material layers, 

which are arranged and physically bonded together in a convex 

form from the inside out.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPLICATION IDEAS 
 A biodegradable, moldable composite 

packaging material that integrates 

organic fibers with polyester films, 

increasing puncture resistance and 

surface rigidity from blunt objects and 

related biotic sources 

 A secondary packaging material, dense 

but flexible netting made with shin-

dagger fibers. Each netted bag can be 

stretched and formed over existing 

bottles and/or multiple unit 

assortments and bundles – adding both 

a protective and ease of transport 

functionality that’s inexpensive, 

biodegradable, and safer for the 

environment 

 A eco-friendly packaging substitute for 

self-contained vessels; a formable, 

food-grade portioned (8-12oz) capacity 

drinking cup design with pressure-

sealing lid that acts as a refillable or 

travel container 

Copyright 2019.Agava Lechuguilla. 
http://wuestengarten.at/Alben/Agaven/Agave%20havardiana%20%5BImport,

%20TC%5D/index.html#P1110638.jpg 

 

ABSTRACTED DESIGN PRINCIPLE 

STRATEGY DIAGRAM 

Longitudinal view (2500× magnification) and cross-section of succulent fiber.   

Image© 2019 at: https://www.intechopen.com/books/advances-in-agrophysical-research/plant-fibres-for-textile-and-technical-applications 

http://wuestengarten.at/Alben/Agaven/Agave%20havardiana%20%5BImport,%20TC%5D/index.html#P1110638.jpg
http://wuestengarten.at/Alben/Agaven/Agave%20havardiana%20%5BImport,%20TC%5D/index.html#P1110638.jpg
https://www.intechopen.com/books/advances-in-agrophysical-research/plant-fibres-for-textile-and-technical-applications
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Grape Berry (Vitis vinifera)
Membranes store liquid 
 
 
 

Wax layer stores and repels 

liquid under varying temperature 

& humidity conditions & provides 

structural support 

STRATEGY & MECHANISM  
Embedded into the ~ 3 μm cuticle of the grape berry is a ~ 0.5 μm-

thick wax layer that is comprised of triterpenoids (cyclic carbon 

chains) and oleanolic acid (a pentacyclic triterpenoid). The 

outermost portion is partially crystalline forming thread-like or 

polygon shaped platelets that are distributed non-uniformly with 

some trend to be oriented parallel to the cuticle surface, imparting 

hydrophobic roughness. The platelets can polarize light giving the 

grapes their bluish-white powder appearance. The middle portion 

of this microscopic layer comprises more ordered long carbon 

chains, while the inner portion is largely oleanolic acid clusters 

scattered in between the wax platelets; thus, for the amorphous 

phase, this innermost layer still appears rather ordered. As a whole, 

these layers constitute a thermal barrier with a composite melting 

temperature ranging from at least 65 -85⁰C. The well-ordered and 

densely packed molecular constituents make a formidable barrier 

to moisture (i.e., loss) and the diffusion of gases. 

DESIGN PRINCIPLE 
A semi-impermeable barrier ~0.5 μm thick imparts structural 

stability and hydrophobicity via a uniquely formulated wax or lipid 

coating that is applied to another thin structural envelope (>3 μm) 

to contain liquids and/or semi-solids. The multi-layered barrier is 

configured to achieve increased anisotropic strength and tolerance 

of temperature variability as follows: 1) an outer layer is partially 

crystalline and in the form of micro-threads and polygon shaped 

platelets, which are distributed non-uniformly with some trend to 

be parallel to the substrate beneath; 2) a middle layer having more 

ordered carbon chain components; and 3) an inner layer comprised 

of triterpenoid-like molecules that “bunch” in between the upper 

platelets.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPLICATION IDEAS 
 Hydrophobic and structurally 

supportive outer coatings for new thin-

film packaging substrates for beverages 

and possibly soft-foods 

 Advanced thin-film protective covering 

for small personal and especially travel 

and convenience items

Rotherhill Nurseries at: 

http://www.rotherhill.co.uk/vitis-vinifera-half-standard/ 

ABSTRACTED DESIGN PRINCIPLE 

STRATEGY DIAGRAM 

Uniform coating at macroscale has upper wax/lipd crystalline layer imparting hydrophobicity 

STRATEGY DIAGRAM 

Vitis vinifera at varying structural sizes; upper right & middle lower show top views; lower left is a molecular-
scale representation of layering in the epiticular wax. 

