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ABSTRACT

This paper provides an overviewlmbm*, an umbrella term for biomimicry,
biomimetics, bio-inspired design, and related Belthe paper explores three levels of biom*
bridging, discusses benefits and implications afpdithg a systems perspective, and proposes
initiatives for further development. Searching ‘Bweet spots’ leveraging the synergy between
our aspirations, our growing knowledge of natuystems, and the market economy will
improve the ability of biom* to deliver meaningfaihd impactful solutions.

THE PROMISE

Ellis and Ramankutty (2008) predict that we maymsbe living in a world where less
than 25% of our planet's ice-free land is unaffédttg human activity. Were beginning to
experience how crossing natural planetary bounsldoieclimate change, biochemical flows,
land-system change, and biosphere integrity stthmsesilience of our systems (Figure 1,
Stockholm Resilience Centre 2015).
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Figure 1. Key Planetary Boundaries and their 20k tevels (credit: F. Pharand-
Deschénes/Globaia)

“We cannot solve our problems with the same thigkie used when we created them.”

(Albert Einstein). Increasingly, we are lookingrtatural systems (NS), using methods such as
biomimicry, biomimetics, and bio-inspired desigol{ectively referred to asiom* in this
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paper) to develop more efficient, effective, arsllrent solutions. “The biomimics are
discovering what works in the natural world, andreninportant, what lasts. ... The more our
world looks and functions like this natural worlde more likely we are to be accepted on this
home that is ours, but not ours alon@&&nyus 1997, 3)

Many NS have flourished for periods far exceedhgpan of human history—while
matching or exceeding the complexity of the chageswe face. NS exhibit a wide range of
novel characteristics valued in engineered sys{@maisle 1), often sharing similar constraints
and functional requirements with technological egst. NS appear to follow different solution
pathways, opening up new avenues for disruptivevation. Whereas we rely heavily on energy
and materials (Figure 2), biological systems relyrdormation and hierarchy (Figure 3). Insect
cuticle achieves a wide range of functional requeats by modifying proportions and
orientation of chitin and matrix protein. In cordgtawe typically develop an array of different
compounds to satisfy unique requirements (Vinceat.€2006, 475). Intentionally emulating

nature’s solutions and processes helps us levaragkand tested’ solutions that can be
efficient, effective, resilient, ecologically appraoate, and less risky.

Table 1. The NS Challenge (Adapted from Studor 26)j14

Natural Systems

Human-Made Systems

Size and Weight

Efficient
Small
Tremendous growth

Inefficient
Larger, heavier
No growth

Rigid and compliant

Rigid, less compliant

Materials Self-healing
Multi-level assembly
Mobility Many adaptable methods Limited methods

Multiple environments

Limited environments

Feedback and Control

Multiple sensor/control methods
Autonomic, instinctive

Dedicated sensors, controllers
Limited/programmed capability

Learning Rudimentary learning
Adaptive learning Limited computational speed
Computation Associative Limited processing methods

Selective memory

Power Supply

Auto-storage in multiple modes
Cycles of use/natural replenish

Limited energy supplies
High power requirements
Safety/environmental issues

Functionality

Highly multi-functional

Limited/designed in functionality

Multi-systems

Highly social
Learned interaction
Cooperation/competition

Very limited cooperation
Limited cooperative functions
Rudimentary learning

Reproduction

Automatic

Almost never
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Figure 2. Engineering TRIZ solutions arranged aating to size/hierarchy (Vincent et al. 2006)
(TRIZ or “Theory of Inventive Problem Solving” iRussian-developed tool derived from
patterns found in patent literature.)
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Figure 3. Biological effects arranged accordingsiae/hierarchy (Vincent et al. 2006)

A BIOM* BRIDGING MODEL

Researchers and tool developers have done corsiel@vark on the process of
identifying the initial biom* model, often using alegies based on functional mapping.
Researchers and developers have paid less att¢atibe complex steps requiredttansfer
design elements that enable effective applicatidhese initial analogies (Gentner 2003). The
challenge is to incorporate knowledge from naturetemly at the ‘eureka’ moment, but also
throughout the detailed design process.

Biomimicry 3.8 emphasizes the source of the insjpinaby distinguishing emulation of
forms, processes, and ecosystems (Baumeister2€1dl, 54). This paper proposes a framework
for design element transfer steps at the level of:

» Structure the components of the system in question, theiampeters, and their

relationships

» Behavior the internal causal processes of the system
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* Functional Rolethe external outcomes of the system throughactens of the
system with its external environment (the term tiion” is used in the engineering
sense of the role played by behavior in a largeteod).

