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Abstract: Biomimicry practice and pedagogy unify biology and design for problem solving inspired
by nature. Pedagogy that supports biomimicry practice can facilitate the development of novel
solutions to address societal needs and challenges. Even though biomimicry affords the possibility to
address sustainability, its current practice does not necessarily lead to doing so, which can result in
exploitation of nature and increased unsustainability. Recognition of this risk exists but is not yet
widespread in biomimicry pedagogy, and few structured methodologies are available to support
learner’s efforts towards sustainability. The difficulties associated with incorporating sustainability
within biomimicry are numerous and varied. In this report, we contribute to an understanding
of incorporating sustainability in teaching and learning. We describe a pedagogical framing and
conceptual scaffolding developed and used to bring sustainability into a biomimicry course for design-
and biology-minded engineering students that integrates available biomimicry and design language,
tools, and methods. We scaffold consideration of structure-function and conditions conducive to life
separately, and then unify these perspectives in a way that is accessible to students. This approach
centralizes sustainability in biomimicry practice and asks students to consider the ethics of design
practice and responsibility to the natural world. We are encouraged by student outcomes, observing
clear signs of creative systemic thinking and higher-level learning from nature. Based on pre- and
post-design sprint results, students significantly shifted away from a narrower structure-function
practice towards addressing conditions conducive to life. We propose that biomimicry educators and
facilitators make a commitment to always include a sustainability approach within their pedagogy or
explicitly acknowledge their delivery does not provide for it.

Keywords: biomimicry; conditions conducive to life; pedagogy; conceptual scaffolding; structure-
function; sustainability

1. Introduction

Our interest lies with pedagogy for addressing sustainability within biomimicry
practice. Biomimicry is an expansive multi-disciplinary design practice spanning nature
to innovation: everything from insights into materials and mechanisms to systems and
sustainability (for expediency, we treat biomimicry as synonymous with bioinspired design,
biologically inspired design, or biomimetic design [1-3], although this is not in line with
ISO 18458 [4]). While these possibilities exist, our teaching experience, like others’, suggests
the practice tends towards insights around narrower natural forms [5,6]. Even though
biomimicry affords the possibility to address sustainability [2—4,7], its current practice in
various modes does not necessarily lead to doing so [3,4,6,8-12].

The difficulties associated with incorporating sustainability within biomimicry are
numerous and varied [3,8-11]. We overwhelmingly saw instructional examples, reports,
and case studies of biomimicry applied at the product or product-technology scope, and
at a scope that is too narrow to address sustainability broadly. Practice within this scope
appears to lead to acceptance of narrow constructions of sustainability, such as increased
efficiency [9,13]. In addition, while a few forms of an efficiency-based perspective are
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genuinely systemic, many are arguably not [13-16]. This issue goes beyond pedagogy in
which environmental impacts are posed as the challenge for a biomimicry project.

At one level, this prevailing outcome is understandable. Much of the guidance we
found available for practicing biomimicry is communicated at the level of organismal
natural models (despite being more broadly applicable) [11] and their various constituent
forms and functions, whether it is for a Biology to Design (Solution Driven or Technology
Push) or a Challenge to Biology (Problem Driven or Technology Pull) process [4-6,17].
Information that is cataloged and accessible to practitioners appears to be at the organismal
level, although not true of all resources [18,19]. This level seems to be the easiest to learn,
share, and support. After all, individual organisms are concrete, distinct, approachable,
remarkable beings imbued with character and wonder. Unfortunately, there is an ease with
which organisms and products (or services) are associated, providing a narrow entrée into
design-by-analogy thinking, biasing practitioners towards reductionist thinking and away
from sustainability.

At another level, we accept the assertion that nature provides models for sustainability,
and that there are abundant examples of natural systems and patterns to productively learn
sustainability from, even if there are exceptions [4,5,17]. If this is indeed true, then we get
what we ask nature for: the biomimicry practitioner’s intent must be for sustainability in
order to get sustainability as an outcome [3,6,9,20]. Yet, most designers, our engineering
students included, are situated at the product or product-technology scope, concerned
with solving particular functional problems (the What) and not the general systems (the
How) that produce functional artifacts [2,21,22]. The same must be true of the protagonists
in many of the biomimicry stories told to socialize the practice. Expecting a holistic sus-
tainability outcome from practitioners caught within conventional systems of production
and consumption feels unreasonable. However, maintaining that relationship should not
be acceptable.

