Y. H. Cohen et al., Int. J. of Design & Nature and Ecodynamics. Vol. 9, No. 4 (2014) 285-295

SUSTAINABILITY STRATEGIES IN NATURE

Y. H. COHEN!, Y. REICH? & S. GREENBERG?
"Porter School of Environmental Studies, Tel Aviv University, Israel.
2School of Mechanical Engineering, Tel Aviv University, Israel.
3Holon Institute of Technology, Faculty of Sciences, Israel.

ABSTRACT

Nature is a source of knowledge and inspiration for sustainable innovative solutions. Through biomimetic
design, nature solutions are studied, abstracted and transferred to technology and other domains of applica-
tions. Sustainability and ideality are basic notions in design. While ideal systems had always been aspired for,
having sustainable systems is a relatively new demand. In this paper we explore the similarity and differences
between these two basic notions and suggest that there is a strong relation between ideality and sustainability.
Based on this relation we analysed biological systems by a particular ideality framework and identified repeated
ideality strategies and design principles in nature. Selected examples of ideality analyses are presented as well
as the list of ideality strategies that repeat in nature and represent nature sustainability strategies. These ideality
strategies enrich current knowledge of sustainability strategies in nature (the life principles) by new operative
and descriptive strategies. Ideality strategies are derived from a technical view that might be more inherent and
applicable for engineers, observing biological systems as if they were technical systems. Using the ideality
framework and strategies as a sustainability tool to address sustainable biomimetic design processes is further
discussed.

Keywords: Biomimicry, ideality, life principles, sustainable biomimetic design, sustainability strategies in
nature, TRIZ.

1 INTRODUCTION
One of the major challenges of humanity today is to provide sustainable technologies. Resources
and ecosystem services are declining while their demand increases [1]. We still depend on oil, car-
bon emissions are getting higher and high percentage of the raw material is wasted during
manufacturing processes [2]. It is clear that a real change is required and should be inherent in the
way we think, design, manufacture, consume and end the use of our products.

Various sustainability tools are developed for this purpose. Research findings support the argu-
ment that environmental parameters should be integrated during the design stages that determine
most of the environmental impact [3]. Among these design stages, conceptual design is considered
to have the most influence on the final product [4], but it lacks detailed information about material
and energy consumption that is usually required for sustainability design and assessment [5]. Apply-
ing sustainability during design concept stage should be more based on sustainability strategies and
design principles that could be derived from nature.

Seeking nature guidance for sustainable models and measures is reasonable and has expanded in
the last years through biomimetic design processes. Biological systems operate within restricted liv-
ing constraints without creating waste or irreversible damage to the ecosystem. On the contrary, they
enrich and sustain ecosystems. Nature forms and structures provide a wide range of properties with
the minimal use of material or energy. Nature manufacturing processes are conducted within life and
therefore avoid high temperature, strong pressures or toxic materials [6]. Nature systems demon-
strate efficient flows of energy and material.

However, using nature for practical sustainable solutions is challenging because locating sustain-
ability strategies in nature and transforming them into applicable design principles is not easy. These
strategies are sustainability patterns that repeat among various organisms at multiple scales and
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represent nature design solutions to survive and sustain under life constraints. They are considered
in the literature as the life principles. Sustainable design patterns are fundamental units of the bio-
mimetic analogical transfer [7] and therefore their identification is crucial for the success of the
biomimetic design process. Designers who implement these strategies during the design process or
use them as metrics may foster sustainability [8].

Various attempts have been done to define the life principles [6, 9-11]. Reap [12] identified sustain-
able design principles in ecosystems and offered to integrate them during the design process. The core
knowledge is summarized in the life principles framework of Biomimicry 3.8 [13].

The Biomimicry 3.8 life principles include six major strategies and twenty design principles that
nature follows in order to survive, subject to earth operating conditions, limits and boundaries. Some
of these life principles are general and their application in engineering is neither clear nor straight-
forward. There is not much evidence for their completeness and it is unclear how they were revealed
and how to search for new ones. A designer may use the accumulated knowledge about life princi-
ples but can’t use them as a framework to find more sustainability strategies in nature. In addition,
there is not much evidence for their practical use, at least at the academic literature. There is a need
for a framework that could lead the search for more sustainability strategies in nature and formulate
them in an applicable way for technological applications.

