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Abstract: Biomimicry education is grounded in a set of natural design principles common to every
known lifeform on Earth. These Life’s Principles (LPs) (cc Biomimicry 3.8), provide guidelines for
emulating sustainable strategies that are field-tested over nearly four billion years of evolution.
This study evaluates an exercise for teaching LPs to interdisciplinary students at three universi-
ties, Arizona State University (ASU) in Phoenix, Arizona (USA), College of Charleston (CofC) in
Charleston, South Carolina (USA) and The Hague University of Applied Sciences (THUAS) in The
Hague (The Netherlands) during the spring 2021 semester. Students researched examples of both
biological organisms and human designs exhibiting the LPs. We gauged the effectiveness of the
exercise through a common rubric and a survey to discover ways to improve instruction and stu-
dent understanding. Increased student success was found to be directly linked to introducing the
LPs with illustrative examples, assigning an active search for examples as part of the exercise, and
utilizing direct assessment feedback loops. Requiring students to highlight the specific terms of
the LP sub-principles in each example is a suggested improvement to the instructions and rubric.
An iterative, face-to-face, discussion-based teaching and learning approach helps overcome minor
misunderstandings. Reiterating the LPs throughout the semester with opportunities for application
will highlight the potential for incorporating LPs into students’” future sustainable design process.

Keywords: biomimicry; life’s principles; pedagogy; design thinking; science education; biology;
analogical thinking; innovation

1. Introduction

Biomimicry is an emerging discipline that looks towards nature to learn how to create
resilient, regenerative and sustainable solutions to human challenges. We as humans, are
relearning to both apply and teach these biological design lessons through the process of
Biomimicry Design Thinking, a framework for translating biology to design. Biomimicry
Design Thinking merges Biomimicry Thinking and Design Thinking, to examine the design
challenge context, discover existing solutions in nature, create ideas and evaluate them to
generate innovative design solutions [1]. Biomimicry practitioners ask the same question
that many designers would also put forward, ‘what does the design need to do?’. However,
when looking for solutions, instead of focusing on human design precedents, biomimicry
practitioners begin by looking to nature to discover time tested solutions backed by more
than 3.8 billion years of ‘research and development’.

By looking at the natural function in context, and translating natural strategies and
mechanisms to the design context, biomimicry practitioners practice analogical reasoning.
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This process of looking at one context (e.g., biology) and applying this to the second context
(e.g., design) is called Analogical Thinking [2,3]. One might explore Analogical Thinking in
biomimetic examples such as Sharklet’s anti-fouling surface texture that emulates the form
of shark skin micro-pattern [4]; the life-friendly and non-toxic plywood that mimics the
biochemical process that blue mussels use to create adhesives that can function under wet
conditions [5] or innovative solutions for learning optimal paths for evacuation inspired by
emulation of slime mold self-organization and learning without a brain [6]. The field of
Biology inspired Design (BID) including Biomimicry Design Thinking has been gaining
momentum, and educational programs such as those offered by the Biomimicry Institute
and Biomimicry 3.8 have expanded rapidly around the globe. There are approximately
29 institutions worldwide who teach some form of biological translation for innovation,
which include Biomimetics, Biomimicry, BID, and Bionics [7]. The Master of Science in
Biomimicry at Arizona State University has spawned multiple cohorts since 2015 who
have, in turn, initiated new learning programs, continuing the expansion of the prac-
tice. Other examples of programs include Biomimicry Commons in Canada, Biomimicry
Academy in Berlin, Learn Biomimicry in South Africa, and universities with their own
biomimicry programs.

Up to now, research has been conducted on biomimicry and bio-inspired design
didactics. Yen et al. [8] found that creativity increased through analogical reasoning liking
functional biology to human design challenges. Yen et al. [9] synthesized their pedagogy
and lessons learned, assessing their interdisciplinary bioinspired design course at Georgia
Institute of Technology. They noted students were challenged to identify, understand,
map, and translate biology through analogical thinking (abstracting design principles).
They also noted that although students naturally make analogies between engineering
and natural history, these analogies tend to be superficial. Both biology and engineering
students struggled to explain why the natural models were good analogies. Nagel et al. [10]
have been conducting meaningful research into exploring the infusion of biomimicry into
engineering courses. This research is to promote a continuation of foundational biology
knowledge, foster interdisciplinary thinking in problem solving and train students to keep
a flexible and adaptable mind as the world changes. Rowland [11] wrote of the biomimicry
step-by-step methodology, and Rovalo & McCardle [12] cited the difficulty of making the
analogical transfer of the strategies and mechanisms from biology to design. Applying
strategies from nature correctly through the translation of biology into design continues
to be one of the most challenging steps in the biology inspired design realm [3,13-16].
However, more research on the effectiveness of ‘best practices” in biomimicry and bio-
inspired design is needed.

An essential and integrated element of biomimicry thinking (Figure 1) are the LPs
(Figure 2). LPs are overarching patterns in nature, typically employed in both the scoping
and evaluation phases of the biomimicry design thinking process. They also offer an added
set of inspiring directions to follow during the creation phase. LPs are the deep patterns
of well-adapted design strategy lessons from nature, acting both as aspirational goals and
sustainability benchmarks [17]. Integrating these strategies into human designs improves
their function, resilience, and their potential to be regenerative. Patel and Mehta [18]
describe LPs as the simple building blocks in nature that leverage interdependence within
a constantly optimizing complex system. Kennedy [19] describes the use of LPs to identify
unsustainable designs.

The twenty-six LPs include twenty sub-principles that are clustered into six main
principles each contributing to the comprehensive goal of ‘creating conditions conducive to
life’. Each principle opens up pathways for seeking direct examples of model behavior. For
example, if a design needs to adapt to changing conditions, the design team might look at
the changing coat color of the arctic hare, white in the winter and brown in the summer, to
see if a similar lesson might apply to their design’s contextual needs. Another example of
an LP in a design is ‘build from the bottom up’ as observed in 3D printed products that use
additive manufacturing, modular products, or User Experience, to create designs that are
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nested and easily shipped. Biomimicry practitioners can also use the LPs as an evaluation
audit tool to check for missed opportunities for improving sustainability [17].