Curricular studies are available describing the introduction of biomimicry in different
ways across disciplines including architecture, business, design, engineering, and science
among others, which are summarized elsewhere [17,23-25]. We did not find course reports
or design guides that explicitly scaffold teaching sustainability as part of biomimicry prac-
tice. This situation is compounded by two additional issues. First, teaching and practicing
biomimicry authentically is challenging and fraught with practical, methodological, and
epistemological issues [2,5,9,25-32]. Second, there is a lack of knowledge of sustainability
principles and practices on all sides. Most students and instructors new to biomimicry in
our experience do not come with significant sustainability training. Even if they do, they
vary, and it can be difficult to integrate sustainability concepts that did not originate within
biomimicry, such as from life cycle analysis, ecodesign, cradle to cradle, green chemistry, or
systems thinking [3,8,15,33-38], especially social ones [2,39].

This report is a response to the above observations. We contribute to an understanding
of incorporating sustainability in biomimicry-oriented teaching and learning by describ-
ing our work over several years to adapt and integrate available biomimicry and design
language, tools, and methods to go beyond structure-function to address conditions con-
ducive to life directly in a biomimicry course for undergraduate engineering students. We
developed a pedagogical approach and experience for teaching and learning sustainability
within biomimicry practice. There are many other sustainability methodologies, e.g., life
cycle assessment [2,35]. Doing so allowed us to engage design- and biology-minded stu-
dents in an innovation process addressing ethical concerns and responsibility to society
and the natural world, which we take to be imperative. We describe our efforts to create
scaffolds, so novice learners ultimately reach a level of biomimicry practice that explicitly
acknowledges and integrates sustainability.

2. Pedagogical Framing

We made choices to frame curricular material conceptually to throw sustainability
within biomimicry practice into sharp relief. We named and articulated two perspec-
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tives or points of view using terms common in biology (Figure 1). The first we termed
Structure-Function (SF), represents the practice of learning from natural forms, processes,
and ecosystems in the sense of specifying embodiment (the What), with learning from
form to address function likely the most common. This choice is in line with the common
use of these terms within biology. The second follows another existing conception, “life
creates conditions conducive to life” or simply Conditions Conducive to Life (CCL) [6,20],
representing learning from natural processes and ecosystems to address sustainability [20]
in the sense of condition or quality (the How). These terms work well in natural language
describing design practice. For example, “What is the structure-function relationship you
are mimicking?” and “How are you creating conditions conducive to life?” We also ex-
plicitly delineated the Nature and Society domains, creating space for students to address
the social construction of challenges and subsequent applications of abstracted design
principles [3,6], in our case using inclusive participatory design methodology.

Conditions

HOW  Conducive (a) (b)
to Life (CCL)

WHAT Structure- © @

Function (SF)

Challenge to Biology  Biology to Design
(Pull) (Push)

Figure 1. A view of biomimicry practice consisting of processes that span both the Structure-Function
(c,d) aspects to be learned from nature (What nature does) and the Conditions Conducive to Life
(a,b) aspects that speak to sustainability (How nature does What it does).

Naming and making the sustainability perspective (CCL) explicit and distinct made it
more possible to indicate that just because a designer or design team was practicing one
did not mean they were automatically practicing the other; that there are relative amounts
of intention for and attention to each perspective in a given process. Furthermore, while
one would have to take the SF perspective to gain insight on solving a particular design
challenge (figure out the What), it would be potentially irresponsible or unethical to not
also take the CCL perspective for the same challenge (figure out the How), a point that is
otherwise challenging to convey without naming this perspective.

We chose to take Nature’s Unifying Patterns [19] as one holistic description of sustain-
able natural systems. These patterns are akin to design heuristics making them accessible
to and practical for designers to use; heuristics by definition are not expected to be perfect,
unique, nor complete, rather open to revision based on experience with use. We found
the patterns to be more challenge and artifact-oriented and well suited to Challenge-to-
Biology processes. We also used Life’s Principles [6,8,20,25,40], which are well suited to a
Biology-to-Design process. Students benefit from structured exploration of Life’s Principles
to increase familiarity [25].

The patterns can be used as a generative device (such as during ideation) or a screening
device (akin to customer requirements screening in concept selection) [6]. Considerable SF
work must be done before a CCL screen can be applied, necessitating multiple iterations
that can be hard to find the project time for in a one-semester course. Taking the screening
approach would be challenging to novice designers as it requires more discipline to main-
tain ambiguity and an ability to “kill all your (SF) darlings” (attributed to William Faulkner).
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Furthermore, screening may cause anchoring or fixation on SF approaches [5,41,42], some-
thing we are trying to avoid. We opted for the generative approach in the classroom
context given our limited timeframe allowing us to make the CCL perspective central at
the beginning of a design project.

