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ABSTRACT

Biomimicry is an emerging discipline that seeks nature’s advice and
brings diverse stakeholders togetherto create designs that emulate the
way nature functions, not just the way it looks. The field itself is a
multidisciplinary endeavor, yet biomimicry educators frequently
work alone. Pedagogical methods based on trial and error may waste
precious time. In this study, a set of four biomimicry experts from
diverse disciplines and different areas around the globe collaborated
to compare pedagogy and analyze student work to illuminate best
principles for teaching students to translate biology into design solu-
tions, a key step in the biomimicry design process. A total of 313 as-
signments created by 179 different students were evaluated. The re-
sults showed that the inclusion of Art in the learning of science,
namely the hand-drawing of the biological mechanism can lead to
higher quality of abstracted design principles.

Keywords
Biomimicry, Abstracted design principle, Pedagogy, Science education and aesthetics, An-
alogical thinking, Art and Nature, Drawing to learn, Biology
“Come forth into the light of things, let nature be your teacher.” ~ William
Wordsworth



INTRODUCTION

Biomimicry is an emerging approach to innovative problem-solving that
looks to nature for resilient and sustainable solutions to human problems.
The foundation of biomimicry lies within biology and is simultaneously an-
cient, but merges with engineering, design and other disciplines such as
chemistry, social innovation and business. The adaptations and deep pat-
terns present within the millions of species living on earth today represent
3.8 billion years’ worth of time tested, sustainable solutions to the same
challenges that humans now face. Humans are (re)learning to apply these
functional biology design lessonsthrough the processof Biomimicry Design
Thinking. Practitioners of biomimicry don’t just learn about nature, they
learn from nature. Biomimicry aims to realign human actions with nature’s
principles, to promote a viable, equitable, and livable world (The Biomim-
icry Institute 2009).

The demand for nature-oriented design education and improvement
of 21st century teaching has grown exponentially in recent years. The scope
of biomimicry has beenexplored in depthby pioneerssuchas Janine Benyus
in her book Biomimicry - Innovation Inspired by Nature, and by Dayna
Baumeister in her book Biomimicry Resource Handbook. Y et, engaging in
the process of Biomimicry thinking takes practice and an initial investment
of time. Over the past 10 years, Biomimicry has found its way into kinder-
garten workshops, K-12 programs around the globe to an entire Master of
Science in Biomimicry program, initiated by Baumeister in 2015 (Biomim-
icry 3.8 2020). On the other hand, nature-driven designs didactics have only
just begun to take root.

Biomimicry can be distinguished from bio-inspired design in that
biomimetic designs are held to arigorous scientific standard. Living systems
are made up of complex, ever-changing networks of interdependent organ-
isms surviving within this complexity. When biomimics look for biological
models, we look for adaptations that have been honed to solve for specific
problems. Biomimicry asks nature’s advice by focusing on what we need
ourdesign to do in a specific contextand matching that function and context
to natural mentors that have solved the same functional challenge in beauti-
ful, elegant, efficient, regenerative and resilient ways. What may be most
striking about biomimetic design is the aesthetic beauty with which design
challenges are solved and just as in nature, aesthetics can be highly adaptive
in design.

What is the art behind the science of biomimicry? How are the bio-
logical strategies and mechanisms from adaptations in nature translated into



abstracted design principles for biomimicry practitioners, innovators, archi-
tects and designers? This chapter reviews the steps necessary to teach that
translation, highlights the importance of drawing to learn, and showcases
artfulillustrations made by student biomimicry practitioners during this pro-
cess. Preliminary research showed that when teaching biomimicry students
how to bridge the gap between biology and design through abstracting de-
sign principles, the lack of scientific research on pedagogical methodologies
leaves teachers and students exploring the design process together through
trial and error. Observations and student survey responses in the study
‘Analogies in Biomimicry’ (Stevens et al. 2020) showed that students con-
tinually struggle with understandinghow to transfer biology to design. How-
ever, in this same study, Stevens found that first drawing the biology and
subsequently drawing the abstraction of how that biology is functioning,
aided in her students understanding the design principles and implementing
these into design solutions. Is this true elsewhere? Biomimicry is a team
effort and successful biomimics rarely work alone. Yet biomimicry educa-
tors frequently do. This chapter brings four biomimicry educators (three pro-
fessors and a biomimicry practitioner) together to examine and share best
teachingprinciples in the field for the translation phase betweenbiology and
design, evaluating this phase through the work of 205 students. The authors
share a background ofleaming biomimicry fromthe same Master of Science
program at Arizona State University (ASU).

FRAMEWORK
Biomimicry Thinking

Biomimicry Design Thinking is the methodology which merges Biomim-
icry Thinking and Design Thinking, following the design phases of scoping
the challenge, discovering existing solutions, creating ideas and evaluating
them to create innovative design solutions (Stevens et al, 2020). Within bi-
omimicry, each phase is focused on what we, as designers, can leam from
nature. In the scoping phase biomimics ask what we want our design to do,
identifying its function and biologizing that function so that we can ask na-
ture’s advice about how to solveit. Just as a well-adapted organism thrives
innatural systems by optimizingits fitness and adapting to an ever-changing
context within its unique niche, a well-adapted human design must meet the
functional needs of the design challenge within the context it operates in
order to optimize its success (Baumeister 2014). When biologizing the de-
sign question, biomimics ask, ‘How might nature do ___ ?’ (Rowland



2017). For example, how might nature regulate temperature? The discover-
ing phase of biomimicry then looks to natural organisms, processes, or eco-
systems that have evolved adaptations for solving the same functional de-
sign problem and context we face, as opposed to looking for inspiration from
previous designs made by other human designers, which is often the norm
in ideating phases of the Design Thinking process (Harris and Ambrose
2009). The goal of biomimetic design is to learn from the research and de-
velopment throughout whichlife hassurvived, applying scientific principles
to create resilient human innovations that are vetted by science and sustain-
able by design.

Researching the Function, Strategy, and Mechanism of adaptations
is key for translating those from nature into human design (ASU 2017). For
example, a cactus excels at ‘regulating temperature.” Biomimics explain the
natural strategy, or ‘how the cactus regulates temperature’. The strategy of
the cactus might be described as ‘by creating shadow and air flows’. The
next step is to consult scientific literature to determine how the natural
mechanism of this strategy works. For example, research articles describe
detailed mechanisms regarding how much shade is provided by ribs and
spines and morespecifically how the shadows and air flows are created (fig-
ure 1).

FUNCTION - STRATEGY - MECHANISM

&

Radial Ribs and
outer spines create
alternating warm
and cooler currents
inside and outside
of the cactus

Regulate
Temperature

Barrel Cactus’ cool themselves in the desert by creating shadow througH 1t the day cycle

Fig. 1. Example of function-strategy-mechanism presentation published with permission by
Rui Felix (adjusted with biomimicry terms).

During desktop research to find organisms fitting their design need,
biomimicry design students iterate to become adept with the function-strat-
egy-mechanism paradigm. In the discovery design step, student teams ex-
plore dozens of possible natural mentors to describe their function and strat-
egies before honing in on those which seem to carry out the function best.



A deep dive into scientific articles locates primary research to reveal de-
tailed mechanisms behind nature’s elegant solutions. Each organism is rec-
orded in a “biobrainstorm” collection spreadsheet. This includes, the func-
tion, organism common and scientific name, it’s strategy and mechanism
fulfilling the function, quoted literature citations and cited references.
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Fig. 2: Biological Design Principle and diagram of Gladiolus dalenii, C.M. Langford

Subsequently, biomimicry students hone in on and summarize
promisingmechanisms as Biological Design Principles(figure 2) describing
both in text and visually how the biological function is carried out. Finally,
they reach the crucial and most difficult step, writing an Abstracted Design
Principle in which biological terms are eliminated and exchanged for non-
biological terms to make this natural design lesson accessible to designers
and engineers (figure 3).