While biomimicry is a team effort, most biomimicry educators work alone. This article
brings together four biomimicry educators who are all ASU MS Biomimicry graduates
along with the director of the program. In an earlier research, the authors learned through
a series of surveys and interviews [20] that learning the LPs influenced student thinking by
increasing awareness of how integrating LPs contributes to design sustainability. Students
have previously reported struggling with differentiating between and recalling all twenty-
six LP subprinciples [21]. How can biomimicry educators improve their pedagogical
practices to increase recognition, differentiation, and understanding of the LPs? How can
biomimicry educators best prepare their students to integrate the LPs into their design
thinking practice in order to create more sustainable human solutions? This article explores
these questions.

In a previous manuscript, the authors conducted research on the translation between
biology and design [22] that found dividing the Nature Technology Summary (NTS) ex-
ercise into sections with consecutive feedback loops, along with hand drawing of the
mechanisms by students, improved the results. The addition of Life’s Principles (LPs)
within these NTS exercises, was noted as helpful. The authors found that the integration
of multiple LPs was desirable, leading to higher level systems-analogies, and increased
life-centered design.

Figure 1. Biomimicry Thinking Design Lens Challenge to Biology ©2015 Biomimicry 3.8. CC BY-NC-
ND. Permission granted by Biomimicry 3.8 under Creative Commons.
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LIFE’S PRINCIPLES

Biomimicry DesignLens

Life's Principles are design lessons from
nature. Based on the recognition that

Life on Earth is interconnected and
interdependent, and subject to the same set
of operating conditions, Life has evolved a
set of strategies that have sustained over 3.8
billion years. Life's Principles represent these
overarching patterns found amongst the
species surviving and thriving on Earth. Life
integrates and optimizes these strategies

to create conditions conducive to life. By
learning from these deep design lessons, we
can model innovative strategies, measure

our designs against these sustainable
benchmarks, and allow ourselves to be
mentored by nature’s genius using Life’s
Principles as our aspirational ideals.

BIOMIMICRY 3.8

a
a

a

O Replicate

O Incorporate Diversity
O Maintain Integrity
Through Self-Renewal
O Embody Resil
Through Varia
Redundancy, and

nce
fon,

O Leverage

Cyclic Processes

Strategies. Decentralization
that Work [ Use Readily
Available Materials
O Integrate the
Una?(pecled el Eaigyy
o1 Reshuffle [ Use Feedback Loops
Information [ Cultivate Cooperative
LIFE CREATES Relationships
CONDITIONS
CONDUCIVE
Self-Organize TOLIFE O Break Down Products
et into Benign Constituents
Bottom-Up 0 Build Selectively
bine Modul with a Small Subset
omiNemed of Elements
and Ne:
Components [ Use LowEnergy Do Chemistry
Processes in Water

O Use Multi-Functional
Design

O Recycle All Materials
O Fit Form to Function

(@)

©000

EWOLVE TO SURVIVE ADAPT TO CHANGING

CONDITIONS

Continually incor parate

and embady nformatian

Appropriately respand 1o
dynamic. contexts.

1o snsure anduring

praformane

Replicate Stratogies
that Wark

Rapeat successhul

Incorporata Diversity
Includs multiple farms,

processes, or systams 1o

Incormparate mistakes in
ways that can lead to
new farms and funcbans.

Reshuffle Infarmation
Cochanga and alter
inlomalion Lo creals

new optiors.

appraaches. meet a functisnal need.
Integrate the Maintain Intsgrity
Unexpected through Self-Renewal

Parsist by constantly
adeling ehorgy and matter
ta heal and improve the
system.

Embady Resiliance
through Variation,
Redundaney, and
- s

BE LOGALLY ATTUNED
AND RESPONSIVE

Fit inte and integrate
with the surrounding

Environment.

Loverage Cyclic
Procasses

Take ackantage af
phensmena that mepeat

themselves

Use Readily Available
Materials and Energy
Bl with abunclant,
accassible matsrials while
harnessing freely available

BTy,

Usa Faadback Loops
Fngage in cyclic

Wi tain Funetion
Fallowing disturbance by
incorporating 4 variaty
of duplicate farms,
piozesses, or syslams
that are nat located

exchisively tagether.

1 llews Lo
moclfy a4 psetion
appropriataly.

Cultivate Cooperative
Relationships
Findd walus threugh

il n interactions.

INTEGRATE
DEVELOPMENT WITH
GROWTH

Inveest optimally in
strategies that pramote
both developrent and
growth

Salf-Organiza

Ureate conditions to zllow
companents ta interact in
eoncert te e foward
an enriched system

Build from the

BERESQURCE EFFICIENT
(MATERIAL AND ENERGY)

Skilllully andd
conservatively take
scuantage of resources
aned opzpeoTunities,

Use Low Energy
Procasses

Minimize anerqy

USE LIFE-FRIENDLY
CHEMISTRY

Use chemistry that

supports life pracesses.

Break Down Products
inta Benign Canstituents
Use chemistry in which

cansurnpstion by reducing
requisits temperaturas,
pressures, and/or lime
far reactians.

Bottom Up
Asseinble compaonent Use Multi: ional
an unit at a tima, Design

Cembine Medular and
Nestad Components
Fit mulliple units within
aach other pragressively

T simple Lo conmplus.

Meet mulliple needs with
one alegant solutian,

Recycls All Materials
Keep all materials in a

dlosed loop.

Fit Form to Function
Skt fon shaps or
ptten basad an nesd.

tesults in
no harmiul by-products

Build Selectively with a
Small Subset of Elements
Assemnlile elatively fow
elaments in slagant ways.

Do Chemistry in Water
Use water as salvent.

(b)

Figure 2. (a) Six main biomimicry life’s principles and their subprinciples. ©2015 Biomimicry 3.8.
CC BY-NC-ND. Permission granted by Biomimicry 3.8 under Creative Commons. (b) Six main
biomimicry life’s principles and their subprinciples. ©2015 Biomimicry 3.8. CC BY-NC-ND. Permis-
sion granted by Biomimicry 3.8 under Creative Commons.
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In this manuscript, the authors reunite to evaluate the effectiveness of a novel LPs
assignment by assessing the work of 110 students across three universities, Arizona State
University (ASU) in Phoenix, Arizona (USA), College of Charleston (CofC) in Charleston,
South Carolina (USA) and The Hague University of Applied Sciences (THUAS) in The
Hague (The Netherlands). This introductory LP assignment allowed students to deeply
explore, discuss and evaluate a single main LP and a sub LP in both biological and human
design realms as an initial step in learning all of the LPs. In this study the authors assess our
biomimicry students” attempts to identify examples of LPs in nature and in human design.