A fundamental difficulty with natural processes and ecosystems as a guide for the
sustainability of human systems is that Nature’s Unifying Patterns are all in effect simulta-
neously in nature. Addressing all of them simultaneously is a daunting consideration for
the designer. Thus, when the patterns are used generatively, their collective consideration
can lead to formidable search for and synthesis of insights from biological models if done
reductively. This points to the need for designers to work within production and consump-
tion systems that support and reinforce these patterns, and more broadly to new roles for
designers to realize these more sustainable systems [11].

3. Conceptual Scaffolding

Given the conceptual challenges described and drawing from our own experiences
grappling with the uniqueness and complexity of biomimicry practice, we broke down
a full SF plus CCL design process into manageable, progressive sets of design moves to
conceptually scaffold [43—45] the learning experience for novice biomimicry students. The
resulting experience consisted of three design projects in a 14-week semester, shown as
Project 3 (individual), Project 4 (individual), and Project 5 (team-based) in Figure 2. Projects
1 (individual) and 2 (team-based) focused on building knowledge of the natural world and
practicing observation skills and are included for completeness.

Week Course Projects

1 Introduction

to Biomimi

2 i Project 1: EcoPosse
Design Sprint 1

3 Project 3: Macro

g Structure-Function Design

5

6 Project 4: Conditions

. Conducive to Life Design

8

9  Project 5: Deepening Our

10 Understanding Design

11

12

13

14

15 Course Closing Activity

Figure 2. Course project schedule. See Appendix A for project descriptions.

This sequence of projects was designed to facilitate practice with skills of observation,
translation, and application, working with SF and CCL separately first, and then together
in the final project. Project 3 is a shorter, more approachable, Biology-to-Design learning
experience [46] addressing solely the SF perspective to initiate students into biomimicry,
see quadrant in Figure 1d. Project 4 is a novel Challenge-to-Biology experience addressing
only the CCL perspective to bring an explicit, intentional emphasis to sustainability, see
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quadrant Figure 1a, and elaborated below. In Project 5, the final project, students take on a
full Challenge-to-Biology-to-Design process addressing SF and CCL together (Figure 1a—d).
The emphasis on teaching CCL explicitly (design projects located in Figure 1a or b separately
or in combination with ¢ and d) differs from other approaches [17,23,24] that almost always
teach SF alone (design projects located in Figure 1c or d separately or in combination), often
assuming sustainability is being addressed implicitly [2,4,25].

In Project 4, which focused solely on exploring the CCL perspective, each student
started with the general, systemic challenge of “creating products and services sustainably”.
Conventionally, designers would start a Challenge-to-Biology process by identifying a
concrete challenge or problem and then abstracting the desired functions that a design or
solution would have to provide to meet the identified need. Analogously for this project,
each team chose one of Nature’s Unifying Patterns as an already-abstracted function of a
desired sustainable system of production and consumption. From here, students generated
biologized questions [6] based on their adopted Unifying Pattern and created variations
by considering relevant Life’s Principles [6] and using reframing design techniques [47].
After finding natural models and their associated contexts, students abstracted biological
mechanisms and de-biologized them to articulate design principles informing the original
patterns. Note the biologized question technique uses the form “How would nature. . .?” [6],
a technique that applies to both the How (SF) and What (CCL) perspectives, involving
different uses of “how”.

4. Methods

We assessed the development of student thinking within the biomimicry design
process through a pre- and post-course design sprint activity that occurred in the second and
then again, in identical form, in the 14th weeks of the course. The design sprints occur before
and after three course projects with one, Project 4, being an explicit focus on understanding
of CCL concepts (Figure 2). Observations from project outcomes from Project 3 and Project
5 that flank Project 4 additionally inform our assessment of pedagogical effectiveness for
incorporation of CCL into the students’ biomimicry design process. For the first step
in this activity, students were asked to explore the conceptual space around a challenge:
“How might we create personal flight for individuals inspired by nature, and how might
we do so sustainably?” Students were prompted to list several questions completed in
the format of “How would nature. . .?” where students would indicate their approach to
seek insight from nature to inform the challenge. The student-generated questions were
independently scored by research staff with no knowledge of the study design according to
whether they predominantly indicated structure-function (SF) considerations or Conditions
Conducive to Life (CCL) considerations. SF considerations were those that focused on form
and associated functions that exist in nature, e.g., structures that enable flight in different
organisms. CCL considerations were those that examined processes that nature carries
out that affect sustainability, e.g., process level considerations and principles as outlined
by Nature’s Unifying Patterns. The Mann—-Whitney U test was performed to determine
statistical significance of CCL and SF considerations in the students’ biomimicry design
process assessed by Design Sprint 1 and 2 that were pre and post the Project 4 CCL course
pedagogy intervention.

5. Results
5.1. Pre- and Post-Design Sprint Insights

Students generated a variety of biologized challenge questions to address the design
sprint prompt of sustainable flight. Example questions and SF or CCL classifications are
listed in Table 1.