One suitable way to bridge biology and technology is TRIZ, the ‘theory of inventive problem-
solving’ [14]. TRIZ has been used for analyzing biological systems through technical lenses,
bridging the gap between biology and technology [15,16]. The BioTRIZ study [17] located solutions
for design conflicts in nature, but the TRIZ potential to promote biomimetic design is not exhausted,
especially in terms of sustainability. In this paper we offer the TRIZ ideality framework for the pur-
pose of searching and formulating sustainability strategies and design principles in nature.

2 RELATIONS OF IDEALITY AND SUSTAINABILITY

Ideality and sustainability are basic notions in the TRIZ and in the design literature respectively.
While ideal systems had always been aspired for, Hving sustainable systems is a relatively new
demand. Ideality is derived from the word ‘idea’ implying an imaginary state that exists only as an
idea but should be endeavoured. According to TRIZ, ideality is defined as the qualitative ratio of
system useful functions to its harmful functions (Fig. 1). Useful functions are the benefits that the
system provides and harmful functions are the undesired costs or the system operation, such as
recourses, noise, waste, pollution, etc. According to the TRIZ law of Ideality, and as presented in
Fig. 1, any technical system tends to become more ideal throughout its lifetime, providing more ben-
efits at less costs. The ideal final result is a hypothetical state of having all benefits at zero cost [14].

Sustainability is based on the combination of the words ‘sustain’ and ‘ability’. It is defined as the
ability to be used without being completely used up or destroyed, or the ability to last or continue for
a long time (Merriam Webster Dictionary). Assuming that resources are limited, a relevant strategy
to sustain is to ‘achieve more with less’ which means achieving more benefits with less resources.
The relation to Ideality is clear. Sustainability may be achieved by ideal systems that provide more
benefits at lesser costs.

All Useful funtions ~_ Benefits N
All Harmful functions  Costs

Ideality =

Figure 1: The TRIZ Ideality Framework.
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The idea of minimizing negative impacts and maximizing positive impacts has already been
related to sustainability. Charter & Tischner [18] defined sustainable solutions as ones that minimize
adverse sustainability impacts (economic, environmental, social and ethical) and maximize sustain-
able value, throughout the life-cycle of existing products or solutions. Hill [19] expressed a similar
idea when he defined the effectiveness of biological structures as a cost-benefit relation between
maximization of the ‘survival functions’ (including sub-functions such as reproduction, feeding,
defence and movement) and minimization of costs (energy use and biomass).

The relation between sustainability and ideality was a base for the development of practical eco-
guidelines for product innovation and sustainability [20, 21]. Here we offer to use this relation for
biomimetic design. The ideality definition of ‘achieving more with less’ is clearly applicable for
biological systems. Due to a competition on resources and the fact that some of the used resources
are not renewed at the required rate, biological systems must demonstrate ideal architecture, struc-
tures and processes in order to sustain.

While searching for general sustainability strategies or life principles is difficult or not always
clear, searching for ideality strategies is well directed by a simple principle of increasing system
benefits and reducing system costs.

3 THE METHOD

We analyzed several biological systems by the TRIZ ideality framework (Fig. 1). Biological systems
were taken from our research database, a database of biomimetic designs sorted by structures. This
database was built for a previous study on nature structure-function patterns [22] and includes biologi-
cal systems extracted from different biomimetic sources [10, 23, 24]. We analyzed several biological
systems, few of each structural pattern that was identified in our previous study [22], by the ideality
framework. We chose to focus on these systems as they represent a sample of generic structures that
repeat in nature in different systems and scales, demonstrating nature efficient solutions to the design
space limits. As these structures are generic, they might represent generic ideality strategies as well.

For each biological system we used a two stage analysis. First, we searched for general strategies
to increase benefits and reduce costs, without a reference. Then we used technological ideality strat-
egies extracted from TRIZ literature [25], [26] as a reference (Table 1), and identified similar
strategies in nature. Each strategy was elaborated to include various design principles that achieve it.

Table 1: Technological ideality strategies.

Ideality strategy

Increase benefits ~ Adding functions to the existing working parts
Improve the performance of some functions
Exclude auxiliary functions that support the main function but may be
removed without affecting the performance of the main function
Combine subsystems of several functions into a single system
Transferring some functions to a super-system
Utilizing internal and external resources that already exist and are available
Reduce costs Use of physical, chemical, geometrical and other effects as resources
Improving the conductivity of energy through the system (easier access)
Synchronization of system parameters to prevent waste
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4 RESULTS
Nature ideality strategies and design principles are presented in Table 2 including example for each
design principle. The iteration of each design principle in the sample (Table 3) is presented bolded
in brackets. Examples for ideality analyses for selected biological systems representing various
structural patterns are provided in Table 3.