ABSTRACTED DESIGN PRINCIPLE

An erected unit coated in micro-protrusions that fold at fixed intervals form spherical apexes with concave
bases at heights of 10.2 + 1.5 pm, diameters of 5.5 + 0.4 pm and cavity depths of 6.2 £ 0.5 ym. The
apexes are hierarchically arranged to form rows and columns with longitudinal spacing of 18.3 £ 2.5 um
and transversal spacing of 36.6 = 2.9 um. The fleshy protrusions have vertically positioned, interlaced
platelet nano-structures on their surfaces. The micro and nano-structures have surface contact angles of
135° £ 0.4°. the coating condenses water vapor at the protrusions base, with secondary condensation
sites on the surface nano-structures. Droplets grow in size and eventually gravity pulls the droplets
downward.

ABSTRACTED DESIGN PRINCIPLE ILLUSTRATION
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Fig. 3. Abstracted Design Principle and diagram of Gladiolus dalenii, C.M. Langford

Abstracted Design Principles (ADPs) are illustrated, demonstrating
how the mechanism works including the scale, texture, subcomponents, be-
havior or interconnecting functions. The goal is to use the ADP diagrams as
a starting point for design ideation (Baumeister 2014). A Nature’s Technol-
ogy Summary (NTS) is the template we assign for capturing and summariz-
ing the research and ADPs for each of the biological mentors that make the
final cut.

Analogical thinking or reasoning, is the theory of using what is
learned in one context (such as biology) and applying it to a second context,
such as design (Casakin and Goldschmidt 1999). Within the field of bio-
mimicry, three distinct levels of hierarchy in this analogical thinking are de-
scribed from the most simple to the most intricate: 1) form-analogies, or




those emulatingthe functional shapeor structure of an organism; 2 ) process-
analogies, or those emulating the functional behavior or biochemistry of an
organism; and 3) System-analogies, when an entire ecosystem’s function is
emulated (Baumeister 2014). Mimicking systems is considered the highest
level of analogical thinking within biomimicry design.

In this study we illustrate, describe and analyze biomimicry stu-
dents’ attempts to write and illustrate ADPs within their NTS’s to evaluate
effectiveandineffective methodology to illuminate current best pedago gical
principles.

Drawing in Science

One method for improving understanding of complex ideas is through
drawing scientific visualizations which are important learning aids in sci-
ence education (Landin 2015). Developmentally, drawing is motivational
and engaging for children and drawing to show understanding in the higher
education classroom also captivates student interest and may amplify crea-
tive thinking by stimulating interactions between brain hemispheres (Ains-
worth et al. 2011; Deietrich and Kanso 2010). Cognitive functions such as
observation, problem solving, explanation and communication, which
form the foundations of scientific thinking, interrelate with the basic mech-
anisms of illustrating (Fan 2015). Drawings are fundamentally critical por-
trayals that incorporate a few subtleties and preclude others; subsequently,
every impression a student makes in a drawing might be reflective of what
students are and are not learning (Dove et al. 1999). Drawing enables stu-
dents to synthesize ideas, training them to identify any gaps in their under-
standing (Quillen and Thomas 2015; Van Meter et al. 2006; Zhang and
Linn 2010). Biomimics must accurately understand biological adaptations
to create designs that function the same way that nature does. Although it
is important for biomimicry students to be explicit in the visual representa-
tion of the natural adaptive mechanism, only basic visual communication
skills are required to promote understanding, the process is more important
to the learning than the outcome (Kang et al. 2014; Rovalo 2019). Drawing
also facilitates communication of the mechanism to other audiences, assist-
ing with the translation of the functional mechanism found in nature into
engineering lexicon. Drawing with accuracy enhances observation skills
and learning. There is a feedback mechanism involved, the act of drawing
both requires and enhances understanding (Pyle 2000).

Drawing in science serves various purposes in student learning,
When looking through the lens of abstracting design principles in biomim-
icry, drawings serve multiple pedagogical goals: drawing as a mode of in-
ternalizing science, drawing to enhance observation, drawing to enhance
model-based reasoning, drawing for problem solving, drawing to connect



concepts/ideas, drawing to learn, drawing to reveal student’s mental models
and drawing to communicate (Quillin and Thomas 2015). Drawing can help
make the “unseen seen”. To understand forms, processes and systems in na-
ture, drawing requires a deep understanding of the details. It allows an ex-
ternal process to internalize information (Quillin and Thomas 2015) and can
visually pinpoint where a gap is in understanding. Biomimicry can only em-
ulate nature successfully if it follows what nature does in an authentic way.
This forces the biomimic to look closely, investigate the natural model from
differentperspectives, and explore specifically how the adaptation functions
(Leslie and Roth 2000). Even biologists are asked to draw abstract visual
models to support reasoning while solving problems based on complex con-
cepts (Quillin and Thomas 2015).

Student drawings in biology can range across broad spectra. They
can vary across scales from atomic to ecological; they can differ in their
incorporation of text, eg: flowcharts are created predominantly with words,
indicating relationships. On the other end of the spectrum, drawings depict-
ing species morphology might contain few to no labels and can range from
detailed to abstract dependinguponthe context. While a thoroughly detailed
drawing might be useful for understanding bird behavior, only a simple
shape with the word bird inside it will be sufficient for an ecosystemic con-
cept map outlining interspecific relationships (Quillin and Thomas 2015).

RESEARCH QUESTION

Although biomimicry education is expanding exponentially, teachers and
students still struggle with getting the science accurately and visually com-
municated into design principles that can be used for innovative ideas. The
authors have the same foundational biomimicry education, but teaching at
different schools to different student audiences results in variations on our
desired outcome. Whatare thesedifferences andhowcan we rigorously fun-
nel what we’ve learned through iterative curriculum development into rec-
ommended pedagogical principles? Our research question is: Which char-
acteristics, methods, factors, descriptors, learning outcomes, or techniques,
are most often present in biomimicry student work that correlates to the
highest quality adapted design principles?

Pinpointed Sub-questions:
- What subcomponents of the biomimicry thinking methodology are

most vital for students to achieve high quality abstracted design
principles?



- What curricular or pedagogical factors influence whether students
achieve systems level abstracted design principles?

- Whatis the art behind the science of biomimicry? Does drawing to
learn improve the learning outcomes of multi-disciplinary novice
biomimicry practitioners? If so, how is it correlated with achieving
high quality abstracted design principles?

Our research focused on the quality of the Nature’s Technology Summary
(NTS) to normalize our diverse set of data. We want to find out how each
of the methods from our classrooms improves the communicative starting
point for biomimicry design for interdisciplinary design teams, namely the
Abstracted (biological) Design Principle. Does the primary research offer
explanatory diagrams with scaled measurements? Are there visuals of how
a mechanism moves? Have students observed details while drawing what
they see in nature? These are a few predictions of what may arise from this
research. By exploring these factors, we aim to identify which methodolog-
ical steps are essential to reach a comprehensive and useful visual transla-
tion. And, when these factors are defined, how to introduce more complex
translations to apply to design.

METHOD

Context and participants

In this study, we analyze a single biomimicry assignment, the NTS, given
across four separate university student cohorts overa two-year period using
both quantitative and qualitative approaches to improve our result validity
(Khakpour 2012). We identify recommended pedagogical principles for
teaching and learning the crucial and most challenging step of the biomim-
icry design process: abstracting the design principle. Student populations
varied between undergraduate and graduate levels, and ranged across a va-
riety of disciplines, allowing for the comparison between design students
and interdisciplinary students lacking design backgrounds, and between
novice first year undergraduates (a control group) and experienced upper-
level undergraduate and graduate student populations. Universities included
in the study are The Hague University of Applied Sciences (THUAS), Ari-
zona State University (ASU), and the College of Charleston (CofC). A total
of 313 NTS assignments created by 179 different students were evaluated.
Ourpreliminary recommended pedagogical principles findings were applied
to the most recent test group (ASU, summer 2020). See Table 1.
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Table 1: Research context, participants and other details * Summer cohort ASU = special
test group with preliminary ‘recommended pedagogical principles’ findings integrated in

instruction.