There was a significant difference in student generated design sprint questions that
were classified as having CCL consideration as a percentage of all questions asked (Mann-—
Whitney U, p = 0.002, Figure 3) and an increase in percentage of students who generated
CClL-related questions that were >50% of their questions asked (Figure 4) from Design
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Sprint 1 to Design Sprint 2, indicating that students developed greater consideration for
CCL over the time of the course and integrated CCL thinking into their biomimicry design
choices. The percentage of CCL questions that students asked for their final Project 5 addi-
tionally resembled those in Design Sprint 2 (Figure 3), indicating that student consideration
of CCL in their ways of thinking in the field persisted across multiple class activities to the
end of the course.

At the start of the course, greater than half (11/16) of all students posed questions
that were mainly (>50%) SF in consideration (Figure 4a). This may reflect novice learn-
ers’ exposure to and ways of thinking about biomimicry as SF considerations are more
straight-forward to understand as described earlier. At the course end, student thinking
shows incorporation of CCL and Nature’s Patterns into their biomimicry design choices
as evidenced by the increase in CCL questions that students proposed in their searches
of nature in Project 5 (Figure 3), elaborated in the Observations section below, and a shift
of the majority of students posing CCL questions from the pre- and post-design sprints
(Figure 4b). This is likely due to the influence of course pedagogies that were employed.

Table 1. Student design sprint question response examples and Structure-Function (SF) and Condi-
tions Conducive to Life (CCL) classifications.

Example Questions

SF

How would nature travel long distances in the air?

How does nature reduce drag?

How would nature allow for a safe landing?

How does nature do quick rapid flight?

CCL

How does nature use readily available resources to fly?

How does nature conserve energy while flying/swimming?

How would nature use natural materials and chemistry for flight?

How would nature use naturally occurring elements of weather to generate lift?

100
90
= 80 ——
g
g 70 X
()
&
o 60 —‘V e
2
c 50
o -
2 40 J 2
S
2 30 X
j=]
o 20
10
0

SF CCL

Question emphasis

Figure 3. Percentage of questions that were considerations of SF or CCL from Design Sprint 1 (light
gray bars), Project 5 (turquoise bar), and Design Sprint 2 (dark gray bars). The differences between
percentages of CCL and SF questions asked were significant (Mann-Whitney U for CCL: p = 0.002,
Z =—-3.10, U =41, and for SF: p = 0.010, Z = —2.56, U = 54.5).
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(a)

Students
O = N W s O & N @

1-25 26-50 51-75 76-100
Total SF questions posed (percent)
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(b)
8
7
6
2]
25
3 4
&3
2
1 l
0
1-25 26-50 51-75 76-100

Total CCL questions posed (percent)

DS1 mDS2

Figure 4. Numbers of students and percentages of their total questions that were (a) SF considerations
or (b) CCL considerations in Design Sprint 1 (DS1), which took place during the second week of class,
and Design Sprint 2 (DS2), which took place during the 14th week of class. Both design sprints had
greater than 85% class participation. Sixteen students completed the class.

5.2. Observations and Outcomes from Student Projects

With the initial Project 3, where students translated biological structure, function, and
mechanism into design principles and applications, the translations resulted in applications
that were based mostly on form and were predominantly literal. For example, student
applications for projects included a filtration system for microplastics based on the form of
the manta ray gill that is used for filter feeding and a retractable tire traction system based
on leopard claws that retract into the paw. These literal translations based on form may
be more accessible to students that are new to biomimicry and to the translation that is
required between fields [5].

We [6,40] introduced Project 4 as a scaffold to explicitly focus on understanding of
CCL concepts by engaging students in examination of functions and mechanisms by which
nature accomplishes CCL. Students developed biologized challenge questions based on
systemic patterns and principles of nature and analyzed natural models for sustainability
insights. The dedicated study of CCL resulted in project outcomes and discussion about
how natural models embody multiple unifying patterns and principles and that not all
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natural functions necessarily result in CCL. For example, different student groups studying
CCL principles of cooperation and resiliency both examined lichen as a natural model. For
cooperation, students highlighted biological strategies of how algae and fungi exchange
resources, how nature evolved to become interdependent and achieve a task outside
of a single organism’s capability, and trade-offs in cooperation between organisms and
structural relationships. With respect to resilience, another group highlighted strategies
for the robustness of lichen to environmental changes: the structural aspects of drought
tolerance, nutrient acquisition, dehydration mechanisms, and decentralized reproductive
strategy. Students observed through design presentations with gallery sketches of natural
models that the other team’s analysis of lichen highlighted different mechanisms regarding
CCL. Student reflections from this project demonstrated understanding of CCL insights
and the viewing of natural models and structure-function in light of CCL.