Image Sources clockwise from upper left are: Creative Commons’ Bondada & Keller 2012; Ibid; Misra 2015; Bondada & Keller 2012 ; and Casado & Heredia 1999 

http://www.rotherhill.co.uk/vitis-vinifera-half-standard/
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Orchid Epiphyte Leaf (Caularthron bilamellatum)
Membranes store liquid 
 
 
 

Wax coating stores & repels 

liquids under varying 

temperatures  

 

STRATEGY & MECHANISM  
The epiphyte has a thick waxy cuticle (0.1-10 µm thick) that creates 
a formidable water vapor barrier, which prevents desiccation in dry 
environments.  Water permeation is ~400x less than conventional 
plastic polyethylene terephthalate (PET) plastic of equivalent 
thickness (see figure). The cuticle is made up of lipids and 
hydrocarbons which are hydrophobic, to prevent water 
transportation.  The waxy cuticle provides surface topology which 
limits microbial penetration into the plant.  Water permeance 
increases with temperature. 
 

DESIGN PRINCIPLE 
A wax surface coating ~0.1-10 µm thick across material surfaces 

imparts structural stability, high specific heat capacity, and 

hydrophobicity due to hydrophobic components over liquid storage 

containers to limit water permeability of surface and allow solution 

to be visible.  Wax topography has a rough microstructure due to 

~1-3 µm bumps limiting microbial permeation.  Wax coating can be 

applied using heated substance via compressed air or submersion. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPLICATION IDEAS 
 Coating applied to containers to 

prevent moisture from escaping 

 Biosynthetic waxes 

 Medical coverings to prevent bacterial 

spread 

 

 

 

 

 

 

 
 

 
 

 
 

Source: Orchid Roots [Internet]; c2009; cited 2019 Apr 16]. Available from: 

http://bluenanta.com/orchid/36220/species_detail/?tab=gal  

 
ABSTRACTED DESIGN PRINCIPLE 

STRATEGY DIAGRAM 

Range of permeances for 
water or leaf cuticular 
membranes vapor-based 
driving force (orchid 
highlighted) 

 

Leaf cuticle is made up of a hydrophobic wax making water penetration very difficult 
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Watercress (Nasturtium officinale)
Membranes store 
liquid 
 
 
 

Hygroscopic composite 

matrix stores liquid with 

structural integrity 

 

STRATEGY & MECHANISM  
Herbaceous plant stems, in this case the Nasturtium 

officinale, have developed complimentary chemical and 

physical strategies designed to offer mechanical resistance 

to a number of compressive, axial, tensile, and shear-type 

forces – especially in light of the geometric efficiency and 

physical strength afforded by the 14-sided tetradecahedral 

(orthotetrakaidecahedron) clusters located throughout its 

connecting microcellular matrices. The ground meristem or 

inner tissue structure of the stem features an 

interconnected web of soft parenchymatous tissue, 

essentially microfibril networks composed of 

tetradecahedral-shaped cellular formations. Due to its 

hollow physiology and hydrostatic properties, it exhibits a 

spongy, compressive character with both semi-rigid and 

bending modulus capacity. 

The outer skin layer or protoderm of the stem is 

constructed of a stiff cellulosic grid made from an 

amalgamation of soluble molecular proteins and 

polysaccharides, which in turn serves to reinforce stem wall 

durability, turgidity, and structural support qualities 

necessary to counter flexural and tensile conditions.  

DESIGN PRINCIPLE 

A semi-rigid cylindrical structure is internally composed of 
an interconnected, tightly packed asymmetrical labyrinth of 
14-faced polyhedron compartments, arranged in dispersed 
peripheral and stellar patterns. The compartments are 
hygroscopic and liquid-absorbing, maintaining form via 
gravitational forces. The exterior casing of the vertical tube 
is surrounded by a series of five (5) concentric rings of 
flexible, composite materials that support the physical 
containment of liquid energy sources, as well as provide a 
resilient elasticity and mechanical integrity to the cylinder 
itself. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPLICATION IDEAS 
 Composite (recycled polyethylene 

terephthalate or PET, etc.) vessels and 

containers with a molded tetradecahedral-

based wall formation that withstand shock 

and compression, minimizing handling, use 

damage and waste  

 Disposable, bioplastic (polyactide) based 

liquid containers made from plant cellulose- 

that biodegrade and compost and feature 

compression-resistant wall properties 

 Corrugated fiberboard packaging protective 

shrouds and containers, mimicking the 

crush-resistant features of tetradecahedral-

cell construction between topical sheets

Copyright 2019. Watercress. 
https://www.medicalmedium.com/blog/watercress 

 

 

Cells of parenchyma of sunflower are tetrakaidecahedral in shape 

 
Left Image http://remf.dartmouth.edu; Right Image: https://watermark.silverchair.com/800035.pdf 

ABSTRACTED DESIGN PRINCIPLE 

Left Imagehttps://watermark.silverchair.com/800035.pdf 

 