5 DISCUSSION
5.1 The characteristics of ideality strategies and design principles

We analysed numerous biological systems representing various structural patterns in nature by the
TRIZ ideality framework. The result is a list of repeated sustainability strategies and design princi-
ples in nature (Table 2) and a framework to search for others in the future (Fig. 1).

It is interesting to realize that increasing ideality by reducing costs is more prevalent in nature
(8 design principles) compared to increasing ideality by increasing benefits (2 design principles).
The cases presented in Table 3 demonstrate more strategies to reduce costs but in all cases there is at
least one strategy to increase benefits. Some ideality design principles are more frequent, such as
‘Multifunctional design’ and ‘Adjustment of structure to function’ that appear in all cases and con-
sidered to be basic design principles in nature.

It is also interesting to realize that most nature ideality strategies (Table 2) have matching strate-
gies in technology (Table 1). Using ideality strategy in technology as a reference (Table 1) was
valuable and illuminated similar strategies in nature.

5.2 Ideality versus life principles

Comparing ideality strategies with life principles reveals the similarities and differences between
them. The ideality strategies partially overlap the life principles and in some cases complete and
enrich them. For example, ‘Multifunctional design’ and ‘Adjustment of structure to function” appear
in both lists with similar wording. In other cases similar principles appear in both lists but the life
principles are more general while the ideality strategies are more operative and descriptive. For
example, the life principle of ‘Use readily available materials and energy’ may not be operative
enough as it does not provide the answer where these available energy and material resources may
be found. In contrast, the related ideality principle of using physical, chemical, geometrical and
other effects and gradients as energy resources provide the answer where to find available resources.
Another example is the life principle ‘Use feedback loops’ that may not be operative enough as it
does not provide the answer for how to use the feedback loops. In contrast, the related ideality prin-
ciple of ‘Synchronizing system parameters’ suggests using feedback loops by synchronizing system
parameters with environmental parameters.

The ideality strategies enrich and complete the life principles with extended design principles for
the same subject. For example, while reacting to disturbances appearing in both frameworks, the life
principle suggests managing disturbances by resilience through variation, redundancy, and decen-
tralization. The ideality principle suggests reducing external disturbances such as friction, loads,
turbulence and more by adjusting structures and by decreasing surface area when it has harmful
effect.

Life principles are based on a holistic approach viewing the organism as part of its ecosystem. The
ideality framework is based on a technical and functional view. For example, the life principle ‘Cul-
tivate cooperative relationship’ is based on holistic approach of win-win relationship. The related
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ideality principle of ‘Transferring some functions to the super-systems’ mainly view the functional
benefits to the system though the super-system element may be also an organism that gain a function
through a symbiotic relationship.

Through the lens of ideality, we revealed a new sustainable design principle in nature: Intensify
the interaction with the environment to achieve extended or stronger effect by repetition of elements
and / or by increased surface area.

Life principles that do not appear in the ideality strategies mainly refer to the growth and manufac-
turing processes such as recycling, self-organization and water based chemistry. So far, our analyses
focused on current functioning of structures and did not observe how did they form or end their life.
However, the framework of ideality may identify these aspects if we enlarge our scope of analysis.
For example, recycling all materials is relevant to the ideality strategy of ‘Prevent waste for better
usage of resources’. Generally, life principles include more strategies and design principles, but the
ideality strategies may be extended in future research as the searching framework is simple and clear.

In summary, the ideality framework is a simple framework of reference and a way of thinking that
may be used for the process of identifying sustainable aspects in nature. The ideality framework
partially overlaps the life principles and in some cases completes and enriches it.

5.3 Ideality as a tool for sustainable design

The ideality strategies (Table 2) are sustainability patterns extracted from nature. They are suggested
as sustainability tools adjusted to early design stages of conceptual design, as they do not require
detailed information about material and energy flows.

A designer may use the ideality strategies as a checklist tool and implement them at the concep-
tual design as design principles that foster sustainability. Thus, ideality strategies are adjusted for
general design processes, not only for biomimetic design processes.