Institution The Hague University  Arizona State College of Charleston
of Applied Sciences University (ASU) (CofC)
(THUAS)
Location The Hague, Tempe, Arizona, USA Charleston, South Caro-
Netherlands lina, USA
Audience Design, Engineering,  Architecture, Industrial ~ Biology, Entrepreneurship,
other miscellaneous design, Interior Arch., Urban Studies, Environ-
technical fields Landscape Arch., Visual mental and Sustainability
Communication Design,  Science, First Year Experi-
Sustainability ence
Level Undergraduate Undergraduate & Gradu- Undergraduate
ate
Cohort dates:  Spring 2019 Fall 2019 Spring 2019
Spring 2020 *Summer 2020 Fall 2019
Spring 2020
Number of 2019 n=22 (16 NTS) 2019 n=15 (30 NTS) Sp2019 n=40
participants & 2020 n=23 (35 NTS)  *2020 n=12 (12 NTS) (112 NTS)
number of F2019 n=20 (19 NTS)
NTS’ made Sp2020 n=47
(89 NTS)
Student Back- Minor for exchange Graduate students from  Variable. No prior design
ground students (motivation  various design disci- experience. Upper level
letter) or 4th semester plines (ARCH, IND, tends to have more biol-
for IDE students INT, ALA, VCD) as well  ogy, sustainability and en-
as students fromsustain-  vironmental science back-
ability. ground.
Course Design with Nature, Biomimicry in Design Special Topics: Biomim-
name(s) Industrial Design Engi- icry Thinking and Biomim-

neering semester

icry, Nature as Mentor.

DESCRIPTION OF COMMON ASSIGNMENT

The common assignment forall cohort participants, the Nature’s Technol-
ogy Summary (NTS), is described in detail below. Students at THUAS,
ASU, and CofCall completedthe NTS assignment as a major element in the
semester. A NTS template was provided to all student populations. Students
followed the same 6 step process. To prepare for the NTS assignment and
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engage in observations of biology throughout the courses, a variety of pre-
liminary observational, research, and drawing tasks were assigned (figure
4a—c).

BADMELACHE
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Fig. 4a: Pre-NTS bio brainstorming and drawing to learn, THUAS students spring 2020.
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PRICKLYPEAR (OPUNTIA BASTLARIS)

5.23.20

3:47 pm

Millett Ranch

Tts 90 feels 85 degrees with little to no clouds with little wind that is blowing northwest.

The sun is bright but not too hot for being outside. The birds are singing loud today, and I'wish [
could capture the purple in the prickly pear cactus.

Notes: This cactus may consist of hundreds of pads that are green, and blue-gray color, and can grow
five inches long. During summer, the pads shrivel up because they pump out the water they stored
during winter.

https://calscape.org/loc-california/Opuntia%20basilaris()

Fig. 4b: iSites drawing to learn how to observe and see, H. Carter, ASU student summer
2020.
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Fig. 4c: iSites drawing to (re)connect with local flora, describe biological adaptations, and
learn how to observe and see, E. Peters, CofC student spring 2019.

Assignment Steps:

Step 1: BioBrainstorm: this pre-NTS step includes seeking organisms that
are successfully solving the same challenge in the same context as the hu-
man design challenge. Students conduct preliminary research including a
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broad spectrum of potential organisms from wide ranging taxa and scales,
representing diverse strategies. Honing on in their top choices, students go
deeper to thoroughly investigate the primary literature. The research on
these top choice organisms is summarized using the NTS template (figure
Sa—c).

NATURE'S TECHNOLOGY SUMMARY | (DESIGN BRIEF APPENDIX)

Contact: Agostina Feltrinelli
Natural History:

The western honey bee is native to Europe, the Middle East, and Africa, and, though none of its at
least 20 recognized subspecies naturally occur in the Americas, these have been extended beyond
their natural range due to the economic benefits brought about by they pollination and honey
production. Because of this, honey bees are now naturalized on all continents apart from Antarctica.

The non-reproductive females, the worker honey bees, are the smallest in size, with their bodies
specialised for pollen and nectar collection, as their hind legs have a corbicula (pollen basket) which
is specially designed to carry large quantities of pollen back to the colony. They also produce wax
scaled on the underside of their abdomen, which are used to construct the wax comb within the
colony, and have a barbed stinger with a poison sac which is torn from the end of their abdomen
when they sting a tough-skinned victim such as a human. The act of stinging, a defensive behaviour
worker bees use to protect the colony, results in the bee's death.

Honey bees have a highly social life history and their colonies could be considered to be
superorganisms, with the entire colony being viewed as a biological unit. Their reproductive process,
or swarming, is based on the premise of producing more colonies rather than individual bees.

Honey bees typically swarm in spring and early summer, when pollen and nectar are plentiful
(Mortensen, Schmehl, and Ellis, 2013).

Function: Modify chemical/electrical state, electric charge; Maintain community, provide
ecosystem services through pollination; Get, store or distribute resources, capture
solids; Get, store or distribute resources, distribute solids.

Strategy: Honey bees collect and release pollen through the hairs on their bodies, whose
static charge varies from that of the pollen.

Champion: Honey Bee
Apis Mellifera

Description Text:

Under clear, fair-day conditions, plants generally have small negative surface charges and are
therefore surrounded by low intensity electric fields. The magnitude of their electric fields
depends on the chemical composition of the plants, its height, and the environment, as, under
unstable weather conditions, these fields can change polarity, with their surface charges
becoming positive. The distribution of its electric field, on the other hand, varies with its shape,
with sharp points such as flowers exhibiting greater electrical fields

In contrast, foraging bees, such as honey bees, usually have electrically positive surface charges
which occur when they fly through the air. In this manner, when a bee flies through the air, it is
confronted with electrical currents and its body is electrostatically charged with frictional
electricity. Research has suggested that pollen seeking insects’ ability to accumulate pollen on
their surface and later distribute it is enhanced by the forces of attraction between the insect's

1

Fig. 5a: example step 1 & 2 NTS (Organism, function & context), A. Feltrinelli, THUAS,
spring 2019.
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HUMMINGBIRDS

Trochilidae

Nature
Technology
Summary

FUNCTION
Maintain stability In extreme turbulence.

STRATEGY

The Hummingbird uses tal pitch and yaw and variable fan angle refative
tathe body in order to create lift and/or drag to help it maintain flight
balance, zero net force, stability, and desired location in adverse airflow

NATURAL HISTORY

To survive, many organisms have had to evolve to become locally a
tuned and responsive to their ever changing surrounding environment
Hummingbirds are a great example of this evolution and adaptation

The hovering skill of the hummingbird s unique in the avian world, Only
insects can fly like that, The hummingbird's ability to hover evolved for
imple reason; it enables them to dine on nectar. Since most flowers
don't offer a place to perch, hovering Is their only alternative, This un-
usual diet has forged an evolutionary bond between hummingbirds and
flowers where hummingbirds go to great lengths in order to feed.

Most birds flap their wings up and down to fly but humminghbirds moy
their wings backward and forward in a figure elght movement, like oars.
This generates lift during the upstroke and the downstroke, which helps
hummingbirds stay stable, instead of bobbing up and down. But how
waould a hummingbird respond when the weather gets rough?

The hummingbird must fly into the wind to get the nectar, “It turns and
twists its body in the direction of the alr flow, while using its wings for
control and its tall like a rudder to stay steady. The birds can't afford nat
toeat” (Deep Look, 2015 insects make up a quarter of their daily
diet, they have to consume their weight in nectar every day to survive.
And the flowers need th 0. As they eat, hummingbirds spread pol
len frem plant to plant. It's a symbiosis — a twc
a nd a flower. These tiny flying machines have e t
hold up their end of the bargain, rain, wind or shine. (ThaAnimalPortal,
2016)

KWAS! BOAKYE
DSC 594: BIOMIMICRY IN DESIGH | SUM 2020

Fig. 5b: example step 1 & 2 NTS (Organism, function & context), K. Boakye, ASU, summer

2020.
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NATURES TECHNOLOGY SUMMARY (NTS)

Your Name: Mylene Gonzales

SUMMARY

Distribution of clownfish (orange) and sea
anemone (blue) across the globe (Litsios et
al., 2012)

Champion Mentor (common
& Latin name)

Clown anemonefish (Amphiprion
ocellaris) and Sea Anemone (Actiniara)

Organisms natural history
context (habitat & conditions
driving the evolution of its
strategy)

Clown anemonefish are a species of damselfish that live in the warm waters of the
Indian and Pacific oceans (users.on.net). Similarly, sea anemone are found in the
tropical seas of the Pacific, but can also be found in coastal and temperate waters.
(Tolweb.org). Mutualism between clownfish and sea anemone is well-known and is
one of many mutualistic relationships that have evoived in coral reef ecosystems.
Because clownfish are poor swimmers, they must hide in the tentacles of sea
anemones (which have stinging nematocysts) in order to escape from their predators
like larger fish, eel, and/or sharks (Mebs, 2009). Sea anemone's also benefit from this
interaction because the clownfish scare away predators that usually eat anemone
(Godwin and Fautin, 1992) and the excretory waste of clownfish also provide the
anemone’s zooxanthellae with nutrients.