STRATEGY DIAGRAM 

https://www.medicalmedium.com/blog/watercress
http://remf.dartmouth.edu/
https://watermark.silverchair.com/800035.pdf
https://watermark.silverchair.com/800035.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAAjwwggI4BgkqhkiG9w0BBwagggIpMIICJQIBADCCAh4GCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMLhYqv2xaLNBk-uaeAgEQgIIB7_Y67BzdxdhCr3k4Y1eK2iiIiFHETnATvoIvLGnBKDuV8qBTSo2WpA34nglf6ikRMpAmmAIRfsjaTJNU9Dx5MGhiV300EV-bohyyxLyxBnSNt1KCuyb--2KkwSd_mcY7_S9RuPrkXzyoGlC8-ptcWy1q0lrYarf2oPMCC03Wu_7toZZysOsLy9wRiOECmSIZeQnti9D7rbQwotVjkQrUuYVJbAIsL-C7yyAy9gaEFAzID3Ju79SM7nFk-3p7bci2lVwoq1cdyBR4F9TQW7vBAJts7b9CHSTC0O7FBm4_-Ks4On74OUO0RnGxqsLfG7CYf8RL5d4AnhknpLh4TojhaNS9QXxxcHvOu9-wm0TG-DmhpqbV8pw8FGAEH6McrMKkqgfz6YNVTkywM0sAVvw8YTLYjmC5iCj0caA8WT-mhgaX3lbkTCLMDBfsmgB9lwmCjU6uO6vTQd4Pkr50KSwecEXxMxsJmrCIzZ7AZU1c0j6Ji2ZJZzYq-8LWsm4wcjGQWRD2YV-qRYdLdfHj6M_mZMBndyrjJd6GtcRuJIRTAuu2OTpaDErC6j8J63kKWGFVZmUvQuMB_yYTREMfgRP6KbA3DtXzS0gGx26jR8h94s3kkoMsfhWryhPBv-6eDsrFPquiJXG6EVz-NlEfeL3t8w


 

13 

 

Whip Spider (Charinus acosta)
Membranes store liquid 
 
 
 

Superhydrophobic layer stores 

liquid & protects with structural 

integrity 

 

STRATEGY & MECHANISM  
 A superhydrophobic cerotegument layer covers the arthropod 

cuticle to create air pockets that facilitate plastron respiration if 

the spider is submerged. Water simply forms spherical droplets on 

the spider’s back and rolls off; the cerotegument material is 

insoluble in both water and ethanol. Consistently shaped micro-

granules ~ 0.3-5.0 μm in diameter give the cerotegument surface 

roughness. These features are porous clumps of an 

interconnected network of cylindrical crystalline (colloid) 

nanoparticles that self-assemble at the convergence of major and 

minor carapace gland secretions, i.e., water, a surfactant, and an 

exoenzyme. Here, the nanoparticles crystalize at the edge as the 

volatile portion of the minor gland secretion evaporates. 

DESIGN PRINCIPLE 
Superhydrophobicity is imparted to an otherwise hydrophilic 

surface by performing colloidal lithography of a hydrocarbon 

substance and curing agent/energy source resulting in the 

formation of nano-scale cylindrical crystals that self-assemble into 

a micro-scale topology, i.e., a network of regularly spaced, 

approximately spherical porous clumps ~ 0.3-5 μm in diameter 

spatially distributed across the surface of a substrate. 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPLICATION IDEAS 
 Mechanically and aesthetically pleasing film coatings 

for packaging 

 Surface coatings for self-cleaning and/or water 

repellency 

 Surfaces with hierarchical microstructures for wear-

resistance

 

 

 

 

 

 

 

 

 

 

 

 

Source: European Space Agency at 
hhttp://www.esa.int/esapub/sp/sp1206/vande.htm 

ABSTRACTED DESIGN PRINCIPLE 

STRATEGY DIAGRAM 

Cerotegument microstructures of Charinus acosta  
(C ,D ,G, and J) at various scales (Wolff et al. 2017) 

 

Charinus acosta integument wetting by water (Wolff et al. 2017) 

STRATEGY DIAGRAM 

https://wickhamlabs.co.uk/technical-resource-centre/fact-sheet-bacillus-subtilis/
https://wickhamlabs.co.uk/technical-resource-centre/fact-sheet-bacillus-subtilis/
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African Migratory Locust 
(Migratoria migratorioids)
Membranes store liquid 
 
 
 

Membrane stores liquid & 

elongates under pressure with 

structural integrity 

 

STRATEGY & MECHANISM  
Intersegmental membranes stretch to allow change in volume 

without damaging container.  A thin outer membrane is highly 

folded, and the surface is undulated with a wavelength of 5-10 µm.  

This allows for stretching to occur without damaging the 

membrane.  Adjacent to the outer membrane is a stiff layer 

oriented normal to the direction of extension.  This layer utilizes 

helicoidally oriented fibers to connect the outer membrane to the 

inner membranes.  A third layer made up of highly elastic material 

allows for expansion without causing permanent deformation.  

Finally, a base layer with high tensile strength which is highly folded 

provides structural support for internal liquids and maintaining 

structure. 