2. Materials & Methods

Although biomimicry education is expanding, teachers and students still struggle with
getting the science accurate and communicated visually into design principles that can be
used for innovative ideas. The authors have the same background in biomimicry education,
but teach at different schools to different student audiences. How can biomimicry educators
rigorously funnel what they’'ve learned through iterative curriculum development for such
diverse audiences into recommended pedagogical principles? The overarching research
question is: How can biomimicry educators improve their pedagogical practices to increase
recognition and measure retention of nature’s overarching patterns, the ‘Life’s Principles’?
Our sub-questions are:

RQ 1: What elements of the LP exercise were students able to respond to with proficiency?
RQ 2: What elements of the LP exercise did the students find challenging, and how
might this assighment be iterated to improve student outcomes?

e RQ 3: What kind of potential did design students at THUAS and ASU see in the LPs
as a tool for innovation and sustainability for their future designs?

In this study, the authors analyzed a single biomimicry LP assignment given across
three separate university student cohorts in spring semester 2021. A quantitative and
qualitative approach was used to improve result validity [23]. Student populations varied
between undergraduate and graduate levels, ranging across a variety of disciplines. The
disciplines of students included but were not limited to design, biology, architecture,
entrepreneurship, etc. A total of 218 LP assignments created by 110 different students were
evaluated (Table 1).

Table 1. Research context, cohort participants.

S The Hague University of . . .
Institution Applied Sciences (THUAS) Arizona State University (ASU) College of Charleston (CofC)
Location The Hague, NL Tempe, Arizona, USA Charleston, South Carolina, USA
. Design, Engineering, other Archltectgre, Industrl.al Design, Blology,. Entrep%‘eneurshlp, Urban
Audience X . X Interior Arch., Visual Studies, Environmental and
miscellaneous technical fields . . o .
Communication Design Sustainability Science
Level Undergraduate Undergraduate & Graduate Undergraduate
Cohort dates: Spring 2021 Spring 2021 Spring 2021
Number of participants n=37 n =236 n=237

Student Background

Undergraduate and Graduate

Minor for exchange students
(motivation letter) or 4th semester
for Industrial Design
Engineering students

students from various design
disciplines (Architecture, Interior
Architecture, Industrial Design, Visual
Communication Design)

Variable. Upper level undergraduate.
No prior design experience.

Course name(s)

Design with Nature, Industrial
Design Engineering semester

Sustainable Graphic Design

Special Topics: Biomimicry Thinking

The students were introduced to a general overview of the six main LPs and then
assigned LP related readings [17] and handouts (Figure 2a,b) by the authors. Students
were then assigned to teams of 2—4 depending on class size. Each student was assigned
1-2 sub-LPs to research. A link to the Exploring Life’s Principles in Nature and Design
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assignment template Google Slides (Figure 3), was shared with all students. The template
slides included:

Student Name

Name of Life’s Principle (Main and sub-principle)

Name of the organism or design

A short title of the organism or design example

A written narrative about the example explaining why it is a good example of this
specific LP

The url link to the strongest source/resource for that example

An image of both examples (design and biological in respective templates).

Template 1 - for copying

Life’s principle and sub-principle Organism common name / Human Design
Your name Organism Latin name / blank
Short title

Narrative explaining why you chose the organism/design you did, why it is a good example,

and how it demonstrates the life principle you were assigned.

The URL to your best source/link for the example/explanation

Figure 3. Exploring Life’s Principles in Nature and Design assignment template in google slides.



Biomimetics 2022, 7, 25

To help explain the assignment template slides, the authors shared examples of work
done by previous students or by the faculty themselves. An example of the biological or-
ganism fitting the LP ‘Integrate Development with Growth’ is highlighted below (Figure 4)
along with an example from a design fitting the LP ‘Combine Modular and Nested Compo-

nents’ (Figure 5).

Integrate Development with Growth Common Teasel (Dipsacus fullonum)

Biology: The Common Teasel or Dipsacus fullonum invests optimally in strategies that
promote both development and growth. The rosette/flower pods start as a small capsule and
develops small compartments to store both solids and liquids. As it develops, the purple
flowers become visible in each module, becoming more protected with spines as it grows. As
the flower further develops, each module makes a flower building from the inside to outside
(from the bottom up). The flowers are plucked out by bees and new flowers emerge going
both upwards and downwards, optimizing the growth phase fitting daily bee needs. The
intricate investment in the infrastructure has small hollow compartments which are nested,
creating both stability and an extremely strong house for the flowers (or sessile leaves) and
later for the seeds. As the entire flower/stem/pods dry out, the vertical stem groves become
deeper, making the stem stronger. Each compartment is host to many nested seeds.

The Common Teasel is a weed in many countries, but it has become a favorite plant, showing
building from the bottom up, self-organization and modular and nested components.

Drawing L. Stevens May 2017 from earlier dried example & Photos L. Stevens July 2017
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Figure 4. Example slide of LP in biology THUAS. Available online: https:/ /www.nrcresearchpress.

com/doi/pdfplus/10.4141/cjps75-122 (accessed on 26 January 2022).
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Combine Modular and Nested LEGO
Components

Leanna Wu

Build the world with bricks

We have all played LEGO. LEGO is a good design case of the LP.

LEGO can create complex and changeable shapes by combining several standardized bricks.
Most Lego pieces have two basic components -- studs on top and tubes on the inside. A brick's
studs are slightly bigger than the space between the tubes and the walls. When you press the
bricks together, the studs push the walls out and the tubes in. The material is resilient and
wants to hold its original shape, so the walls and tubes press back against the studs. Friction
also plays a role, preventing the two bricks from sliding apart. This stud-and-tube coupling
system uses an-interference fit ---a firm, friction-based connection between two parts without
the use of an additional fastener.