Function (What does the
technology do? Pasted from
the FBS template)

The mutualistic relationship is an example of maintain
community, cooperate between different species from the
biomimicry taxonomy. Mutualism also increases the
fitness of both individuals (Porat and Chadwick-Forman,
2004)

Mechanism (how the strategy
works pasted from FBS
worksheet)

The clownfish coats itself in the mucus of the anemone in order to
protect itself from the stinging nematocysts. Clownfish is able to
inhabit the anemone and is protected from other fish that may try to
eat it through the stinging tentacles (Mebs, 2009). The sea anemone
gets protection from its own predators by the territorial aggression of
the clownfish that fight off other fish that may swim close to the
anemone (Godwin and Fautin, 1992). It also gets nutrients from the
clownfish when the clownfish excretes undigested waste and it falls
onto the symbiotic dinoflagellates of the anemones that live in its
tentacles.

Design Principle (idea that can
be emulated in design, pasted
from the FBS worksheet)

Daily close-knit interactions between two dissimilar
individuals can foster meaningful relationships. Overtime,
both individuals gain each other’s trust, support, and other
benefits that allow each individual to achieve positive
personal growth.

Lifes Principles (use both
headings and subheadings
from the LP sheet and pick 2-4
that best fit)

Evolve to survive- replicate strategies that work

Be locally attuned and responsive- cultivate cooperative
relationships

Be resource efficient- recycle all materials

Fig. 5c: example step 1 & 2 NTS (Organism, function & context), M. Gonzales, CofC, spring
2020.

Step 2: Function-Strategy-Mechanism: Students write a short natural his-
tory, define one biological function, write out the strategy that allows the
organism to meet this function and then write a longer piece about the spe-
cific biological mechanism that achieves this strategy. Direct primary liter-
ature citations shouldbe included, complete with in-text and final references
(also shown in figure Sa—c).
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Step 3: Drawing to Learn: Students (hand) draw the biological function,
strategy, and mechanism as is described in the scientific research and de-
scribe the principle of what is happening in a succinct manner. This ‘draw-
ingto learn’ process creates a Biological Mechanism Drawing that visually
communicates how the organism achieves its function (figure 6a—c).
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Hoviey Bee — Apis Mellitera

Follen collecting hairs

The place on the body
where the pollen is
collected is different
per species

o’

> Pollen Basket

The hairs become negatively charged with static electricity as the bee
flies through the air. When the bee kvocks agaivst the anthers of the
flower, the pollen attaches to the static hairs,

Where do difterent syecies collect their pollew

Meaachilidae —s= Beveath Abdomen tollen yellets iclude

neciar and can

Hylaens ———s= Tn their Crops ﬂCCOMVIT fO\" 30‘ Of
Avdrena Base of Abdomen the bees WeiﬂhT

+
Colletes Rear section of Thorax

The bee uses its legs +o wipe the pollen towards
it's “baskets”

Pollew Pellets | Basket

“Coalbiculae” v

The “putty like pollew basket” is skewered
by the leg hairs of the bee

Fig. 6a: Step 3 NTS (BDP), A. Feltrinelli, THUAS.



BIOLOGICAL MECHANISM DRAWING

Fig. 6b: Step 3 NTS (BDP), K. Boakye, ASU.

Fig. 2. Sea anemone gets benefits of this
mutualism by 1) clownfish defending the
anemone from its own predators like butterflyfish
2) clownfish secretes undigested waste (sulfur,
phosphorous, ammonia) that become food for
symbiotic zooxanthellae living inside the cells of
sea anemone (Mebs, 2009)

Fig. 6¢: Step 3 NTS (BDP), M. Gonzales, CofC.
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Step 4: Abstracting the Design Principle (ADP): Students synthesize and
describe the causal mechanism replacing the biological terms with non-bio-
logical (i.e. engineering) terms to identify the lesson that natural organisms
have for human designers, the Abstracted Design Principle (ADP) (figure
7).

“Fibres develop a positive static charge due to external factors such as motion, whereas
separate modules have a negative charge, making them ideal to stick to these fibres. Due
to their opposite charges, when the modules come into contact with the fibres, the mod-
ules stick to the fibres.”.

a) ADP Honey bee (Apis Mellifera), A. Feltrinelli, THUAS spring 2019

“The design uses an expandable flap that can pitch, roll, and yaw opposite the direction of
adverse airflow to generate an increase/decrease in lift and/or drag in order to help reduce
energy use, increase stability, and/ or support continuous maneuverability in turbulent air-
flow to stay in desired location”.

b) ADP Hummingbird (Trochilidae), K. Boakye, ASU summer 2020

“Daily close-knit interactions between two dissimilar individuals can foster meaningful
relationships. Overtime, both individuals gain each other’s trust, support, and other bene-
fits that allow each individual to achieve positive personal growth”

c) ADP Clown anemonefish (Amphiprion ocellaris) & Anemone (Actiniara), M. Gonzales
CofC spring 2020

Fig. 7: Step 4 of NTS (ADP text): THUAS (a), ASU (b) & CofC (c)

Step 5: Drawing to Communicate: Students visually communicate the
Adapted Design Principle to designers and engineers Note, CofC students
lack design experience, and although hand drawing was strongly empha-
sized as a teaching and learning tool, they were given the option to include
either hand drawings or well-chosen images from the primary literature in
their final NTS submissions. (Figure 8a—c).
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Functional technology Image(s) or lllustration(s): Paste or draw out images that show how the function is
achieved. This should show the mechanism/adapted design principle. Include reference links for any images

included that are not your own. Add supporting text as necessary, but minimize text and maximize imagery.
D oy — v
g
Iy {5 / A I’

Dy 10 (st pmiend) Pay 135 mm@

Fig. 8c: NTS Step 5 ADP’s from Clown anemonefish (Amphiprion ocellaris) and Anemone
(Actiniara), M. Gonzales CofC.

Step 6: Brainstorming and emulation: The design phase where students
ideate and iterate biomimetic design ideas is not part of this study, but is
shown here (Figure 9a—c)to aid the reader’s understanding of how ADP’s
are used.



Fig. 9a: Step 6 of NTS, Sweater from Honey bee (4pis mellifera), A. Feltrinelli, THUAS.

Wind Vane For Wind Turbines

Using a rotated version of the hummingbird
tail as a large wind vane for wind turbines, It
could be used to catch the direction of the
wind for the turbine without using a motor to
turn the turbine toward the wind. Rather than
a pitch rotation, it will utilize a yaw rotation

Adaptive Diffusers

The ADP could be used to create an adaptive
diffuser that can pitch to create more drag or
downforee. This could help high performance
cars have better handling and efficient brak-
ing. It would use the drag wind to help slow
the car from high speeds reducing depen-
dence and heat from the main brakes.

Pitch Stability For Drones

Creating flaps for drones to help in pitch sta-
bilization during turbulence, Using this could
reduce the eneray requirements of the main
motors ta keep the drone at a desired loca-
tion. The flaps would actively pitch and roll to
generate drag/lift using the turbulent wind.