In the final project (Project 5), students demonstrated integration of SF and CCL
considerations in their design outcomes. For example, in studying challenges related
to urban sprawl for this project, one student team made connections between how reef
morphology facilitates a network of cooperative species, and in their proposed solution,
similarly designed for diversity and community within living spaces in cities. The CCL
insight was that cohabitation as seen in nature utilizes diverse strengths of a community
that can be emulated. Students studying a challenge in architecture gained inspiration from
niche differentiation by looking at ways that humans could utilize lesser occupied niches
in nature and develop alternative means and structures for human living. Students looked
to natural models for examples of how to live, and they applied a CCL principle when they
took inspiration to search for solutions for human living that fulfilled a different niche in an
ecosystem. There was evidence of divergent thinking and viewing of nature as mentor [5]
and more nuanced insights from natural models.

6. Discussion

In this study, we found students integrated CCL thinking into their biomimicry design
choices, based on pre- and post-design sprint results and evidenced by student design
project outcomes. Students posited a significantly greater percentage of CCL-related
biologized challenge questions from Design Sprint 1 to Design Sprint 2 and demonstrated
CCL considerations in final project designs. However, the sample size was small due
to the available class size and all students were provided the pedagogical sustainability
intervention obviating a control group.

The design project outcomes we observed contribute qualitative evidence to aid the
interpretation and understanding of the design sprint results. Though Nature’s Unify-
ing Patterns and Life’s Principles [6,40] were provided to students and referenced early
in the course, these CCL considerations did not become incorporated into student de-
sign outcomes in the Biology-to-Design project (Project 3). The Project 4 focus on deep
understanding of Nature’s Unifying Patterns and associated activities emphasized the
distinctions between SF and sustainability insights. We observed the evolution of student
skills in Project 5 following the Project 3 and Project 4 scaffolding. With practice, students
improved their skills for viewing the natural world and understanding of natural processes
and environmental context. Student thinking also tended towards more metaphorical and
nuanced translations over time, including CCL considerations as supported by Design
Sprint 1, Design Sprint 2, and Project 5 data.

How students viewed biological systems, their thought processes, and solutions in
the final project (Project 5) demonstrated integration of SF and CCL components. The
integrated CCL components in Project 5 as compared to Project 3 suggest that scaffolded
learning of CCL in Project 4 enabled student understanding and internalization of CCL
in practice. Thus, the aim of the course for students to include consideration of CCL in a
complex design process was met.



Biomimetics 2022, 7, 90

9of 12

7. Conclusions

While educators and facilitators have options for addressing sustainability, few tech-
niques have been shared for emphasizing CCL practice in the classroom setting or with
novice practitioners. We developed a pedagogical framing and conceptual scaffolding that
allowed us to incorporate sustainability into a college level biomimicry learning experience
for engineering students, drawing extensively on existing pedagogical resources. This
approach elevates and puts CCL on equal grounding to SF, and pedagogically, learning ac-
tivities that solely focus on CCL practice are essential to providing the experience students
need to incorporate this view.

We are encouraged by signs of creative systemic thinking and higher-level learning
from nature and a discernible shift away from a narrower structure-function practice
towards addressing conditions that are conducive to life.

Because broader sustainability practice within biomimicry remains largely unad-
dressed, because biomimicry educators are initiators of a turn to nature and a biolog-
ically endowed practice, all biomimicry educators and facilitators should individually
and collectively commit to always include an explicit sustainability approach within their
pedagogy [48-50], or, at a minimum, explicitly acknowledge to their participants that the
practice does not provide for it necessarily. Taking on this commitment would help us
collectively search for and shift to practices that are conducive to life.
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Appendix A
Project Descriptions

Project 1: EcoPosse. Individual students selected an inspirational group of organisms,
or EcoPosse by researching, reflecting upon, and selecting 6-8 natural models (at least
2 organisms each exemplifying levels of Structure-Function through Form, 2 organisms
exemplifying Process, and 2 biological communities, habitats, or biotopes exemplifying
Ecosystem). Students collected information about each posse member that they selected
in profile pages using a template provided for either organisms or ecosystems. Students
then developed a 1-slide graphical representation of their selected group of organisms,
ecosystem, and processes and shared highlights and unique characteristics of their EcoPosse
as a 3-min presentation to the class.

Project 2: Micro SEM Observation Lab. Students designed and conducted experiments
to examine the natural world using a scanning electron microscope (SEM). The goal of
this project was to expand student experience working with and making observations
from nature at the micro scale. Examples of projects were comparative studies of feathers,
of butterfly wings that exhibited structural color and those that did not, and of needle
structures from cacti and porcupines. The goals of the initial Projects 1 and 2 were for
students to gain experience with analysis of biological systems and an appreciation of
natural models. Observational and hands-on assignments (outdoor, video, and artifacts
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observations) and guided reading and discussion of primary literature in biology continued
throughout the term to encourage development of connections to natural systems beyond
the surface level.