DESIGN PRINCIPLE 
A container made up of four layers contributing to elastic and 

structural stability adjusts volume under differing pressures to 

maintain structural integrity while housing pressurized liquids. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPLICATION IDEAS 
 Storing liquids at inconsistent 

pressures or pressures that 

change over time 

 Exercise mats that deform under 

pressure to provide support 

where necessary 

 Bed material which deforms to 

provide ergonomic support

 

 

 

 

 

 

 

 
 
 
 

Source: Wild About Utah [Internet]; c2009; cited 2019 Apr 16]. Available from: 

https://wildaboututah.org/the-migratory-locust-in-north-america-a-post-mortem/ 

ABSTRACTED DESIGN PRINCIPLE 

STRATEGY DIAGRAM 

Stereogram summarizing the major morphological components of the extensible intersegmental 
membrane. Approximate thicknesses are: epicuticle, 15 µm; helicoidal layer, 5 µm; main elastomer 
layer, 150 µm; subcuticle, 5 µm; epidermal cells, 10 µm. The I.S.M, is stretched in the longitudinal 

direction [a-b plane] during oviposition and bottom right shows a summary diagram of the structure 
of the pore canal filament/intracuticular fibre system proposed for mature I.S.M. (Vincent 1981). 
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Great Northern Loon 
(Gavia immer) 
Membranes store liquid 
 
 
 

Layered structure stores liquid 

under gas pressure with 

structural integrity 

 

STRATEGY & MECHANISM  
The avian Gavia immer egg is a rigid, organically formed, 
elliptical structure that stores both liquids and solids. The 
outer, cuticle layer is formed in progressive growth stages, 
revealing a hardened surface comprised of concentrically 
deposited layers of calcium carbonate (CaC03) and vaterite 
proteins. The inner volume of the semi-hollow, curved 
physical vessel contains a membranous plasma made from 
phospholipid proteins that facilitates gaseous and H20 
exchange, while offering barrier protection against unwanted 
particulates and microbacterial  protection. 
 

DESIGN PRINCIPLE 
An asymmetrical, ovoid shape that possesses physical and 

mechanical properties designed to both facilitate progressive 

growth patterns and protect the internal contents from a 

number of environmental conditions. The shell structure 

consists of an exterior coating comprised of overlapping 

layers of calcium carbonate that collectively create a resilient 

elliptical container, capable of withstanding a number of 

elastic, azimuthal, and axial stresses from any point along the 

egg’s radial and/or angular axis.  

 

The outer shell also contains a of microscopic pores that 

serve as air channels and filtering ducts, allowing for the 

reverse exchange of internally required nutrients and release 

harmful gases.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPLICATION IDEAS 
 Dual-layered, macromolecular-

matrixed vessel imparting 

enhanced moisture barrier and 

water repellency characteristics 

 Advanced curvilinear 

containment shape 

demonstrating superior rigidity 

and anti-deformation properties 

 Anti-gas permeation surface 

layer protectant against water 

vapor & CO2 leaching

 

 

 

 

Copyright 2019. Northern and Common Loons. 
https://www.istockphoto.com/vector/engraving-drawing-illustration-of-

great-northern-loon-gm923079576-253392712 

 

 

STRATEGY DIAGRAM 

Biophysical model of egg shape and Quantification of eggshell microstructure using X-ray 
micro computed tomography. 

Top & Left Images: . . https://science.sciencemag.org/content/356/6344/1249/tab-figures-data; Right 
Imagehttps://www.ncbi.nlm.nih.gov/pmc/articles/PMC4118947/  

ABSTRACTED DESIGN PRINCIPLE 

https://www.istockphoto.com/vector/engraving-drawing-illustration-of-great-northern-loon-gm923079576-253392712
https://www.istockphoto.com/vector/engraving-drawing-illustration-of-great-northern-loon-gm923079576-253392712
https://science.sciencemag.org/content/356/6344/1249/tab-figures-data
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4118947/
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Striped Bass Skin 
(Morone saxatilis) 
Membranes store liquid 
 
 
 

Layered structure stores liquid 

with structural integrity 

STRATEGY & MECHANISM  
 Skin has tessellating, overlapping hierarchical structures that give puncture and 

impact resistance properties as well as locomotion assistance via exotendon 

effect. Each of the scales is pentagonal, 8-10 mm in diameter, ~ 200-400 μm thick 

(bulging in the center), and arranged in rows overlapping with six contiguous 

scales. This structure is mineralized with brittle hydroxyapatite (HAp) ~ 30% by 

volume and ~100-200 μm thick as a layer. It overlies on a biopolymer substrate 

also ~100-200 μm thick comprised of straight cross-plies of collagen Type I fibrils ~ 

5 μm thick and less mineralized (~ 6% by volume). These cross-plies alternate in 

sets of 10-20 of first, radial, and then, focus-centered fibrils and are bound by a 

gel layer of protein. The double composite skin layers impart anisotropic stiffness 

due to scale rotations during bending and not only a stiffness gradient in layer 

depth, i.e., a hard outer layer going to a softer inner substrate, but also a stiffness 

gradient in each individual scale, with the hard exterior going to a softer interior. 