Bridging at the structural level involves similéeg that are usually easily observed. It is
harder to explore behavioral and functional retaglups, but they can lead to richer analogies,
providing deeper and more novel insights (Mak ahd 3004).

Practicing biom* requires integrating a range ahpbexity levels, both in terms of the
target situation and the source of biom* ideas. fhinee bridging levels correspond to the first
three complexity levels of the Cynefin Framework@d@den and Boone 2007) which can help
the biom* practitioner identify whether a situatisnsimple, complicated, complex, or chaotic,
and select appropriate responses (Figure 4). Waalind with complex systems, answers are
rarely straightforward, leverage points are oftearterintuitive, and apparently obvious
interventions may have unintended consequencesddeal1999).
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Figure 4. Five domains of the Cynefin frameworle@it. Snowden/Wikimedia Commons)

Research into Structure-Behavior-Function (SBF) eliad supports this bridging model
(Goel, Rugaber, and Vattam 2009). In SBF each tstralccomponent is itself a system,
potentially with its own SBF model. DANE (Design Byalogy to Nature Engine) is an
interactive tool for building and using digital tdries of biological and technological SBF
models to help manage complexity (Goel et al. 2012)

Structural Bridging

In structural bridging, the desired effect direct#jates to structural elements of the
natural system. In Velcro®, the resemblance betvieedock burrs and the “hook and loop”
invention is evident. Another example is Lotusargnp which is based on the Lotus Effect
(Barthlott and Neinhuis 199.7The desired effect of the surface cleaning itadién rinsed with
water directly relates to surface microstructurkiclr mimics the surface structure of the lotus
leaf.
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In both cases, the scale is consistent, and stal@lements continued to function when
isolated from their context. However, many largersaof biom* have not been achieved.
Velcro® is typically manufactured using petroleuasbd plastics (Reap, Baumeister, and Bras
2005). The microstructure of Lotusan® graduallyederates or can become contaminated by
substances such as oils.

Our understanding of structures in nature andetetive ease of the structural bridging
step may explain the preponderance of publisheeschsost emphasize efficiency
improvements, but impact is often limited. Althougterdisciplinary collaboration is associated
with biom*, anecdotal data suggests that it isesstential when structural bridging is involved.

Behavioral Bridging

In behavioral bridging, the design element undergaransfer is &dehavioror process
that achieves a function within the system of iesér Structure is still important, but not
sufficient. Given the right skills and analysisingiples underlying the behavior can be
determined such that outcomes are predictable—iéte® principles are implemented in a
different shape or form.

The iconic shape of the original PAX Scientifitig://paxscientific.com/) ‘lily impeller’

(Figure 5) has been associated with the emulafiehape. However, higher efficiency, lower
noise, and reduced turbulence derive from howaketing impeller transforms the motion of
fluids by managing turbulence, vortices, and dyraimstabilities (Fiske 2008). Recently PAX
Scientific developed a fan blade that is more &keaditional fan (Figure 6).

Behavioral bridging can require extensive anali®ia) understand the principles
underlying observed behaviors, b) determine thaabiers can be isolated safely from the
biological context, and c) verify that any diffeces in scale will not impact performance. Our
understanding of natural processes remains limitedimpacts can be far-reaching. An example
is Green Chemistryhttp://www.warnerbabcock.com/). Collaboration between specialists in both
biology and the target innovation is often essémiguccess (Jacobs et al. 2014). In some cases,
fundamental knowledge may not be available, thygmgixg opportunities for specialists to
create new knowledge that can be useful to bothatizan
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Figure 5. PAX 'lily" impeller Figure 6. PAX biomimetic fan blade (credit: PAX
(credit: PAX Scientific) Scientific)

Functional Role Bridging

As systems become more complex, desired effeas eftnerge at the super-system
environment) level because of interactions betvikersystem in question and peer systems. The
degree of predictability can depend on scale, #ineesway statistical thermodynamics can
predict aggregate behavior but not that of anyi@aer molecule.