In relation to biomimetic design, a designer may analyze the ideality aspects of a specific bio-
logical role model by the ideality framework (qualitative ratio of benefits to costs) and by the
assistance of Table 2 as a reference. Then, the designer could repeat this ideality analysis process for
the related biomimetic design concept. The comparison between these two analyses reassures that
the sustainability strategies of the biological model are kept and transferred to technology. In a
metaphoric way we use this comparison to reassure we don’t lose some degrees of ideality during
the transfer from biology to technology. As we move to discuss biomimetic design we must acknowl-
edge that biomimetic design has a potential to promote sustainability but sustainability is not
guaranteed. A designer may imitate an innovative design concept from nature but perform it using
harmful materials and pollutant manufacturing processes. In order to foster sustainability there is a
need for sustainability tool such as the ideality framework.

Besides the current list of ideality strategies (Table 2), the ideality framework itself may guide the
search for more ideality strategies in nature, enriching Table 2 with new insights. Whereas the life
principles are a closed core of knowledge, as a designer may use them but not direct his own search
for new life principles.

5.4 Innovative aspects and future research

The innovative aspects of this study are mainly related to viewing biological system through a tech-
nical lens of the ideality framework, originally developed for technical systems. We used
technological knowledge, (Fig. 1 and Table 1) to identify biological knowledge that in turn will be
infused back to technology through biomimetic design processes. The ideality strategies enrich
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Table 2: Nature ideality strategies and design principles.

General strategy

Design principle

General example

Increased
benefits

Reduced
Costs

More Functions

Stronger effect of
one function

Defensive Strategy-
Preventing distur-
bances and harmful
effects.

Saving the costs of
disturbances

Opportunist
Strategy - Usage of
available resources
to save costs

Prevent waste for
better usage of
resources

1) Multifunctional Design (7) -
Increase the number of functions
that are related to one structure
by unification of system parts.

2) Intensify the interaction with
the environment to achieve ex-
tended or stronger effect of

one function by (4):

v' Repetition of elements

v" Increased surface area

3) Reduction of disturbances
such as friction, loads, turbulence
and more by structures (6)

4) Decrease of surface area when
it has harmful effects (1)

5) Usage of physical, chemical,
geometrical and other effects and
gradients as energy resources—
saving energy costs (4)

6) Adjustment of structure to
function: structure provides the
function—saving material costs

(7

7) Transferring some functions to
the super-system (saving material
costs). Using super-system
material resources. (3)

8) Synchronizing system param-
eters to prevent waste (2)

9) Improving the conductivity

of energy through the system to
provide easier access and prevent
waste of energy (4)

10) Give up redundant parts (2)

Tree roots provide the
function of channelling
(nutrients and water) and
the function of stability.

Repetition of pulmonary
alveolus extends the gas
exchange surface area,
resulting in extended gas
exchange.

Honeycomb structure re-
duces external load effects.

Minimizing surface area
of desert leaves to reduce
water loss by evaporation.

v' Using wind energy to
disperse seeds

v" Using temperature gra-
dient to transfer heat

The tubular structure of
roots enables their penetra-
tion into soil

Puffer fish uses water from
the super-system to blow
their body

Synchronizing seeds ger-
mination with environmen-
tal humid levels

The network structure
of the tree root system
provides easier conduction
and prevent loss of energy

Give up redundant filling

material in bones provide
lightweight bone and save
material and energy
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Table 3: Selected examples of ideality analyses per various structural patterns.

Patterns

Example

Ideality analysis (Each design principle has a number as
presented in Table 2)

1 Repeated
Protrusions

2 Repeated
channels/
tubes

Lotus
leaf [27]

Termite
mound [29]

3 Asymmetric Pine cone

structures

scales
[30]

Increased benefits:

1. Multifunctional design: The epidermal protrusions provide
both dirt removal and protection against bacteria [28]

2. Intensified interaction: Stronger effect of dirt removal is
achieved by the repetition of protrusions.

Reduced Costs:

3. Reduction of external disturbance: removal of dirt that can
harm the photosynthesis process. Removal of harmful bacteria.
5. Usage of physical effects: using adhesion and gravitation
gradients for the dirt removal function.

6. Adjustment of structure to function: Epidermal protrusions
create superhydrophobic structure, adjusted to dirt removal.

7. Transferring some functions to the super-system: The water
droplets actually remove the dirt particles.

8. Synchronizing system parameters: dirt removal is synchro-
nized with the appearance of water to prevent waste of light
energy.