The composite scales toughness is 15 – 18 kJ m-2 being notch- and temperature-

insensitive (i.e., even post-immersion in liquid nitrogen), and having a maximum 

elastic strain of ~ 5%.  

DESIGN PRINCIPLE 
Puncture and impact resistance along with drag reduction are imparted to a 

surface via a composite outer layer with overlapping pentagon-shaped plate 

structures, about 8-10 nm in diameter and ~200-400 μm thickness, with each 

plate bulging slightly in the center to ~300-400 μm and thinning at the edges, 

overlapping with six contiguous plates, and each comprised of 1) an interior 

polymer substrate with <10% by volume brittle mineral content—this layer itself 

being made up of cross-plies ~ 5 μm thick, stacked in alternate sets of 10-20 

radially then center-focused strands, and bound by another polymer gel; and 2) a 

posterior mineral layer ~100-200 μm in thickness of triangular-shaped plates with 

surface roughness imparted by central circular rings, outlying radial grooves and 

nanospinules to provide an composite structure with anisotropic stiffness at both 

the macro- and micro-level and an plate toughness of 15-18 kJ m-2, which has 

elastic strain ~5%, strain failure at ~ 30% with inelastic deformation, and is both 

notch- and temperature-insensitive, i.e., not fracture-able even after being 

immersed in liquid nitrogen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPLICATION IDEAS 
 Lightweight materials/fabrics for 

protection, body support, 

hydrodynamics, and/or attachment for 

external tendons 

 Biomimetic engineering material 

applications to replace polycarbonate 

and polystyrene 

 Notch-insensitive biomimetic thin-fabric 

composites for insulation and/or 

reinforcement  

 Research on the ‘protecto-flexibility’ of 

materials: 

o Defined as: Ψ= C(p)/C(b) which is  

o The ratio of penetration stiffness 

(C
(p)

 = P/Δ) to bending stiffness (C
(b)

 

= M/ѱ), where 

 P and Δ are the normalized 

indentation force and 

depth, and  

 M and ѱ are the normalized 

bending moment and angle, 

respectively

 

 

 

 

 

 

 

 

 

 

 

Source: Fish Index at: http://fishindex.blogspot.com/2009/09/striped-bass-
morone-saxatilis.html  

STRATEGY DIAGRAM 

Morone saxatilis scales at macro, micro, and ultrastructure levels (Zhu et al. 2013 & Dastjerdi et al. 2015) 

ABSTRACTED DESIGN PRINCIPLE 

Overlapping platelets with bulging center design and two-layer anisotropy impart puncture 
resistance and tensile strength 

http://fishindex.blogspot.com/2009/09/striped-bass-morone-saxatilis.html
http://fishindex.blogspot.com/2009/09/striped-bass-morone-saxatilis.html
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Human Stomach (Homo sapien)

Membranes store 
liquid 
 
 
 

Multi-layered wall stores 

liquid under pressure with 

structural integrity at varying 

pH’s  

STRATEGY & MECHANISM  
A flexible container stores liquid with varying amounts of 

volume, pH, and temperature via a multi-layered wall.  The 

outer membrane provides a rigid structure to support the 

contents within.  The inner membrane of a container 

continuously modifies its pH and temperature to maintain 

homeostasis by releasing cations to maintain a near-neutral 

pH in highly acidic environments.  The inner membrane 

releases and is coated with a mucous which contains 

glycoproteins and carries high concentrations of bicarbonate 

which acts as an intermediary between the membrane and 

the acidic liquid.  When damage occurs from piercing or acid 

burns to the inner membrane the material at its strong points 

thins to add material where needed. 

DESIGN PRINCIPLE 
The walls of a container are made up of two membranes.  

The outer membrane is stiffer to provide shape and resist 

piercing.  The inner membrane is softer and can expand, to 

protect the outer membrane from acidic environments and 

volume or pressure changes.  The two layers are separated 

by a basic interstitial fluid.  The interior of the container can 

remain highly acidic while the exterior pH is neutral. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPLICATION IDEAS 
 Portable containers for acidic liquids 

 Stationary containers for large volumes of 

acidic liquids 

 Linings to cover highly acidic or corrosive 

environments such as in laboratories and 

drilling 

 Paint which can be applied to protect in 

highly acidic or corrosive environments 

 

 

 

 

 

Source: Harvard Health [Internet]; c2017; cited 2019 Apr 14]. Available from: 
https://www.health.harvard.edu/blog/h-pylori-a-true-stomach-bug-who-should-doctors-test-and-

treat-2017040511328 

ABSTRACTED DESIGN PRINCIPLE 

STRATEGY DIAGRAM 

Epithelial mucous secretion from inner membrane.  (Pritzker 2017)) 