Project 3: Structure-Function Design. Individual students started with identification
and examination of a natural model (observation), described the biological mechanisms
displayed by the model, abstracted the mechanism to generalizable design principles
(translation), and, in the last stage, developed potential applications for the design insights
(application). This project was an accessible first project for students in biomimicry. Exam-
ples of projects were a juice concentrator inspired by the kangaroo rat kidney, packaging
inspired by fungal spore structures, and soft robotic handling inspired by raptor beaks.

Project 4: Conditions Conducive to Life Design. Individual students specifically
considered and examined CCL processes and how nature accomplishes CCL. The starting
point of the project was sustainability as the goal: what insights can nature provide for how
humans can live more sustainably? With this as the starting point (application), students
selected one of Nature’s Unifying Patterns [6], developed biologized challenge questions
based on their pattern (translation), and investigated natural models that carried out these
processes (observation). From these natural models, the students then identified design
principles (translation) and reflected on these design insights drawn from nature about
how humans could live more sustainably. Having a design activity focused on CCL had the
goal of putting sustainability at the forefront and providing students practice in viewing
structure-function from natural systems through CCL criteria.

Project 5: Deepening our Understanding Design. combined design processes of
Projects 3 and 4. Students initiated the biomimicry process at the stage of application by
defining challenges from a subset of broad application areas brainstormed by the class
(e.g., urban planning, architecture, commerce, agriculture, disaster response). Teams of
students carried out research to define specific challenges within these application areas
with attention to stakeholders. They then approached solutions to these challenges using
biomimicry by engaging in SF and CCL across the process steps from Projects 3 and 4.

References

1. Iouguina, A.; Dawson, ].; Hallgrimsson, B.; Smart, G. Biologically informed disciplines: A comparative analysis of bionics,
biomimetics, biomimicry, and bio-inspiration among others. Int. |. Des. Nat. Ecodyn. 2014, 9, 197-205. [CrossRef]

2. Speck, O,; Speck, D.; Horn, R.; Gantner, J.; Sedlbauer, K.P. Biomimetic bio-inspired biomorph sustainable? An attempt to classify
and clarify biology-derived technical developments. Bioinspir. Biomim. 2017, 12, 011004. [CrossRef] [PubMed]

3. Mead, T,; Coley, D.; Borden, D. Navigating the tower of Babel: The epistemological shift of bioinspired innovation. Biomimetics
2020, 5, 60. [CrossRef] [PubMed]

4. ISO 18458:2015; Biomimetics—Terminology, Concepts and Methodology. International Organization for Standardization: Geneva,
Switzerland, 2015.

5. Helms, M,; Vattam, S.S.; Goel, A.K. Biologically inspired design: Process and products. Des. Stud. 2009, 30, 606—622. [CrossRef]

6.  Baumeister, D.; Tocke, R.; Dwyer, J.; Ritter, S.; Benyus, .M. Biomimicry Resource Handbook: A Seed Bank of Best Practices; CreateSpace:
Scotts Valley, CA, USA, 2014.

7. MacKinnon, R.B.; Oomen, J.; Zari, M.P. Promises and presuppositions of biomimicry. Biomimetics 2020, 5, 33. [CrossRef] [PubMed]

8. Reap, J.; Baumeister, D.; Bras, B. Holism, biomimicry and sustainable engineering. In Proceedings of the ASME 2005 International
Mechanical Engineering Congress and Exposition, Orlando, FL, USA, 5-11 November 2005; pp. 423—431. [CrossRef]

9.  O'Rourke, ].M. Environmentally Sustainable Bioinspired Design: Critical Analysis and Trends. Master’s Thesis, The University of
Texas at Austin, Austin, TX, USA, 2013.

10. Kennedy, E.; Fecheyr-Lippens, D.; Hsiung, B.-K.; Niewiarowski, P.H.; Kolodziej, M. Biomimicry: A path to sustainable innovation.
Des. Issues 2015, 31, 66-73. [CrossRef]

11.  Zari, M.P. Biomimetic approaches to architectural design for increased sustainability. In Proceedings of the New Zealand
Sustainable Building Conference, Auckland, New Zealand, 14-16 November 2007; p. 10.