All-of the basic Lego-elements-use this principle to stick together. They come-in-a-range of
shapes and sizes, including wheels, windows, doors-and studless tiles, But the basic elements
are all variations on the basic brick.

LEGO bricks are in essence a whole construction system with endless possibilities.

Figure 5. Example slide of LP in design ASU. Available online: https://entertainment.howstuffworks.
com/lego.htm; https:/ /www.amazon.com/LEGO-Classic-Largr-Creative-Brick /dp/BOONHQF6MG
(accessed on 26 January 2022).

Students conducted research on their assigned LPs and individually completed the
two slides in their template for the same LPs: one slide with a biological example and one
with a human design example. Students were encouraged to go outside, search on Google
Scholar and use biomimicry websites such as Ask Nature and Zygote Quarterly. Team
members for identical main LPs shared and discussed their research over Teams or Zoom.
ASU and CofC students added their team’s best examples to a ‘greatest hits’ slide deck.
THUAS students discussed what their overarching LP meant.

The authors identified pedagogical principles to create a common rubric (Figure 6).
Student work was collected, anonymized, randomized, and shared in compliance with
Institutional Review Board (IRB) approval and/or student consent for publication. Student
assignments were scored by one external assessor using the common rubric. Criteria
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included following directions, appropriateness of LP examples, and clarity of description
and connection to LP. Scores and reviewer comments were recorded in Google Sheets and
exported to Microsoft Excel. Percentages of student work scoring proficient, acceptable,
or unclear were calculated. Summary bar graphs and single factor analysis of variance
(ANOVA) statistics were completed in Microsoft Excel. To test if any LP was more or less
challenging for students than any other LP, single factor analysis of variance (ANOVA)
statistical analyses were conducted. The authors tested for the effect of LP on student
rubric scores. The null hypotheses tested were that there were no significant differences
between the student rubric scores for following directions, providing suitable biological
and human design examples, and clearly explaining their LP examples for each of the six
main LP categories.

Criteria Ratings Pts

Followed 20 pts 17 pts 10 pts
Directions Exceptional Meets Expectations Below expectations

Complete template Mostly correct use of Significant gaps in use of

) ) 20 pts
and correct selection template; correct template and/or wrong type of
of type of example selection of type of example used (biology or design)
example

Appropriateness | 99 pts 17 pts 10 pts
of Example Exceptional | Meets Expectations Below expectations

Unique and Standard/predictable, One or more examples do not at all represent 20 pts

spot-on yet acceptable and LP or duplicate examples already provided in
examples appropriate examples lecture or Resource Handbook
Clarit){ of 20 pts 17 pts 10 pts
Description and  Exceptional Meets Expectations Below Expectations
Connection to .
Thorough and Reasonable explanation Not clear at all why two or more 20 pts
LP : . : :
vetted but not entirely laid out examples represents their respective
information LP

Total Points: 60

Figure 6. LP Rubric.

Although the authors used the same assignment, there were differences between
student cohorts which are summarized below.
ASU

e  Teams consisted of 6-8 randomly assigned students per main LP, resulting in 2 students
per sub-principle each. No individual student was assigned to research a main LP. The
insights about the main LP came from the team discussion and comparison at the end
of the assignment during the assembly of the ‘best of” slides.

e  Students were asked to read the Life’s Principles Chapter in the Biomimicry Resource
Handbook [17] and especially the section about their assigned LPs. At the end of the
assignment, and before moving on to applying the LPs to their design project, they
were asked to read about all the other LPs as well.

e  The assignment encouraged students to go outdoors with their LP as a lens to find
local organisms as much as possible. If this class was offered during a traditional
semester, the class would have spent time outdoors together, but due to the virtual
setting, it was not clear which students actually did go outside and which ones did
most of their research online.

THUAS

e  Teams consisted of 6-8 randomly assigned students per main LP, resulting in 2 students
per sub-principle each, but were not asked to make a ‘best of” slide deck as the last
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step of the exercise. Teams discussed the relevance of each sub-principle to decide on
what elements are considered important for the main principle.

THUAS students were given a second lecture during the introduction with more
details about all 26 LPs during a separate class period.

In their examples, THUAS students were asked to highlight in bold the factors that
specifically fit the LP in order to visualize their reasoning.

CofC

Teams consisted of 6-7 randomly assigned students per main LP. Students were also
assigned to a sub-LP except for those assigned to the “Use Life Friendly Chemistry”
LP, which was not subdivided.

Students were tasked with finding biological examples that demonstrated their as-
signed LP while making independent outdoor nature observations using their assigned
sub-LP as a search lens. They sketched their organism and explained why they chose
it as an example of their assigned sub-LP, merging their LPs with an exercise called
i-Sites (drawn observations in nature) to observe their organism [24].

Students discussed their work as a team and chose ‘best of” slides.

The CofC class was hybrid with a face to face or Zoom option available to all students.
Some students attended in person all semester long, some Zoomed all semester long,
and some moved back and forth depending on health and fear concerns during
the pandemic.

The CofC class did not complete the exit survey due to course schedule and COVID-19
related constraints.

ASU and THUAS design students completed a Google Forms exit survey (see Table 2)
at the conclusion of the assignment, while CofC students did not undertake this survey.
MAXQDA 2020 was utilized to analyze the survey response data, generate a word
cloud, and create bar graphs.

Table 2. Survey questions numbered for reference.

Question #

Please expand on your answers above
Can you see the potential of looking at nature for design inspiration?
Please expand on your answer above

NGk WN =

Please expand on your answer above

On a scale of 1-5, please indicate how familiar you feel you are now with the Life’s Principles in Design
On a scale of 1-5, how likely can Life’s Principles provide you with inspiration for innovative ideas?

On a scale of 1-5, how likely are you to use the LPs for sustainable solutions/inspiration in the future?

3. Results

From our analysis, 28% of students were able to follow directions at a proficient level,
and 67% at an acceptable level. In regards to the appropriateness of examples of LPs in
biological and human systems, 49% percent of students scored proficient while 37% were
acceptable. Assigned LP examples were also evaluated on the basis of clarity, 38% students
scored proficient and 44% were acceptable (Table 3). Students achieved the highest profi-
ciency scores in their ability to find appropriate examples of the LPs (Figures 7-9).