Life Principles
+ Use Low Energy Process

- Leverage Cyclic Processes

- Use Readily Available Materials and Energy
+ Use Feedback Loops

Life Principles

+ Uselow Energy Process

+  Use Multi-Functional Design

+ Use Readily Available Materials and Energy
«  UseFeedback Loops

+ Incorporate Diversity

- Embody Resifience Through Variation, Redun

dancy, and Decentralization

Life Principles
« Uselow Energy Process
= Use Multi-Functional Design
- UseReadily Available Materials and Energy
«  UseFeedback Loops
«  Incorporate Diversity
= Embody Resilience Through Variation, Red
dancy, and Decentralization
Fit Form to Function
Leverage Cyclic Processes

Fig. 9b: Step 6 of NTS, Hummingbird (Trochilidae), K. Boakye, ASU.
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Campus food sharing

* Connects pre-existing food resources
Education
® Pre-existing curricular studies

* Food literacy workshops

* Hands-on sustainable agriculture education in
on-campus student gardens

¢ Mentorship program for underclassmen led by
upperclassmen

Information

¢ Connecting people to outside resources

*  Online resource

* Space for individuals or organizations to share
what they have or what they need

Fig. 9c: Step 6 of NTS Anemone and clownfish M. Gonzales, CofC.

Distinction between student cohorts:

THUAS

Students from The Hague University of Applied Science conducted a Chal-
lenge to Biology (C2b) design solution project using the biomimicry design
methods (Baumeister 2014) combined with Design Thinking, from scoping
through evaluation to incorporate methodologies into a design-based-leam-
ing (DBL) project. The non-obligatory NTS assignment at THUAS culmi-
nated the discovery phase and prepared students for the creative brainstorm-
ing process. Sharing iterative Drawing-to-Learn exercises by hand were a
main factor as well as technical drawings of how the mechanisms worked
within a final prototype.

ASU

Students from the ASU Summer 2020 course built their NTS based on a
Biology to Design (B2d) process rather than the more common challenge to
Biology (C2B) process because of the shorter 5-week period. Starting with
the organism, process or system of choice, they dove deep to discover just
one strategy to translate into a design principle, focussing on one function.
The ASU NTS template also asks students to specify at least 4 Life’s Prin-
ciples thatthe organism is exhibiting to recognize the deep patterns and con-
nections in nature. *This test group integrated our preliminary ‘recom-
mended pedagogical principles’ findings into the NTS instructions.

CofC
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Students from the College of Charleston (CofC) First Year Seminar (FYSE)
and upper level courses conducted a month-long Challenge to Biology
(C2B) design project using the biomimicry design method (Baumeister
2014) from scoping through evaluation. The NTS assignment at CofC con-
cluded the discovery phase and prepared students for the creative brain-
storming process. While it was emphasized and strongly encouraged to hand
draw both the biological and functional technology mechanisms employing
‘drawing to learn’ methodology to formulate abstracted design principles,
hand drawn visuals were not mandatory for the final NTS submission. Stu-
dents in the CofC cohorts came from a diverse spectrum of disciplines in-
cluding biology, entrepreneurship, urban studies, and environmental and
sustainability studies, and had little to no prior design experience. Leaming
outcomes for the first-year experience students emphasized research meth-
ods, creativity, growth mindset, and communication skills. Upperlevel stu-
dents (spring) were almostexclusively junior andseniors (3rd and 4th year),
as such, learning outcomes and expectations were elevated.

DATA COLLECTION AND ANALYSIS

Phase 1: Assignment cues comparison

Syllabi, assignments, and lesson plans were shared between author faculty
at three participating universities (THUAS, ASU and CofC). We compared
our teaching methodology. For this study, student Nature Technology Sum-
maries (NTS’s) deliverables were collected and shared between the authors
after Institutional Review Board (IRB) approval and/or student consent for
publication. The same extemal assessor scored each of the student NTS as-
signments with an identical rubric recording categorical Y/N data about the
clarity and depth of student work.

SMo Organism  Funciion

Fig. 10: NTS Rubric.

Phase 2: Rubric analysis of NTS's
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A scoring of Yes=green and No=red, made visible whether an NTS element
was included or lacking (figures 10 & 11). These empirical data made sta-
tistical comparisons possible. We investigated which elements aid in reach-
ing accurate abstracted design principles (ADPs) that are both true to nature
and beneficial to designers as they startthe ideationphase. We also recorded
whether ADPs were form, process or system based. Systems level analogies
were emphasized within THUAS and CofC courses in 2020. To rank as a
high-quality mechanism (Y) students were required to write a thorough de-
scription of how the biological organism or system achieves its function in-
cluding as much detail as is scientifically known to describe the structural,
process, or systems level workings. To rank as a high-quality ADP (Y) stu-
dents were required to write a broadly translatable, engineering/architectur-
ally oriented, scientifically accurate design principle that was devoid of bi-
ological terminology.

Phase 3: Statistical Analysis

We utilized 2 x 2 contingency table statistical testing (Fisher 1934) in R to
testfora)independence between the quality of written ADPs and the quality
of written mechanisms andb) independence between quality of written ADP
and evidence of hand drawing by students during their NTS process.

Phase 4: Qualitative Analysis

Ourweekly roundtable discussions duringthe co-creation of this manuscript
regarding where our students struggled and where they thrived led to quali-
tative findings and recommendations for optimal biomimicry teaching prin-
ciples.

RESULTS

Phase 1: Assignment cues comparison

We found a large degree of synchrony and overlap in how we facilitated the
Nature’s Technology Summary (NTS) assignment (table 2). The back-
ground material and learning objectives were alike. Similar exercises and
instructional cues were given. The bio brainstorm research procedures were
assigned in an indistinguishable manner, as were the instructions and leam-
ing objectives for completing a NTS. All students were assigned the same
NTS template listing the organism/ecosystem, the abiotic context in which
the biological organism/system evolved, the biological function(s)it is ca-
pable of, references from primary resources, a description and diagram of
how the organism carries out the biological function, and a description and
diagram of the design/engineering abstracted design principle. The slight
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nuances found in the NTS assignments between institutions were the omis-
sion of Life’s Principles at THUAS and the omission of mandatory hand
drawn work at CofC.

Table 2: synchronizing NTS cues

NTS template elements

THUAS ASU CofC
BS IDE BS MS BS B4
Laura Stevens Michelle Fehler Deborah Bidwell
organism (common and Latin name) X X
function X X
primary references (minimum 1) X (minimum 3) X (minimum 3)
context X X
biological strategy & mechanism X X
diagram of biological design principle X X
(hand drawn) X optional
Abstracted Design Principle text X X
ADP diagram X X
(hand drawn) X optional
Life’s Principles X

x: same as THUAS, BS, MS and BA (Bachelor of Science, Master of Science, Bachelor of Arts)

Phase 2: Rubric analysis results of NTS's

19_20NTS,
o 1030 TS,
3N 1931 NTS,
¥ 1932 NTS,
3 1039 NTS,

Fig 11: SM;I‘npl-e NTS rubric scoring of one cohort (by external assessor).
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After each NTS was scored, the percentage of students successful for each
element of the NTS could be determined (table 3). Within most of the as-
signments from the three universities, there were small, overlooked aspects
which were common, such as not including in-text citations and not having
three or more references (though in most cases this is not specified within
the template). This appears to have had no impact on the overall quality of
the NTSs or ADP within the NTS.

Table 3: included NTS elements

NTS template elements included correctly (Y) in assignment (% included successfully)

THUAS 15 15 ASU 16 e CofC 14 14 14
BS IDE week  week MS week — week BS week  week  week
2019 2020 2019 2020 BA 2019 2019 2020
DwN  DwN DSC  DSC FYSE Up- Up-
per per
organism 88% 100% 97% 100% 100% 92%  93%
function 81% 86% 100%  92% 100% 97%  96%
references 50% 49% 50% 100% 79% 65% 63%
context 69% 50% 73% 83% 74% 83% 67%
mechanism 100% 89% 93% 100% 100% 88% 88%
diagram of BDP  94% 69% 60% 100% 65% 77%  83%
(hand drawn) 94% 69% 60% 100% N/A N/A  N/A
ADP text 94% 63% 70% 100% 21% 40% 57%
ADP diagram 94% 66% 70% 92% 11% 21%  28%
(hand drawn) 94% 63% 70% 92% 5% 12% 18%
Life’s Principles 0% 0% 90% 77% 37% 53%  52%
**Systems 1% 14% 30% 0% *k 11% 21%  42%

x: hand drawn was optional at CofC
* short 5-week semester
** THUAS emphasized systems and CofC and THUAS emphasized SDG s in the chal-

lenges in 2020

Phase 3 Statistical results

Table 4: Summary of statistical results testing association between quality ADP (Y) scores,
hand drawing ADP (Y, and quality mechanism scores (Y) by school and cohort.