The Encycle (previously REGEN Energy) Swarm Logiatcoller
(http://www.encycle.com/swarm-logic/) reduces peak electrical consumption by networkitg
other Encycle controllers using swarm theory ppfes. An individual Encycle Swarm Logic
controller communicates with other controllers &éxide when to switch on the attached
electrical load, flattening peaks and valleys ef#ical usage (Figure 7). The benefit occurs at
the level of the controller network rather thaniudiual controllers.
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Figure 7 Load leveling (green area) by Encycle Swaogic controllers (credit: Encycle)
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Similarly, Dabiri’'s team applied principles learnedm schooling fish (Whittlesey,
Liska, and Dabiri 2010) to dramatically improve @ifarm performance by leveraging the
interaction between individual vertical axis windotldines. John Dabiri (personal correspondence,
23 September 2015) confirmed that the aerodynaatfittee farm are emergent, and different
from those of the turbines themselves. Dabiri’sovation positions smaller turbines closer
together (Figure 8), thus increasing energy detitgn order of magnitude compared to
traditional horizontal axis turbine farms. His finds could open the door to having rooftop wind
farms on buildings in our cities.

Figure 8 Caltech Field Laboratory for Optimized Wiknergy (credit: John Dabiri, Stanford)

Functional role bridging requires detailed analgdisultiple systems levels, with the
goal of understanding underlying principles. If madidates these principles across a wide range
of projects, scale and context mismatch becomeoteas issue than in other forms of bridging.
Interventions at the system level can have widearhpy re-configuring interactions (rather than
creating new components), allowing the systemteragreater effectiveness, health, and
resiliency.

Functional role bridging is hampered by our limitetbwledge of complex natural
systems principles. Action research initiatives borimg practice with research can help deliver
results while simultaneously increasing understagadif complex systems. The ‘translational
research model’ (Woolf SH 2008) builds on actioseaach by engaging key stakeholders early
in project identification and development, enablmoyel interventions while managing risk
(Figure 9). Clinical research is increasingly adapthis model to facilitate effective
collaboration between clinicians, biochemists, cltaircompound suppliers, and the
pharmaceutical industry.

The ‘sweet spot’ appears to be the intersectiaimshtisfied needs, emerging
capabilities, and gnarly situations (Figure 10) mehbusiness as usual’ methods are not
adequate. The INCOSE NSWG webinar setiéss(/sites.google.com/site/incosenswg/) illustrates
the breadth of capabilities, including patternsckRbove, February 2015), new approaches to
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adaptive robotics (Hod Lipson, June 2014) and m®aespired solutions (Russell Kerschmann,
April 2015).

Practice Unsatisfied
Needs

Funding Iy, Science

/

L \h Emerging Gnarly
- Capabilities situations
Components
Figure 9 Translational Research Model Figure 10 'Sweet spot' for systems biom*

IMPLICATIONS FOR SYSTEMSENGINEERING

Biom* can help systems engineers solve problemsevti@rent methods are inadequate,
access opportunities in fields not traditionallg@sated with engineering, and rekindle personal
or professional interest in the natural world. Gitlke maturity of biom*, progress will require
active collaboration between systems engineersamd* practitioners through focused
initiatives driven by small trans-disciplinary teanWe propose the following initiatives:

* Develop a common SE/biom* vocabulary and shareacpies,building on an
earlier biom* initiative (Hoeller et al. 2013).

» Deliver a systems-oriented biom* primenvering key concepts, tools, methods
and rules of thumb, with explanations and examples.

» ldentify tangible challengesystems engineering cannot easily handle today.

* ldentify high value biom* leverage poirtsdeal with these challenges,
specifying how, where and why biom* could providsue.

» ldentify emerging biom* capabilitiesystems engineers could apply, including
references, success stories, and support chaimxasiples include swarm theory
and biomimetic optimization opportunities (Gleidhaé 2010, 152-154).

» Build a library of credible, compelling case stuslibat demonstrate the value of
biom* to business success.

» Develop investment strategifes biom*-focused systems engineering
opportunities.

These initiatives will assist systems engineermtapping underlying principles of NS to
solve challenging problems. Although structural Betiavioral bridging can lead to worthwhile
innovation, functional role bridging can help systeengineers deal with situations that are more
complex. Delivering effective systemic intervensaran influence specific technologies,
systems of technologies, and human behavior. mg@&f broader impact, even small steps can
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increase resilience, the ability of systems toibunder stress and reconfigure themselves
over time. Ultimately implementing all three typefdridging will be key to advancing biom* as
a mainstream practice.
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