Table 3. Life’s Principles rubric data collection summary.

Rubric

LP-Adapt LP-Integrate LP-Evolve  LP-Life  LP-Local LP-Resource Total %

Level

Followed Directions

6 3 4 5 4 9 31 28%
12 11 12 8 20 11 74 67%
0 1 1 1 1 1 5 5%

Proficient
Acceptable
Unclear

Total

18 15 17 14 25 21 110 100%




Biomimetics 2022, 7, 25 11 of 21
Table 3. Cont.
Rubric LP-Adapt LP-Integrate LP-Evolve  LP-Life  LP-Local LP-Resource Total % Level
Appropriate 9 6 10 8 10 11 54 49%  Proficient
D s 6 8 2 5 12 8 41 37%  Acceptable
P 3 1 5 1 3 2 15  14%  Unclear
Total 18 15 17 14 25 21 110 100%
6 5 7 6 9 9 42 38%  Proficient
Clarity 6 10 6 5 11 10 48 44%  Acceptable
6 0 4 3 5 2 20 18% Unclear
Total 18 15 17 14 25 21 110 100%

Student percent proficiency at following directions by LP

B proficient [ acceptable [ unacceptable

80

60

e 4o
1
g
A

20

0

Integrate Evolve Life friendly Locally Resource Adapt
attuned

Followed directions

Figure 7. Student proficiency at following directions by LP.

Student percent proficiency for appropriate examples by LP

B proficient [ acceptable [ unacceptable
60

40

Percent

20

Integrate Evolve Life friendly Locally Resource Adapt
attuned

Appropriateness of example

Figure 8. Student proficiency at choosing appropriate examples by LP.
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Student percent proficiency for clarity of explanation by LP
B proficient [ acceptable unacceptable
80
60
g
&
20
o
Integrate Evolve Life friendly Locally Resource Adapt
attuned
Clarity of description

Figure 9. Student proficiency for clarity of explanation by LP.

Single factor analysis of variance (ANOVA) statistical analyses tested for the effect
of LP on student rubric scores. Results indicate a failure to reject the null hypotheses
in all cases (p > 0.05). There were no significant differences in student rubric scores for
assigned LPs for following directions (Table 4, p = 0.50), providing suitable biological and
human design examples (Table 5, p = 0.89) or clearly explaining their LP examples (Table 6,
p = 0.59). Students assigned any particular LP did not perform any better or worse than
students assigned any other LP. Please see table legend for Tables 4-6 for explanation of
table abbreviations.

Table 4. Summary table single factor ANOVA for followed directions.

SUMMARY
Groups Count Sum Average  Variance
LP-Adapt 18 24 1.34 0.24
LP-Integrate 15 17 1.14 0.27
LP-Evolve 17 20 1.18 0.28
LP-Life 14 18 1.29 0.37
LP-Local 25 28 1.12 0.19
LP-Resource 21 29 1.38 0.35
ANOVA
Source of Variation SS df MS F p-value F crit
Between Groups 1.2 5 0.24 0.87 0.50 2.30
Within Groups 28.65 104 0.28
Total 29.85 109

Table 5. Summary table one way ANOVA for appropriateness.

SUMMARY
Groups Count Sum Average  Variance
LP-Adapt 18 53 2.94 1.61
LP-Integrate 15 445 2.97 1.20
LP-Evolve 17 45 2.65 3.34
LP-Life 13 42 3.23 1.44
LP-Local 25 72.5 2.90 1.29

LP-Resource 21 64 3.05 1.55
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Table 5. Cont.

SUMMARY
ANOVA
Source of Variation SS df MS F p-value F crit
Between Groups 2.85 5 0.57 0.33 0.89 2.30
Within Groups 176.82 103 1.72
Total 179.67 108

Table 6. Summary table one way ANOVA for clarity.

SUMMARY
Groups Count Sum Average  Variance
LP-Adapt 18 40 2.22 2.68
LP-Integrate 15 45.5 3.03 0.52
LP-Evolve 17 43 2.53 2.55
LP-Life 14 36.5 2.60 247
LP-Local 25 63.5 2.54 2.14
LP-Resource 21 61 2.90 1.47
ANOVA
Source of Variation SS df MS F p-value F crit
Between Groups 7.40 5 1.48 0.75 0.59 2.30
Within Groups 206.44 104 1.98
Total 213.84 109

LP legend for Tables 3—6: LP-Adapt: Adapt to Changing Conditions; LP-Integrate: In-
tegrate Development with Growth; LP-Evolve: Evolve to Survive; LP-Life: Use Life-friendly
Chemistry; LP-Local: Be Locally Attuned and Responsive; LP-Resource: Be Resource Effi-
cient (Material and Energy).

Legend for Tables 4-6: Groups: assigned LPs; LP-Adapt: Adapt to Changing Condi-
tions, LP-Integrate: Integrate Development with Growth, LP-Evolve: Evolve to Survive,
LP-Life: Use Life-Friendly Chemistry, LP-Local: Be Locally Attuned and Responsive, LP-
Resource: Be Resource Efficient (Material and Energy), Count: number of students per
group, Sum: Sum of student scores, Average: mean student score, Variance: variance of
student scores, SS: Sum of squares, df: Degrees of freedom, MS: Mean square, F: F statistic,
P value: Probability, F crit: Critical value of F.

The THUAS and ASU exit survey responses (n = 50) indicate that every student made
positive comments overall (Figures 10 and 11). A total of 26 students made ambivalent
comments and 9 students made negative comments in the survey free response questions
(Q3,5,7) (Figure 10).