 

https://www.health.harvard.edu/blog/h-pylori-a-true-stomach-bug-who-should-doctors-test-and-treat-2017040511328
https://www.health.harvard.edu/blog/h-pylori-a-true-stomach-bug-who-should-doctors-test-and-treat-2017040511328
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Rainbow Trout 
(Oncorhynchus mykiss) 
Membranes store 
liquid 
 
 
 

Sac stores liquid under 

varying pressure conditions 

with structural integrity 

 

STRATEGY & MECHANISM  
As in other non-cartilaginous fish species, the swim bladder 

of the Oncorhynchus mykiss expands and contracts via the 

exchange and transfer of gaseous compounds including O2, 

C02, Ar (Argon) and N2 – triggered by changes in ambient 

temperatures. Part of the fish’s circulatory system, O2 gases 

are extracted from hemoglobin cells via a glucose to lactic 

acid metabolic conversion process. The swim bladder itself is 

composed of two (2) adjoining chambers or expandable sacs; 

its epidermal walls made from a highly viscoelastic 

membrane of fibrous vascular tissues largely comprised of 

collagenous proteins and amino acids. In addition, the 

bladder wall contains a mixture of blood vessels and guanine 

crystals work in tandem with the cellular structures to afford 

relatively absolute gas (O2) barrier impermeability. As 

temperature shifts prompt internal gas pressure 

adjustments, the sacs become inflated and swell outwards – 

providing the fish with a range of buoyancy and movement 

responses.  

DESIGN PRINCIPLE 
A non-rigid, hollow, and viscoelastic sac containing two 

(2) connected, flexible chambers that expand or 

contract due to gas-induced and ambient pressure 

changes. Both the smaller posterior and larger anterior 

chambers are elliptical and oblong, and composed of 

adjacent and attached protective outer and inner 

surface casings. The clear inner casing supports 

gaseous exchange, while the outer surface layer is 

covered by a series of interconnected circular-

patterned filaments and thin-branched wires that 

provide elastic mechanical properties to the dual-

chambered sac

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPLICATION IDEAS 
 Dual-layered, macromolecular-matrixed vessel 

imparting enhanced gas barrier and water repellent 

characteristics 

 Highly elastomeric, clear composite material layer that 

provides added structural and tensile flexibility to 

enhance package stability during the filling, handling, 

and distribution lifecycle – specifically designed for 

carbonated (pressurized) contents  

 An inert, non-permeable, clear packaging vessel with 

non-rigid structural characteristics, which operates in a 

similar fashion as a balloon. The bulk, unfilled material 

ampule/flask (the “slug”) is shipped and stored in a 

relatively flat configuration, which offers significant 

savings in storage allocation and shipping costs. Vessel 

form is achieved through filling and maintains rigidity 

via internal gas pressure expansion. In addition, the 

post-filled, inflated vessel can be easily compacted to 

its original size when contents are depleted, with the 

potential for biodegradable properties that 

significantly decrease landfill, waste impacts 

 

 

 

 

 

 

Copyright 2019. Rainbow Trout. 
https://www.rampapish.com/portfolio.htm 

 

 ABSTRACTED DESIGN PRINCIPLE 

STRATEGY DIAGRAM 

Top is the structure of Elastic Tissue; bottom are electron micrographs of a gas gland cell 
cultured on a permeable filter membrane 

Top Image: . http://jem.rupress.org/content/jem/89/6/699.full.pdf; Bottom Images: http://jeb.biologists.org/content/204/23/4023  

https://www.rampapish.com/portfolio.htm
http://jem.rupress.org/content/jem/89/6/699.full.pdf
http://jeb.biologists.org/content/204/23/4023
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Human Eye White (Sclera) 
Membranes store liquid 
 
 
 

Membrane matrix stores liquid 

under pressure with structural 

integrity 

STRATEGY & MECHANISM  
The human eye white or ‘sclera’ is a viscoelastic, lamellar collagen 

embedded in a matrix that is rich in hydrophilic proteoglycans that 

give strength and integrity to the eye. The sclera is ~ 24 mm deep, 

comprised of ~ 68% water, 28.8% collagen, and 0.64% elastin by 

weight. The sclera collagen is a meshwork of fibril bundles with two 

primary layers arranged to give anisotropic properties (i.e., like grains 

in wood). In the outer layer of the sclera, the fibril bundles are 0.5-2 

μm thick with ~ 1-5 μm diameter and form networks of whorled, 

looped or arched fibrils that have roughness from periodic surface 

grooves or ridges and non-uniform diameters ranging from 25-230 

nm. The inner layer is a denser meshwork of randomly woven elastic 

fibers and fibrils 0.5-6 μm thick with ~ 1-50 μm diameter. As the 

inner layer deepens, both the bundle diameter and bundle and fibril 

thickness increase (like tree trunks taking root). The individual fibrils 

align either meridionally or circularly in this layer. In the outer and 

inner layers, the modulus of elasticity is 1.8x 106 Nm-2 and 2.9 x 106 

Nm-2 and the structure resists creep better than stress, and then the 

opposite, respectively. 