12. Mead, T,; Jeanrenaud, S. The elephant in the room: Biomimetics and sustainability? Bioinspir. Biomim. Nanobiomat. 2017, 6,
113-121. [CrossRef]

13.  O'Rourke, ].M.; Seepersad, C.C. Toward a Methodology for systematically generating energy- and materials-efficient concepts
using biological analogies. . Mech. Des. 2015, 137, 091101. [CrossRef]

14. Hawken, P; Lovins, A.; Lovins, L.H. Natural Capitalism: Creating the Next Industrial Revolution; Little, Brown and Co.: New York,

NY, USA, 2000.


http://doi.org/10.2495/DNE-V9-N3-197-205
http://doi.org/10.1088/1748-3190/12/1/011004
http://www.ncbi.nlm.nih.gov/pubmed/28118154
http://doi.org/10.3390/biomimetics5040060
http://www.ncbi.nlm.nih.gov/pubmed/33182234
http://doi.org/10.1016/j.destud.2009.04.003
http://doi.org/10.3390/biomimetics5030033
http://www.ncbi.nlm.nih.gov/pubmed/32660092
http://doi.org/10.1115/imece2005-81343
http://doi.org/10.1162/DESI_a_00339
http://doi.org/10.1680/jbibn.16.00012
http://doi.org/10.1115/1.4030877

Biomimetics 2022, 7, 90 11 of 12

15.
16.
17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

McDonough, W.; Braungart, M. Cradle to Cradle: Remaking the Way We Make Things; Vintage Books: London, UK, 2009.

Mang, P; Reed, B. Designing from place: A regenerative framework and methodology. Build. Res. Inf. 2012, 40, 23-38. [CrossRef]
Speck, O.; Speck, T. Biomimetics and Education in Europe: Challenges, Opportunities, and Variety. Biomimetics 2021, 6, 49.
[CrossRef] [PubMed]

Innovation Inspired by Nature—AskNature. Available online: https://asknature.org/ (accessed on 18 April 2022).

Biomimicry Institute, “Nature’s Unifying Patterns”, Biomimicry Toolbox. Available online: https://toolbox.biomimicry.org/core-
concepts/natures-unifying-patterns/ (accessed on 5 April 2022).

Benyus, .M. Biomimicry: Innovation Inspired by Nature; Morrow: New York, NY, USA, 1997.

Erkman, S. Industrial ecology: An historical view. J. Clean. Prod. 1997, 5, 1-10. [CrossRef]

Jelinski, L.W.; E Graedel, T.; Laudise, R.A.; McCall, D.W.; Patel, C.K. Industrial ecology: Concepts and approaches. Proc. Natl.
Acad. Sci. USA 1992, 89, 793-797. [CrossRef] [PubMed]

Nagel, ] K.S.; Rose, C.S.; Beverly, C.; Pidaparti, R.M. Bio-inspired Design Pedagogy in Engineering, In Design Education Today; Schaefer,
D., Coates, G., Eckert, C., Eds.; Springer: Cham, Switzerland, 2019; pp. 149-178. [CrossRef]

Wanieck, K.; Ritzinger, D.; Zollfrank, C.; Jacobs, S. Biomimetics: Teaching the tools of the trade. FEBS Open Bio. 2020, 10,
2250-2267. [CrossRef] [PubMed]

Stevens, L.L.; Fehler, M.; Bidwell, D.; Singhal, A.; Baumeister, D. Building from the Bottom Up: A Closer Look into the Teaching
and Learning of Life’s Principles in Biomimicry Design Thinking Courses. Biomimetics 2022, 7, 25. [CrossRef] [PubMed]
Kennedy, E.B.; Niewiarowski, PH. Biomimicry: Do frames of inquiry support search and identification of biological models?
Designs 2018, 2, 27. [CrossRef]

Yen, J.; Helms, M.; Vattam, S.; Goel, A K. Evaluating Biological Systems for Their Potential in Engineering Design. In Proceedings
of the 3rd International Conference on Bionic Engineering, Zhuhai, China, 14-16 September 2010; p. 14.

Cheong, H.; Hallihan, G.; Shu, L.H. Understanding analogical reasoning in biomimetic design: An inductive approach. In Design
Computing and Cognition '12; Gero, ].S., Ed.; Springer: Dordrecht, The Netherlands, 2014; pp. 21-39. [CrossRef]

Vattam, S.S.; Helms, ML.E.; Goel, A.K. Compound analogical design: Interaction between problem decomposition and analogical
transfer in biologically inspired design. In Design Computing and Cognition ‘08; Gero, ]J.S., Goel, A K., Eds.; Springer: Dordrecht,
The Netherlands, 2008; pp. 377-396. [CrossRef]

Niklas, K.; Walker, I. The Challenges of inferring organic function from structure and its emulation in biomechanics and
biomimetics. Biomimetics 2021, 6, 21. [CrossRef]

Stevens, L.; Kopnina, H.; Mulder, K.; De Vries, M. Biomimicry design thinking education: A base-line exercise in preconceptions
of biological analogies. Int. J. Technol. Des. Educ. 2020, 31, 797-814. [CrossRef]