Survey answers of 39 students, or 78% of respondents (40% = 5, 38% = 4) saw po-
tential in getting inspiration for innovative ideas from the LPs. Only 11 students (22%)
(14% = 3, 8% = 2) were ambivalent about whether the LPs could be a tool for innovative
design (Figure 12). These responses all came from the negative survey answers from a total
of 9 students (red boxes, Figure 10). These concerns aligned with the answers revealing
students’ lack of confidence to apply them correctly. In the survey responses, 40 students
(80%) indicated that they would be likely to use the LPs as part of their design process in
the future while 22 students (44%) leaned towards highly likely (Figure 13).
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Name Q#1 — Familiarity Q#2 — Inspiration Q#2 — Expand Q#4 — Potential Q#4 — Expand Q#6 — Future use Q#6 — Expand
ASU-01
ASU-02
ASU-03
ASU-04
ASU-05
ASU-06
ASU-07
ASU-08
ASU-09
ASU-10
ASU-11
ASU-12
ASU-13
ASU-14
ASU-15
ASU-16
ASU-17
ASU-18
ASU-19
ASU-20
ASU-21
ASU-22
ASU-23
THUAS-01
THUAS-02
THUAS-03
THUAS-04
THUAS-05
THUAS-06
THUAS-07
THUAS-08
THUAS-09
THUAS-10
THUAS-11
THUAS-12
THUAS-13
THUAS-14
THUAS-15
THUAS-16
THUAS-17
THUAS-18
THUAS-19
THUAS-20
THUAS-21
THUAS-22
THUAS-23
THUAS-24
THUAS-25
THUAS-26
THUAS-27

Figure 10. Individual student exit survey data showing student response ranks (Q1, 2, 4, 6) of
4-5 = positive (green), 3 = ambivalent (orange), and 1-2 = negative (red) survey responses and
MAXQDA coded open responses (Q3, 5, 7) as positive (green), ambivalent (orange) and negative
(red). Grey indicates no or inapplicable answers.

positive, ambivalent, negative and N/A
B positive [ ambivalent [l negative B NA
Q1
Q2
Q3
Q4
Q5
Q6

Q7

Figure 11. Showing summary results of exit survey Q1-7. (see Table 3 for exit survey questions) Data
ranks (Q1, 2, 4, 6) were scored as 4-5 = positive (green), 3 = ambivalent (orange), 1-2 = negative (red);
open responses (Q3, 5, 7) were coded positive (green) ambivalent (orange) and negative (red). Gray
indicates no or inapplicable answers.
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On a scale from 1-5, how likely can Life’s Principles provide you with inspiration for innovative ideas?

Most Likely 5 40%

4 38%
3 14%

Least Likely 1

0% 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%

Figure 12. Showing results of exit survey Q2: On a scale from 1-5, how likely can LPs provide you
with inspiration for innovative ideas? Data were scored as 4-5 = positive (green), 3 = ambivalent
(orange), 1-2 = negative (red).

On a scale from 1—5, how likely are you to use the Life’s Principles for sustainable solutions/inspiration in the future?

Most Likely 5 40%
4 38%
14%

Least Likely 1

0% 5% 10% 15% 20% 25% 30% 35% 40% 45%

Figure 13. Showing results of exit survey Q6: On a scale of 1-5, how likely are you to use the
LPs for sustainable solutions/inspiration in the future? Data were scored as 4-5 = positive (green),
3 = ambivalent (orange), 1-2 = negative (red).

Free response exit survey comments were categorized and visually represented in
Figure 14 below. Multiple respondents voiced the need for more practice with the LPs.
Eight students (16%) mentioned that they find the LPs a bit hard to understand well enough
to apply them correctly. While one student explicitly asked if there is a trick on how to
memorize them, another student also highlighted the struggle with understanding the
systems-based LPs since doing so is more complex than understanding form or material
LPs. From the survey, it was evident that 7 students were unclear on the applicability of
the LPs, highlighting that they are unsure or unwilling to apply the LPs into their design
process in the future. One student said: “I don’t know if everything needs to look to nature”
~ASU-06. Nine respondents (18%) indicated that although the LPs can be inspiring, they
failed to see the potential for LPs to be included in the design process (Figure 14).

A word cloud (Figure 15) of the answers to the open-ended questions revealed that the
word “Nature” was 1st, “Design” 2nd, “Biomimicry” 3rd, and “Inspiration” was ranked
4th place. The words “Life” and “Principles” were eliminated from this ranking because
they mention the name of the assignment itself.
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#3 How likely can Life’s Principles provide you
with for ideas

ASU-01
design inspiration before, specificlly in the @nt ext
of Life’s Principles, I think this class provided me
with a great opportunity for an inspiration well right
outside of my window! T had looked at nature for the

inspiration of organic patterns, textures, and line forms

but up until now, I did not consider the systems used
in nature as a source of inspiration for design.

Because I had never really looked at nature for graphic

ASU-02 I have a good grasp of everything but am not an
expert.

ASU-07

ASU-10Before this course I was aware of some basic ways
to design sustainably, such as using recycled paper . T
was familiar with the big ideas of biomimicry but was
unsure how they could be applied to graphic design.
Now having taken this course, I can more readily see
the possibilities for sustainable graphic design with
the use of the life’s principles and other biomimicry
tools.

ASU-12

ASU-15

ASU-17 Ialways passed by the biomimikry center at school
and was interested in the fied bt rever larred out
specifictal's @ gstas ssocidal w th it. The tools
we learned in class and through applying them to
projects made it much easier to understand and will
hopefully be useful in future designs

#5 Can you see the potential of looking at natur e

for design inspiration?

I begin to pay attention to the plants and animals
around me and subconsciously observe their unique -

ness and analyze them

#7 How likely are you to use the LP tool for sus- Other Comments

tainable solutions/inspiration in the futur e?

I'm still a little iffy on them

LP i the essence of nature. For designing a sustain -
able design, LP can not only provide designers with
inspiration, but also help to examine the design.

Tam very likely to use the life’ s principles on future
projects. Before this class T was unsure how to do

sustainable graphic design, apart from using recycled
paper. I now feel a lot more confidnt in m_dbi lity to
design sustainably.

T have always gotten inspiration from nature, and can
now see the extended benefitd taki g irs pi rat in
from more than just nature’s visuals.

ASU-18 I wouldn’t say I'm in expert in these topics quite yet,
but I defintd y larred ata dout tem ad ety
enough to apply systems thinking and biomimicry to
my work going forward.

Is there an casy way to kmember all of the life s
principles, because I fin m sel favi g to lok tem
up still?

ASU-20  Life’s Principles are actually really fascinating and
Tam able to grasp the ideas easy . Imagining causal
loops will inspire me to come up with new ideas.