DESIGN PRINCIPLE 
Strength and integrity are imparted to a liquid vessel that is under 

pressure from a coating layer ~ 24 mm thick and comprised of a 

hierarchical fibrous polymer meshwork embedded in a matrix of 

aqueous fluid and hydrophilic, negatively charged sugars. The 

meshwork is viscoelastic and assembled such that 1) the outer layer 

is configured with individual bundles 0.5 -2 um thick with narrow 

diameters ~ 1-5 um clumping together in whorl, loop or arch 

networks given an elastic modulus of 1.8e6 Nm
-2

 and consisting of 

individual polymer strands that orient to external pressure forces; 

whereas, 2) the inner layer comprises a more dense network of 

bundles 0.5-6 um thick with diameters ~ 1- 50 um, i.e., that increase 

with depth aligning either meridionally or circularly such that the 

elastic modulus is 2.9e6 Nm-2 as the individual polymer strands do 

not orient and are randomly woven; and 3) throughout the overall 

meshwork there are scattered non-uniform nanostrands and elastic 

fibers ranging from 25-230 nm having some surface features to 

impart roughness.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPLICATION IDEAS 
 Load bearing coatings for liquid containers 

in distribution under fluctuating 

conditions 

 Load bearing coatings for storing liquids 

containing gases, i.e., under pressure 

 Soft packaging for semi-solid foods or 

materials requiring protective layers 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Source: Jesus 2017 

ABSTRACTED DESIGN PRINCIPLE 

STRATEGY DIAGRAM 

Human eye sclera from macro to ultrastructure levels with the different densities between 
the outer and inner sclera shown at the microlevel on the right (Jesus et al. 2017, Moed et 

al. 2014, Komai & Ushiki 1991, Meek 2008, Yamamota 2002) 

 

Spherical membrane has inner and outer layer anisotropy as well as hierarchical anisotropy 
for containing pressurized liquids 
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Appendix A. Life’s Principles 
As a part of the biomimetic approach, Life’s Principles are deep patterns found in nature and used as criteria to 

evaluate the success of a solution’s ability to generate conditions conducive to life.  Only those species adhering to 

Life’s Principles survive to evolve. Because less than 1/100,000 of all species that have ever existed are still thriving 

today, nature can be considered to have very high design and engineering control standards. In contrast, humans 

have only ~ 200,000 years of “R&D” experience practicing engineering. In this light, humans are “the young” and the 

other eight million species on Earth are ‘the elders’ that may have secret blueprints from which humans can learn. 

Certainly, with the advent of Scanning Electron Micrography (SEM) and other technical instruments, humans are 

only recently able to glimpse the inner world of biological mechanisms. Because designers and engineers often do 

not have control over what becomes of their innovations, using the Biomimicry approach and adhering to Life's 

Principles can mitigate the risk of misuse, unintended consequences, and extremely damaging outcomes. The future 

vision that biomimics hold is that if businesses, engineers, and designers are able to integrate the Biomimicry 

approach into their operations, services, and product systems, the technosphere may be transformed not only from 

not being detrimental to life on Earth or even from being merely ‘sustainable.' Humans have the potential to re-

connect with nature and “creates conditions conducive to [all] life” (Benyus 1997). All solutions should be evaluated 

against all 26 Life’s Principles to determine their overall success (Baumeister 2014). The five (5) most important, 

impactful, and aspirational Life’s Principles identified for this challenge are as follows. 

 

 
 

Life’s Principles Sub-Principle Aspirational Definition 

Adapt to Changing Conditions Protect from Abiotic factors Solution design should withstand temperatures ranging from refrigeration 

to tropical summer. 

Be Locally Attuned and 

Responsive 

Cultivate Cooperative 

Relationships 

In a fragmented, dispersed network of non-aligned material suppliers, 

molders, and recyclers, the design solutions should provide ecosystem 

services that benefit all affected species and biotic realms 

Be Resource (Material and 

Energy) Efficient 

Materials used in design are 

local and abundant 

Materials utilized should be fully biodegradable or recyclable; and use 

local and abundant materials, less waste is generated and a smaller 

carbon footprint is needed to distribute materials. 

Use Life-Friendly Chemistry Byproducts break down into 

benign constituents 

The objective is to create a solution with non-toxic byproducts, without 

harmful impact to the environment and species that inhabit it 

Integrate Development with 

Growth 

Self-organize & coordinate 

efforts in an effort to develop 

scalable solutions 

The solution should be sustainably implementable even with significant 

market growth 
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Appendix B. Scoping Challenge Context  

 

LOCAL LENS  

The most concentrated volume of Coca-Cola sales per land area is in 
Latin America with 27 percent of the company’s global unit case 
volume; of this volume, almost half is for Mexico (Coca-Cola 2017a). 
The largest category of sales by volume is sparkling soft drinks at 70 
percent world-wide and 75 percent in Latin America (Coca-Cola 2017a). 
Therefore, the team has elected to focus on Mexico and Coca-Cola’s 
cola products as the operating location and lens. 