Results of Fisher’s exact tests of association between quality ADP text (Y) with quality mechanism (Y)
and hand drawing ADP (Y) pooled by university cohort with CofC FYSE representing control group.
Significant results, a = 0.05 p values in bold. Odds ratios in parentheses.
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THUAS pooled ASU pooled CofC upper pooled  CofC FYSE
n=51 NTS n =42 NTS n=201 NTS n=19 NTS

Hand drawn (Y)  p=0.0007284 p=0.0001367 p=0.000005278 p=1

(10.76884) (29.80795) (8.804148) (0)
Mechanism (Y) p=1 p=0.3868 p=0.05253 p=1
(0.8740843) (3.2829709) (2.618477) (0)

Table 5: Summary of statistical results testing association between quality ADP (Y) scores,
hand drawing of ADP (Y), and quality mechanism scores (Y) pooled THUAS, ASU, CofC
upper level.

Results of Fisher’s exact tests of association between quality ADP text (Y) with quality mechanism (Y)
and hand drawing ADP (Y) pooled THUAS, ASU, CofC upper. Significant results a = 0.05 p values
in bold. Odds ratios in parentheses.

Pooled THUAS, ASU, CofC upper. n =313 NTS

Hand drawn (Y) p< 2.2x10"°

(11.35)

Mechanism (Y) p=0.0357

(2.343932)

Results indicate that CofC first yearexperience students performed differently than
all other student cohorts and struggled specifically with the ADP step (Table 4).
Fisher’s exacttests showed no significant differences between upperlevel students
in 2019 and 2020 cohorts within any university (p > 0.05), so data were pooled
within schools. Fisher’s exact tests show a significant correlation between hand
drawing of ADPs and the quality of the ADP text (p < 0.001) for all university
groups excluding CofC FYSE (Table 4). If there is not a good ADP, it is likely that
there wasno hand drawing (Figure 12). There is a trend toward quality mechanisms
being associated with quality ADPs in the larger CofC upper level cohort (p =
0.05253), (Table 4). Pooling data across universities (excluding CofC FYSE) and
applying Fisher’s exacttesting resulted in a highly significant correlation between
quality of ADP text and hand drawing of ADP p <2.2 x 1016 (Table 5). Pooling
across universities (excluding CofC FYSE) also revealed a significant correlation
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between quality of mechanism and quality of ADP text (p = 0.0357), (Table 5). If
there was a quality mechanism, a quality ADP text was more likely (Figure 13).

. Drawn
. Not Drawn

Low Quality ADP High Quality ADP
Fig. 12: Summary plot of pooled THUAS, ASU, and CofC upperclassmen data showing sig-

nificant correlation between hand drawing of ADP diagrams and quality of ADP text.
Fisher’s exact test p < 2.2 x 10-'° Odds ratio = 11.35. n=313 NTS.

. Quality Mechanism

- Low Quality Mechanism

Low Quality ADP High Quality ADP

Fig. 13: Summary plot of pooled THUAS, ASU, and CofC upperclassmen data showing
significant correlation between quality of mechanism and quality of ADP text. Fisher’s ex-
act test p=0.0357 Odds ratio = 2.34. n=313 NTS.

Phase 4: Qualitative analysis results

Table 6. Findings table elements influential in high quality BMY Design Principles
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Elements influential in achieving high quality NTS’

THUAS and CofC 2019-2020, ASU 2019

ASU 2020 Test group +

Key - Life’s Principles THUAS Influence  LPs were added to help understand
insights - no required 3 references THUAS | additions  the deeper patterns in nature
comparison - hand drawing CofC
Phase 1 -notall students didsame # NTS’
Key - ADP texts speculative and vague | Proposed - ADP iterations in class
insights CofC (partially all) improve- - Partial NTS assignments, itera-
from NTS -some ADP diagrams include bio- | ments tive, short feedback loops prior to
assign- logical elements (which they next step
ment should not) -underlying theme of function,
results - jumping to design solutions strategy, mechanism throughout
similarities/ - content missing THUAS - assign biomechanical drawing as
differences - NTS sections often missing separate assignment for emphasis
Good/bad THUAS where biological draw- - peer feedback to introduce repeat-
Phase 2 ings explaining how mechanism ingexposure to observations in na-
works (jumping to design) ture and drawn translations
- speculative desired characteristic - require the drawing of biology by
mechanics hand, rather than finding an illus-
-CofC FYSE students struggled tration
with ADPs -narrow focus of NTS to one or-
ganism, process or system
Key - Fewer systems in 2019 Proposed  -progress from form, to process, to
insights (not requested) improve-  systems as course proceeds
systems - THUAS and CofC stressed at- | ments from -iterations system mapping of chal-
Phase 2 tempting systems in 2020 class | phase 1 lenge
course ele- - NTS examples of systems rela-
ments tionships
- explain text and hand draw BDP
diagrams with exactness from sci-
entific research
- Future proposal to start with
form, transgressing to process and
then system analogies
Key - direct correlation between high | Proposed - multiple ADP’s / NTS’s
insights % hand drawing and achieving | improve- - require hand drawing
Phase 3 ‘good’ ADPs ments - require feedback on mechanism

-direct correlation between good
mechanism and achieving ‘good’
ADPs

- correlationhigh % correct organ-
ism, function, context etc. to
achieving systems when ‘organ-
ism’ chosen is a system.

before ideation

Main suggestions for improving ADP in NTS in biomimicry methodology

- Develop NTS in rounds: 1) learn biology 2) draw BDP 3) ADP text (feedback to re-
fine) 4) draw ADP diagram 5) all fields added

- setup timeline for multiple short feedback loops
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- choose drawing assignments studying form, process and systems to mimic, fitting de-
sign function

- select only 1 strategy from 1 organism, behavior, system function per NTS

- hand draw BDP’s showing exact mechanism referred to from literature

- possibly move from emulation of form to process to systems as course progresses

- Add/keep LP’s and min. 3 references

Influential course/NTS elements: With THUAS students, none of the NTS
submissions included Life’s Principles, though this is due to these not being
included as a section, as was the case with non-mandatory in-text citations.
Although the assignment was not mandatory and not assessed as such, more
than half of the students delivered. Here, the “Context” section lacked, and
many opted forbackground information only, obviatingthe need to describe
the habitat and environmental conditions these champions face daily. Stu-
dents choose to draw the biological organism more often than the abstracted
principles, frequently jumping to the design phase before this knowledge
was internalized. Charleston students’ contexts were generally clear and
complete, providingan understanding of the conditions, however, they were
notrequired to hand draw the biology or abstractions themselves and often
had biological explanations where an abstraction was required.

All students demonstrated a struggle with both the Abstracted De-
sign Principle texts as well as the diagrams depicting these. ADP texts in
many cases were vague and either referenced the biological mechanism or
the champion, failing to give insight into how the mechanism functions,
while others jumped ahead to begin thinking of design solutions within the
ADP rather than the more open-ended statements which would aid in the
development of multiple design ideas. CofC students tended to speculate in
the ADP on the desired characteristics that the champion displayed for use
in their solution, or simply mentioned that an aspect should be considered.
ADP’s of both THUAS and ASU students in design oriented semesters,
seemed to do quite well, while fewer Charleston students had success. In
many cases CofC students added a depiction of the biological champion
achieving the mechanism rather than something “abstracted” from biology
or nature to the ADP. CofC students had the majority of systems-level
ADP’s ready to start the ideation/emulating phase of design thinking (Table
3).

Note that the ASU 2020 cohort had the benefit of what was being
learned during this study and was added last to test our ‘recommended ped-
agogical principles’ at an early stage. Our analysis shows that the highest
overall scores were achieved for this cohort (except for the number of sys-
tem analogies which were not requested by the instructor) (Table 3). The
ASU summer cohort, being a short 5 week class, wasn’t exposed to the full
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breadth of the BMY thinking process. A Biology to Design approach was
chosen, where the students picked an organism of choice based on fascina-
tion or curiosity, whichtheninspired their NTS focus. Evidence for effective
learning through multiple iterations of biological mechanism drawings with
frequent instructor and expert feedback can be seen in Figure 14.