ASU-22

THUAS-01

THUAS-02

THUAS-04

THUAS-05  Understanding how nature works, and how this can be
integrated into design is very interesting and helps us
build to incorporate a form of sustainability into our
future projects.

Itis very nice to sce interesting things that nature
apparendly does already. I fin rew impi raticn that [
would have never thought of otherwise

I'have a bad memory I could for get

‘The most challenging principles for me involve those
in which it concerns systems/behaviours rather than
form/or materials.

THUAS-06

THUAS-07

THUAS-08

I absolutely agree and understand that nature already
has all the answers and that years of evolution have
Iefi only the best working principles.

Right now we only have a good grasp of that one prin -
ciple we have rescarched, but there are many more.
Even with the discussion today its still a bit unclear in
comparison to the one we researched ourselves.

Nature had millions of years to make ideas. Why
wouldn’t we look at it.

‘Again. Normally I think about the problem and then
all the possible salutions. Not solutions in a category .

This to me is very helpful. you dont have to know
‘many organisms just like that. the LP’s help you ask
the right questions to learn more anout nature

THUAS-09 Individual organisms can have great solutions to
desigd problems. To fin those wirg I f¢' s principles
though proves quite hard still

Certainly! Nature does most things a lot better than do
we in our man-made societies, we can learn a lot.

Like said before,d will use dites like ask-nature and

for that the LP tool, but I fin it d fficit toacud Iy

use it practically. I will certainly use it for inspiration d
in designing though!

THUAS-11

THUAS-12

THUAS-14 _It’s super nice to see all the examples in the slides we
made and they will give inspiration for coming ideas.

For me, LP are like a reminder on how to create better, How did these LP came to be? What makes them
cco-friendly products. They don’t give any solutions, principles of life, who choose them, ctc
but when looking at it you might notice you for got

to look at the recycle-ability . Or that you can use

readily available materials instead of importing it from

FarawayLand,

THUAS-15 1 think LP’s are helpful when looking for biomimicry
solution but they are also a useful standard to uphold
when working on a solution

THUAS-19

THUAS-21 It inspires me but not for our design challenge.

THUAS-22

THUAS-24

THUAS-27

[ Howtowork with LP’s? [0 Asking for more examples

Figure 14. Collection of some of the most insightful responses from the survey.

Nature already has all (sustainable) answers so we (as

tion/guidance

Tthink it is smart to look at processes that have
evolved and survived the test of time. I think this is a
good addition to what I am learned about good design
at IPO.

Designers) just have to look at it and use it as inspira -

Its a nice and quite clear collection that will be useful
in the future.

Do LP’s always have to relate to a Design

I think it will depend on what kind of prdect I have,
but when nature plays a role I will defintd y m ke we
of the LP tool

Some of the Principles are still unclear and hard to
understand for me. After this week, I gained good
insights on most of the Principles

General understanding

Not answered

I suggestions [0 Application in Design

categorizes comments. Gray boxes indicate no or inapplicable responses.

Color legend
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Figure 15. Word cloud of combined free response answers in survey (Q3, 5, 7). Generated in
MAXQDA2020.

4. Discussion

The authors acknowledge that there is a possibility that impact bias could have
influenced the survey responses. Impact bias has been studied in student evaluative
responses. It describes the overestimation of how positive or negative the students’ feelings
are about a specific experience [25]. Through another survey or interviews at the end of the
semester during future studies the authors can find changes in student perception of the
assignment over a longer period of time.

4.1. RQ 1: What Elements of the LP Exercise Were Students Able to Respond to with Proficiency?

The assignment directions were effective and 95% of the students followed them at
an acceptable or proficient level. When explaining the chosen organism or design fitting
their sub-principle, 85% of students submitted proficient or acceptable work and 82% did
so with clarity (Table 2). ANOVA results indicate that no LP was any more challenging for
students to work with than any other LP (Tables 4-6). The authors see that most students
who found appropriate examples also gave clear descriptions and reasoning why their
examples fit the principle. Yen et al. [9] noted that students struggled to explain their
analogical reasoning when bridging biological and human engineering and that this was
exacerbated by the breadth and number of biological systems with which students were
working. The elegant simplicity of the LPs may assist students with making stronger
analogies. Requiring THUAS students to highlight the signal terms of the sub-principle
in each example may have helped students self-evaluate whether their found model is a
good example of the LP. The majority of students who scored low, scored as such across
the rubric. The authors used the rubric to identify improvements in the course [26] and in
collective biomimicry education programs. The authors agree with [26,27] that the rubric
can be improved on the following three elements to articulate expectations: (1) evaluation
criteria; (2) quality definitions; and (3) a scoring strategy. To do so, it is essential to include
and explain the grading rubric to participants, be more specific in highlighting the essential
key terms from the given literature, and explain the importance of the scoring categories.
Furthermore, providing visual examples throughout the process can help students evaluate
what is relevant for the translation of biology to human systems [10]. While this exercise
was carried out in an online/hybrid setting during the COVID-19 pandemig, it is likely that
doing this exercise in a full face-to-face context with a physical instructor present might
result in deeper participation across the board [28]. The possibility of having multi-sensory
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iterative feedback loops from the instructor and the ability of students to share what in
real-time, would likely deepen their acquired knowledge [29]. However, the results of this
introductory exercise indicate that students were able to understand and find examples
fitting each LP.

4.2. RQ 2: What Elements of the LP Exercise Did the Students Find Challenging, and How Might
This Assignment Be Iterated to Improve Student Outcomes?

Most of the ambivalent or negative student exit survey responses were comments that
described the difficulty of remembering the LPs or indicated that students did not yet see
how the LPs could be applied to the design process. One of the challenges mentioned by
the students was the need to find ways to memorize the LPs in order to improve confidence
in working with them. Student exit survey responses indicated some challenges with
understanding the complexity behind the system that nature operates within. A few also
wondered how the LPs can be applied in the design process. One factor to consider is that
the context changes for each design problem and thus memorizing the LP might not be a
worthwhile undertaking, but rather the application of and an evaluation concerning this
change would yield greater impact [7].