 

USER NEEDS SUMMARY 

The Coca-Cola Company is envisioned as the user and their needs for 
containing cola products are primarily:  

 Non-negotiable (must-haves) = contains liquid under 
pressure for 1-5 years, maintains product flavor and 
clarity;  

 Linear (standard performance features) = strength, 
lightweight, impermeability, recycled and/or plant-based 
content, recyclable, inexpensive; and  

 Latent (exciting, value-added features) = completely 
biodegradable, innovative, biomimetic, creates conditions 
conducive to life, cost-effective. 

 

OPERATING & TEMPORAL LENS 

Package internal pressure conditions are ~ 55 psi at room temperature; 
the product pH is ~ 2-4 (acidic) from carbonation and phosphoric acid 
(~ 1 mg/m3 acid) per Coca-Cola 2014; existing supply chain 
temperature exposures range from refrigerated (34-40 degrees F) to 
room temperature (75 degrees F) and higher in some country supply 
chains; contains caffeine component hazardous to some organisms; 
incompatible with strong alkalis or strong oxidizing agents; product 
clarity is a high priority; product flavor shall not be affected by 
container solution. From production to consumption, the contained 
product is subject to several static and dynamic forces.  As such, 
current bottles are subject to the following tests: drop impact 
resistance, oxygen permeation, deformity under pressure, burst 
pressure, carbon dioxide retention, and thermal load (Plastic 
Technologies Inc. 2018). The proposed design resolves to meet these 
requirements to the degree that their plastic counterparts do, as they 
apply.  

 

TEMPORAL CONDITIONS 

Per Coca-Cola 2019, the Coke stored within bottles has a shelf life of 9 
months. Further, most plastic beverage containers are disposed of 
within the year they are produced (Geyer et al 2017). 

 
SOCIAL CONDITIONS 
While eight (8) Mexican states ban the use of certain plastics–including 
expanded polystyrene (EPS) products and polyethylene bags–PET 
manufacturers are more focused on expanding recycling capabilities 
than exploring material innovation. Mexico's PET bottle molders are 
geographically dispersed, growing in number, and highly diverse from 
an operational perspective. Mexico is the second largest consumer of 
rigid PET bottles globally. This growth is attributed to health concerns 
related to fresh drinking water quality driving bottled water 
consumption. Mexico recycles 57% of its PET resin products, an amount 
similar to that of the European Union (Mexico News Daily 2017), yet 
has enacted few health and environmental standards by which plastics 
manufacturers must abide (e.g., NMX-E-263-CNCP-2016, ISO 
17422:2002, ISO 15270:2008). However, several government 
campaigns have recently targeted environmental impact of plastics and 
promoted eco-friendly materials.
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Appendix C: Additional Taxonomy Information  
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Appendix C: Additional Taxonomy Information – Cont. 

  

Nanoscale Mesoscale Macroscale Physical Chemical
Physico- 

chemical
Interior Surface Exterior Chitin Cellulose Wax Protein Sugar Shape Material

Human stomach  (Homo sapien) 1 1 1 1 1

Hydrostatic skeleton (Coelom) 1 1 1 1 1 1 1 1 1

Great Northern Loon (Gavia 

immer)
1 1 1 1 1 1 1 1 1

Human eye whites (Sclera) 1 1 1 1 1 1 1 1

Striped Bass skin (Morone 

saxatilis)
1 1 1 1 1 1 1 1 1

Rainbow trout (Oncorhynchus 

mykiss)
1 1 1 1 1 1 1 1

African Migratory Locust 

(Migratoria migratorioids)
1 1 1 1 1 1

Whip spiders (Charinus acosta) 1 1 1 1 1 1 1 1 1 1 1

Lechuguilla 1 1 1 1 1 1 1 1 1

Candelilla (Euphorbia cerifera) 1 1 1 1 1

Orchid epiphyte leaf 

(Caularthron bilamellatum)
1 1 1 1 1 1

Grape berry (Vitis vinifera) 1 1 1 1 1 1 1 1 1

Watercress (Nasturtium 

officinale)
1 1 1 1 1 1 1 1 1 1

Bacteria (Bacilius subtilits) 1 1 1 1 1 1 1

Green alga (Chlamydomonas 

eugametos)
1 1 1 1 1 1 1

Occurrence --------------------->>> 87% 87% 60% 20% 0% 80% 67% 40% 27% 13% 13% 33% 53% 60% 67% 80%

Champion Adaptor

MechanismScale Physicochemical Location Material
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Appendix D: Biomimicry Functional Taxonomy 
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