BIOLOGICAL MECHANISM DRAWING

MUsCULAR iew s

QKELETHL View
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BIOLOGICAL MECHANISM DRAWING
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Figure 14a—c: Example of the evolution of the Biological Mechanism Drawing for the Hum-
mingbird NTS Biomechanical drawing process between feedback loops. K. Boakye, ASU
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summer 2020. Continued feedback and research allowed the student to iterate, refine, and
deepen his understanding of the mechanism. This allowed him to arrive at a stronger ADP.

a) firstBiomechanical drawing, focused onthe wings ofthe humming-
bird. Atthis phase, the student continued to learn about the mecha-
nism of the stabilization of the bird.

b) once the student discovered that the tail was a more important strat-
egy in stabilizing, he drew a new biological mechanism drawing

¢) After more research, feedback and two interviews with experts, the
student updated the drawing to be more specific about how the
mechanism worked. This deeper understanding led to a stronger
ADP.

DISCUSSION

This study examines characteristics, methods, factors, descriptors, leaming
outcomes, and techniques which are most often present in biomimicry stu-
dent work that correlates to the highest quality abstracted design principles
for the creating phase of Biomimicry Design Thinking.

RQI

In this study, we looked at what subcomponents of the biomimicry think-
ing methodology are most vital for students to achieve high quality ab-
stracted design principles. We found that each element of the NTS tem-
plate appears to be valuable. Identifying natural history, context and
function, align with the scoping phase. Strategy and mechanism are vital
to translating nature to design during discovery and key to accurate emula-
tion during brainstorming. Including Life’s Principles and requiring refer-
ences from the scientific literature may help students accurately describe
the biological mechanisms, and accurate biological mechanisms are corre-
lated with stronger ADPs (Table 3, Table 5 and Figure 13).

First year experience (FYSE) students can be thought of as a con-
trol group, a novice population. First semester US college students are in
transition from high school to university level academics and typically lack
the foundational knowledge and skills for excelling at the same higher or-
der thinking level as their upperclassmen counterparts (Chaftin et al. 2019;
Bloom 1956). The NTS assignment for the FYSE cohort emphasized
achieving a quality mechanism through an introduction to primary litera-
ture research more so than emphasizing achieving a high-quality ADP.
Although taught how to generate ADP’s in an identical manner as CofC
upperclassmen, the FYSE cohort’s ADPs were not adequate. Although the
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FYSE cohort excelled at achieving quality mechanisms (Table 3), they
were largely unsuccessful at ADP writing. Understanding the biology
alone appears inadequate for translating it into design principles. While our
best learning comes when we are stretched and challenged, quality long
term learning requires frequent low stakes opportunities that provide re-
trieval practice, repetition and interleaving (Brown et al. 2014). Ourresults
support the growing body of pedagogical knowledge suggesting that stu-
dents need iterative practice and frequent feedback when developing new
skills such as defining biological functions using the biomimicry taxon-
omy, writing a succinct biological strategy, or researching and interpreting
the biological mechanism underlying a form, process, or system in nature
(Roediger and Pyc2012; Biwer et al. 2020). The influence of class size on
pedagogy is an important consideration. In larger classes, utilizing guided
peer review in lieu of more time-consuming instructor-only feedback may
be a valuable tool for providing rapid, iterative assessment of early NTS
steps in both online and face to face courses (Allen and Tanner 2005).

It is worth reminding our readers that during the spring semester of
2020 we experienced a global pandemic caused by a novel coronavirus.
College campuses around the globe abruptly shifted from face to face to
online learning during this COVID-19 outbreak. The ASU biomimicry
summer 2020 class was online by design, but THUAS and CofC courses in
spring 2020 experienced a disruptive shift from face to face to online
learning, in the middle of the team based challenge to biology design pro-
ject.

During this study, we could apply what we discovered from our
early findings to integrate research and action, adapting our pedagogy in
real time (Salafsky et al. 2002). Challenges identified in facilitating the
NTS template in 2019 and early 2020 courses were addressed in the ASU
Summer 2020 cohort test group. We found that presenting the NTS assign-
ment in four steps with multiple (peer) feedback moments on each, was
linked with improving the Abstracted Design Principle quality to 100%
(Table 3).

RQ2

We also wanted to discover what curricular or pedagogical factors influence
whether students achieve systems level abstracted design principles.
THUAS, ASU and CofC emphasized challenges that encouraged students
to attempt system analogies, while the five-week semester at ASU could not
do this in 2020 because of time constraints. It is possible that a higher per-
centage of systems level ADP’s was achieved by the 2020 CofC class be-
cause the challenges centered on UN Sustainable development goals
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(SDG’s), which are wicked problems and triggered more systems level ap-
proaches to ideation. On the other hand, THUAS also focused on challenges
concerning the SDG’s in both years, but had a lower percentage of students
who were successful in systems thinking. We noted that several CofC stu-
dents included mutualistic, symbiotic relationships within their NTS sub-
missions. Encouraging students to seek out organisms that exhibit mutual-
ism is likely to be a good pedagogical strategy for achieving systems level
NTS’s in future cohorts. Systems level biomimetic emulation will be vital
for becoming a regenerative species. “The first step is to imagine it, to envi-
sion this symbiotic world, a world in which we are a welcome species —a
nature contributor” (Benyus 2020). We are interested in exploring the pos-
sible pedagogical benefits of beginning students with function, strategy and
mechanism explorations based first on forms, then expanding to processes
and then to systems in progression over the course of the semester.

RQ3

We finally asked, what is the art behind the science of biomimicry. Does
drawingto learn improvethe learning outcomesof multi-disciplinary novice
biomimicry practitioners? If so, how is it correlated with achieving high
quality abstracted design principles? The Biomimicry thinking process has
been explained in detail in the Biomimicry Resource Handbook (Baumeister
2014) as well as in Biomimicry step-by-step (Rowland 2017). They both
mention sketching or hand-drawing as part of iSites, which are guided na-
ture journaling observations. Sketching is usually taught as part of a bio-
mimic’s practice (Rovalo 2019), and it could be implied that sketching does
help with understandingnature’sstrategies. However, hand -drawing had not
previously been specifically highlighted as part of the process to arrive at a
high-quality ADP. Our study shows that it should be. We discovered that
the use of hand drawing to depict the visuals in the NTS is highly cormrelated
with high quality Abstracted Design Principles.

The vital step of hand-drawing the biological mechanism s a dis-
covery we feel is a contribution to biomimicry pedagogy and was not en-
tirely expected. Drawing helps to peak curiosity while allowing the biolog-
ical information to be internalized by the learner (Quillin & Thomas 2015).
Emphasizingthe intended purpose of drawingas an inquisitivelearning tool
and process can help students overcome their fear of drawing. ‘Artistry is
nota prerequisite for most uses of drawing as a tool.” (Quillin & Thomas
2015). Wealso wantto highlight the importance of repeated low stakesprac-
tice with prompt feedback and opportunities for iteration while discovering
and sketching the biological mechanism (Figure 14).
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The correlation between a quality mechanism and a quality ADP,
though weaker, shouldnotbe overlooked. We note that many students could
achieve quality ADPs without including hand drawings in their final NTS
files. These students likely did draw to learn the mechanism (which was
emphasized by the Instructor) but did not feel the quality of their drawings
merited inclusion in the final draft of the CofC NTS. It should also be con-
sidered that students have diverse learning strategies and while drawing to
learn may work for the majority, accommodating other ways of knowing
and learning is advisable. Reaching a high-level understanding of the bio-
logical mechanism is the target, and drawing to learn is correlated with high
levelachievement of this leaming outcome. However, our recommendations
are not prescriptive best practices, but flexible and adaptive suggestions for
effective pedagogical principles.