Increased Benefits:

1. Multifunctional design: tunnels provide both stability and a
path for the air flow.

2. Intensified interaction: repetition of tunnels increases the sur-
face area, achieving stronger effect of gas exchange regulation.
Reduced costs:

3. Reduction of external disturbance: tubular structure of the
tunnels system protect against external harmful loads.

5. Usage of physical effects: Supporting diverse physical
phenomena related to heat transfer. Saving energy cost of air
movement.

6. Adjustment of structure to function: tunnels are adjusted for
channeling air. Tubular shape is adjusted to absorb loads.

7. Transferring some functions to the super-system: Fungi that
live inside the mound provide food and get a shelter (symbio-
sis).

9. Improving the conductivity by the network of tunnels that
provide easier access for the air flow.

Increased benefits:

1. Multifunctional design: pine cone scales contain, protect and
release the seeds.

2. Intensify the interaction: repetition of scales enable contain-
ing and releasing more seeds.

(Continued)
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Ideality analysis (Each design principle has a number as
Patterns Example presented in Table 2)

Reduced costs:
3. Reduction of external disturbance to the seeds that are pro-
tected within the scales.
5. Usage of physical effect: the scales are opened due to hygro-
scopic expansion gradient between the inner and outer layers.
6. Adjustment of structure to function: scales structure is ad-
justed to the opening and closing movement.
7. Transferring some functions to the super-system: The water
actually swells the cells and open the scale.
8. Synchronization system parameters: opening of scales is
synchronized with humid levels to prevent waste of seeds.
4 Repeated Abalone shell Increased benefits:

Layers [31] 1. Multifunctional design: The shell contains and protects the
animal. Provide both mechanical and thermal protection.
2. Intensified interaction: repetition of loosely layers intensifies
the loads absorption and prevents failures or cracks.
Reduced costs:
3. Reduction of external disturbance: reduction of loads that
may cause cracks, deformation and more.
6. Adjustment of structure to function: the hard layers slide
instead of breaking and the protein stretches to absorb the pres-
sure.
9. Improving the conductivity of energy by the elasticity of
layers.

5 Container A Sphere [32] Increased benefits:

1. Multifunctional design: Spheres create a cavity that contain
an object as well as protect against external loads.
Reduced costs:
4. Reduction of surface area when it is harmful: Sphere is the
shape that has the least possible surface area for a given volume
(33]
6. Adjustment of structure to function: A sphere has the ability
to absorb and dissipate loads due to its curvilinear form [32]
10. Give up redundant parts: the reduction of surface area give
up redundant material.

6 Streamlined Penguin Increased benefits:
Shapes / contour / 1. Multifunctional design: The penguin contour creates a cavity
structures Fish schools / that contains the internal organs as well as reduces turbulences.

River basins  Reduced costs:
3. Reduction of external disturbances: the penguin body contour
and fish school structure minimizes resistance of water.

(Continued)
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Ideality analysis (Each design principle has a number as
Patterns Example presented in Table 2)

5. Usage of physical effects: fish schools create positive con-
structive hydrodynamic between wakes and use it for propul-
sion [34]

6. Adjustment of structure to function: streamlined shapes con-
sist of curvilinear forms that absorb and dissipate loads [32].

9. Improving the conductivity of energy: easier flow in river
basins (network structure), corresponding to constructal theory

[35].
7  Cylinder/ Tree roots Increased benefits:
Tube 1. Multifunctional design: tree roots provide stability, easier

penetration and channeling of water and nutrients.

Reduced costs:

3. Reduction of disturbance: reduction of loads by providing
stability against bending and buckling [36].

6. Adjustment of structure to function: the tubular structure of
the tree roots is adjusted to the function of penetrating into the
soil.

9. Improving the conductivity of energy: easier flow in the roots
network structures, corresponding to constructal theory [35].
10. Give up redundant parts: hollow tube (giving up filling) is
more difficult to bend compared to a whole one [37]

current knowledge of sustainability strategies in nature (life principles) by new operative and
descriptive strategies. Ideality strategies are derived from a technical view that might be more inher-
ent and applicable for engineers.

Future research should extend the scope of ideality analysis, analyzing other biological structures,
processes and systems, revealing more ideality strategies and principles. Field experiments could
evaluate the ideality framework as a sustainability tool and assess its advantage in terms of validity
and reliability. Finally, the integration of the ideality tool within a biomimetic design process should
be further discussed and demonstrated by case studies.

As we stated at the beginning, there is a need for a real change in the way we think, design,
manufacture, consume and end the use of our products. Nature offers a paradigm shift towards sus-
tainability that can be realized by the ideality framework and nature ideality strategies.
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