A large percentage of students indicated that they wanted more practice with the
LPs. Since this assignment introduced them to only one of the LPs, they felt a lack of
comparable knowledge about all of the LPs. “Right now we only have a good grasp of
that one principle we have researched, but there are many more. Even with the discussion
today it’s still a bit unclear in comparison to the one we researched ourselves” ~THUAS-
06. The authors acknowledge the challenge of time vs content in any course. One way to
overcome this is to introduce the LPs early on in a class, and then continually and repeatedly
integrate them in subsequent assignments. The reiteration and continued application
of the LPs will provide a bit more experience, understanding, and retention of all the
LPs [30]. Furthermore, introducing the LPs through active learning has shown to increase
student understanding [31]. Active learning methods for the LPs could include hands-on
activities with natural artifacts, or immersive outdoor explorations with a lens on particular
LPs similar to what CofC did with the iSites (see Description of Common Assignment).
Nonetheless, the LPs take up a full-semester advanced course in the Biomimicry Master’s
program at ASU, so it is unrealistic to expect the students to get deep knowledge of all of
the 26 LPs during an introductory level assignment.

Respondent comments also hinted at the difficulty of seeing how to work with LPs
and how they are applied in a design process (“How to work with LP’s” orange boxes
in Figure 14). This study simply investigated the immediate knowledge gained from one
activity. Some students commented that they cannot yet answer whether they see the
potential of applying the LPs in their future projects. In some classes, the LPs became part
of a design process following this particular assignment. After having completed the entire
design process, students would have gained more insights into how the LPs guided their
decisions. A second survey at the end of the semester could be worthwhile to see if some
of the applications of the LPs helped make it more clear for the students.

Including activities that allow students to experience how the LPs can be incorporated
into the design process will also help reduce the confusion of application in design (purple
boxes Figure 14). Furthermore, many comments from the survey asked for more examples
(green boxes, Figure 14). A best practice in bio-inspired design education identified by [10]
is the exposure to a breadth of examples in nature. Studies have also shown that providing
examples from previous cohorts increases effectiveness of an assignment [32]. Therefore,
including examples of how the LPs have already been applied during the introductory
phase of this assignment could help strengthen the context and the reasoning for learning
the LPs in the first place.

In the category of general understanding (yellow box, Figure 14), students commented
that they wanted to have all the LPs memorized by the end of this exercise. “Is there
an easy way to remember all of the LPs, because I find myself having to look them up
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still?” ~ASU-18. The authors have been working with the LPs for quite a few years, and
still tend to use the reference sheet. They are also considering the design of a mnemonic
teaching device for the LPs as a collaborative next step. Moving forward, the assignment
and introduction of the LPs will have to set the realistic expectation clearly that the goal is
not to learn these LPs to the extent of memorizing them completely. Understanding the
nuances of each LP, as well as having ideas on how they can be applied is the goal.

The CofC, THUAS, and ASU students were asked to discuss their found LP examples
by meeting in teams per main LP. In those discussions, ASU and CofC students also
compared their examples and chose one as the ‘best of” example for that sub-LP. Comments
in the survey revealed that the ASU students felt that step was very helpful. Even though
the classes were mostly virtual, the exchange and reflection that happened during those
discussions helped students refine their knowledge about the LPs (blue box, Figure 14).
Word cloud results (Figure 15) showed repeated positive key words which can be an
indicator that students feel the LPs provide a good tool for design inspirations in their work.

A rewarding discovery was that students seemed to recognize and learn about the
complexity of nature through this assignment. Even if they did not fully understand it or
feel confident in identifying the nuances of systems, the fact that design students learned
that nature is a complex system was a win for the assignment. “The most challenging
principles for me involve those in which it concerns systems /behaviors rather than form/or
materials” ~THUAS-05. Natural systems are diverse and intricately interconnected. Many
LPs describe this non-linear relationship. The authors feel that including some activities
around systems thinking in the semester could help in understanding those LPs on a
deeper level [33].

4.3. RQ 3: What Kind of Potential Did Design Students at THUAS and ASU See in the LPs as a
Tool for Innovation and Sustainability for Their Future Designs?

Through this research study the authors learned that by doing the Exploring Life’s
Principles in Nature and Design assignment slide exercise, the students were introduced
to the LPs, but this did not necessarily mean that they understood the LPs well enough
to apply them in a design. Furthermore, the level to which they learned how LPs are
integrated within a solution cannot be accurately measured until they apply them during a
design process. This exercise was not evaluating a final level of knowledge, but an initial
iteration of the principles to later embed these into their design process.

The survey confirmed that the assignment helped the students get introduced to the
LPs. In addition, almost all students felt there was great potential in the LPs and nature
itself for innovation and sustainability but were unsure how to apply them. It is clear that
they understood enough from this assignment about the LPs to know that they could be
used as inspiration (Figure 13), where 80% of students selected 4 or 5, selecting “positive” to
the question of innovation potential. Conducting a future study on the impact the LPs had
on their design decisions can be done with future cohorts to determine how this impacts
the innovation and sustainability of their design solutions.

5. Conclusions

The authors’ research aimed to discover how to improve their pedagogical practices
to increase recognition and retention of nature’s overarching patterns, the ‘LPs’. The
authors also aimed to uncover common misconceptions and look for factors to improve
our measuring rubric and the template exercise, adding suggestions and comments from
students after completion. As this exercise was an introduction to LPs, the authors found
that many students were able to retain the set of guidelines when adding these directly
into their template. In future iterations, the authors shall point out adding key words from
the LP guidelines (Figure 2b) to clearly guide students while learning the principles for
the first time. Students requested to see more than just the one example of each LP that
the authors provided, and requested a clear explanation of why these were meaningful
examples. While each instructor felt that these requests were already fulfilled, perhaps an
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iterative explanation of more example organisms and designs is needed. With the many
proficient examples made by this cohort, the authors are empowered to expand the exercise
in this manner in future courses. Repeated LP exercises, more nuanced explanations, active
learning, more examples, and a rubric specifying use of key words and sentence cues
should improve student understanding.

“I believe design comes with love; I believe design is more than aesthetics; I believe
good design is easy to understand and to apply in life; I believe design can make a real
difference in life. The LPs give the idea about “how”. I will keep learning, and bring more
sustainability into my design” ASU-23.
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