To better emphasize the biological mechanism drawing, it became
its own assignment (instead of it being part of the NTS) for summer 2020
ASU students who were required to submit their hand drawn assignments as
letter sized pdf documents to increase the focus on understanding of detail,
scale and perspective. Low stakes peer feedback on visuals allowed rapid
proof of understanding if the drawing clearly explained the function, strat-
egy and mechanism with a sufficient level of detail,and what improvements
were needed. Additional feedback was provided by the Instructor and stu-
dents revised their drawings for NTS part 3. The Biological Mechanism
drawing clearly assisted students in their learning process (Figure 14), but
also turned out to be one of the most important steps for the Instructor to
gauge the level of students’ understanding of the organism and is highly
recommended as an optimal pedagogical principle. Given a compressed
schedule, the B2D process served as an effective way for learning how to
abstract design principles for the first time. Future research could explore
the difference in learning the Biomimicry thinking process through a com-
parison of students who research form-based, process-based, and systems
based biological mechanisms. This may help determine whether instructors
should intentionally move students along this paradigm from form to pro-
cess to systems in their pedagogy.

Providing iterative feedback on the components of the NTS has
been shown to be beneficial. Our results indicate it would be wise to add an
additional step (step 5) between writing the ADP and drawing the ADP. We
believe it to be important that the ADP is written well first, then the drawing
can become a test of the writing. We recommend students team up in small
groups to share their written ADP drafts with their peers who then make a
first attempt to draw them. This low-stakes interactive process was tested
with a team of four CofC spring 2020 students during an online check in,
and shown to help identify any gaps that are lost in translation and allow for
rapid ADP text prototyping based on peer feedback. When a written ADP
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draft passes the peer “draw-it” test, it is likely well written enough to be
useful to designersand engineers during the creative innovation phase. After
iterating the written ADP with peers, students can then draw better ADP
diagrams. More testing is needed to determine if these higher quality ADP’s
will translate into improved design outcomes.

CONCLUDING REMARKS

Our research aimed to discover which characteristics, methods, factors, de-
scriptors, learning outcomes, and/or techniques, are most often present in
biomimicry student work and correlate to the highest quality design princi-
ples. We have come to understand the greater importance of the Nature
Technology Summary as an essential tool for biomimicry designers and the
crucial aspect of dividing it up in sections to be handled separately. In at-
tempts to follow the biomimicry thinking design cycle completely, some
students may have rushed through this assignment. It has become clear, this
may not be rushed and the NTS needs a more prominent place in the curric-
ulum before the design phase can begin. While we have seen students strug-
gle with moving from this exercise to the start of the design phase before
(Stevens et al. 2020), taking the time and getting feedback in several rounds
has been a major discovery. We have also learned that just asking students
to focus on systems analogies between biology and design helps, but asking
specifically for symbiotic relationships helps this far more. We think that
requiring students to focus on Forms, Process, and Systems in a consecutive
order, may help. Each comes with different challenges. Forms are easier to
see, but require a lot of detail to understand the mechanics. Processes may
require deep dives into biochemistry which can be overwhelming for stu-
dents lacking STEM backgrounds. The system is very complex to under-
stand, but the design principles are metaphorical which require less de-
tail/resolution of mechanisms. We can conclude that hand drawing both the
biology and the abstracted design principles, triggers a deeper connection to
the researched organism or system, and will continue to test these pedagog-
ical principles in the future.

- Biomimicry students struggle with the translating phase of biologi-
cal mechanisms to design principles, which are necessary for bio-
mimicry design solutions.

- To help students overcome obstacles of this translation, the Na-
ture’s Technology Summary exercise is most optimal when di-
vided in sections with intermediate feedback sessions.
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- Hand drawing improves the translation phase and helps students
internalize the science.

- Consecutively addressing forms, processes and system analogies
in biomimicry design, may help students understand the differ-
ences between each, but more testing is needed in this field.
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Tables legend

Table 1: Research context, participants and other details

Table 2: synchronizing NTS cues

Table 3: included NTS elements

Table 4: Summary of statistical results testing association between quality ADP (Y) scores,
hand drawing ADP (Y, and quality mechanism scores (Y) by school and cohort.

Table 5: Summary of statistical results testing association between quality ADP (Y) scores,
hand drawing of ADP (Y), and quality mechanism scores (Y) pooled THUAS, ASU, CofC
upper level.

Table 6. Findings table elements influential in high quality BMY Design Principles

Figures legend

Fig. 1. Example of function-strategy-mechanism presentation published with permission by
Rui Felix (adjusted with biomimicry terms).

Fig. 2: Biological Design Principle and diagram of Gladiolus dalenii, C.M. Langford

Fig. 3. Abstracted Design Principle and diagram of Gladiolus dalenii, C.M. Langford

Fig. 4a: Pre-NTS bio brainstorming and drawing to learn, THUAS students spring 2020;
Fig. 4b: iSites drawing to learn how to observe and see, H. Carter, ASU student summer
2020;

Fig. 4c: iSites drawing to (re)connect with local flora, describe biological adaptations, and
learn how to observe and see, E. Peters, CofC student spring 2019.

Fig. 5a: example step 1 & 2 NTS (Organism, function & context), A. Feltrinelli, THUAS,
spring 2019.

Fig. 5b: example step 1 & 2 NTS (Organism, function & context), K. Boakye, ASU, summer
2020;

Fig. 5¢: example step 1 & 2 NTS (Organism, function & context), M. Gonzales, CofC, spring
2020

Fig. 6a: Step 3 NTS (BDP), A. Feltrinelli, THUAS.

Fig. 6b: Step 3 NTS (BDP), K. Boakye, ASU.

Fig. 6¢: Step 3 NTS (BDP), M. Gonzales, CofC.

Fig. 7: Step 4 of NTS (ADP text): THUAS (a), ASU (b) & CofC (c¢). (No physical figures).
Fig. 8a: NTS Step 5 ADP’s from Honey bee (Apis Mellifera), A. Feltrinelli, THUAS.

Fig. 8b: NTS Step 5 ADP’s from Hummingbird (7rochilidae), K. Boakye, ASU.

Fig. 8c: NTS Step 5 ADP’s from Clown anemonefish (Amphiprion ocellaris) and Anemone
(Actiniara), M. Gonzales CofC.

Fig. 9a: Step 6 of NTS, Sweater from Honey bee (4pis mellifera), A. Feltrinelli, THUAS.
Fig. 9b: Step 6 of NTS, Hummingbird (Trochilidae), K. Boakye, ASU.
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Fig. 9c: Step 6 of NTS Anemone and clownfish M. Gonzales, CofC.

Fig. 10: NTS Rubric.

Fig 11: Sample NTS rubric scoring of one cohort (by external assessor).

Fig. 12: Summary plot of pooled THUAS, ASU, and CofC upperclassmen data showing sig-
nificant correlation between hand drawing of ADP diagrams and quality of ADP text.
Fisher’s exact test p < 2.2 x 1071 Odds ratio = 11.35. n=313 NTS.

Fig. 13: Summary plot of pooled THUAS, ASU, and CofC upperclassmen data showing
significant correlation between quality of mechanism and quality of ADP text. Fisher’s ex-
act test p=0.0357 Odds ratio = 2.34. n=313 NTS.

Figure 14a—c: Example ofthe evolution of the Biological Mechanism Drawing for the Hum-
mingbird NTS Biomechanical drawing process between feedback loops. K. Boakye, ASU
summer 2020. Continued feedback and research allowed the student to iterate, refine, and
deepen his understanding of the mechanism. This allowed him to arrive at a stronger ADP.

Expert opinion Integrated Science Thinking 2050

In 2050, the Age of Biology has emerged and the field of biomimicry is
integrated into higher education around the world as a major program to
educate professionals howto incorporatethe knowledge found in nature into
design solutions of all scales. The climate crisis has been overcome, human
poverty is non-existent and energy, food and material resources are readily
available, mainly because of our ability to translate biological strategies into
systematic, regenerative design solutions that supply ecosystem services.
Businesses are eager for biomimicry professionals to enter their workforce
to educate others how to improve their eco-systems thinking in a manner
thatis inspiring, beautiful anditeratively circular, helpingothers to find their
own potential within the system they exist in. Social innovation is thriving
because of the shared knowledge and skills; humans are finally considered
a valuable Earth organism, fully integrated within their place in nature. ‘Co-
operation’ is the fashionable, fundamental favored movement, becoming the
norm. And finally, there is no need for labels such as fair trade, organic,
biomimetic or sustainable because in 2050, we understand how the planet
works and at that point, it will be what and how we do things naturally.
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