Yen, J.; Helms, M.; Goel, A.; Tovey, C.; Weissburg, M. Adaptive Evolution of Teaching Practices in Biologically Inspired Design. In
Biologically Inspired Design; Goel, A K., McAdams, D.A., Stone, R.B., Eds.; Springer: London, UK, 2014; pp. 153-199. [CrossRef]
de Pauw, 1.C; Karana, E.; Kandachar, P; Poppelaars, F. Comparing biomimicry and cradle to cradle with ecodesign: A case study
of student design projects. J. Clean. Prod. 2014, 78, 174-183. [CrossRef]

United Nations Environment Programme. Product-Service Systems and Sustainability: Opportunities for Sustainable Solutions.
2002. Available online: https://wedocs.unep.org/20.500.11822 /8123 (accessed on 9 June 2022).

Scientific Applications International Corporation (SAIC); Curran, M. A ; National Risk Management Research Laboratory (U.S.);
Office of Research and Development, Environmental Protection Agency, United States. Life-Cycle Assessment: Principles and
Practice; National Risk Management Research Laboratory, Office of Research and Development, US Environmental Protection
Agency: Cincinnati, OH, USA, 2006.

Lovins, A.; Bendewald, M.; Kinsley, M.; Bony, L.; Hutchinson, H.; Pradhan, A.; Sheikh, I.; Acher, Z. Factor Ten Engineering Design
Principles; Rocky Mt. Institute: Basalt, CO, USA, 2010.

Zimmerman, J.B.; Anastas, P.T.; Erythropel, H.C.; Leitner, W. Designing for a green chemistry future. Science 2020, 367, 397-400.
[CrossRef]

Ehrenfeld, ].R.; Hoffman, A.J. Flourishing: A Frank Conversation about Sustainability; Stanford University Press: Redwood City, CA,
USA, 2013.

MacGregor, S. This is not a lifestyle: Everyday sustainabilities, situated knowledges and engaged urban research. In Proceedings
of the 4th Annual Sustainable Consumption Research & Action Initiative (SCORAI) Conference, Stockholm, Sweden/Boston,
MA, USA, 10 June 2020.

Hoagland, M.B.; Dodson, B. The Way Life Works: The Science Lover’s Illustrated Guide to How Life Grows, Develops, Reproduces, and
Gets Along; Three Rivers Press: New York, NY, USA, 1998.

Nagel, J.K,; Pidaparti, R.; Rose, C.; Beverly, C.L. Enhancing the pedagogy of bio-inspired design in an engineering curriculum. In
Proceedings of the 2016 ASEE Annual Conference & Exposition Proceedings, New Orleans, LA, USA, 26-29 June 2016. [CrossRef]
McInerney, S.J.; Niewiarowski, PH. Biomimicry Training to Promote Employee Engagement in Sustainability. Biomimetics 2022, 7,
71. [CrossRef]

Hannafin, M,; Land, S.; Oliver, K. Open learning environments: Foundations, methods, and models. Instr.-Des. Theor. Models New
Paradigm Instr. Theory 1999, 2, 115-140.

Walqui, A. Scaffolding instruction for english language learners: A conceptual framework. Int. |. Biling. Educ. Biling. 2006, 9,
159-180. [CrossRef]


http://doi.org/10.1080/09613218.2012.621341
http://doi.org/10.3390/biomimetics6030049
http://www.ncbi.nlm.nih.gov/pubmed/34449558
https://asknature.org/
https://toolbox.biomimicry.org/core-concepts/natures-unifying-patterns/
https://toolbox.biomimicry.org/core-concepts/natures-unifying-patterns/
http://doi.org/10.1016/S0959-6526(97)00003-6
http://doi.org/10.1073/pnas.89.3.793
http://www.ncbi.nlm.nih.gov/pubmed/11607253
http://doi.org/10.1007/978-3-030-17134-6_7
http://doi.org/10.1002/2211-5463.12963
http://www.ncbi.nlm.nih.gov/pubmed/32860736
http://doi.org/10.3390/biomimetics7010025
http://www.ncbi.nlm.nih.gov/pubmed/35225917
http://doi.org/10.3390/designs2030027
http://doi.org/10.1007/978-94-017-9112-0_2
http://doi.org/10.1007/978-1-4020-8728-8_20
http://doi.org/10.3390/biomimetics6010021
http://doi.org/10.1007/s10798-020-09574-1
http://doi.org/10.1007/978-1-4471-5248-4_7
http://doi.org/10.1016/j.jclepro.2014.04.077
https://wedocs.unep.org/20.500.11822/8123
http://doi.org/10.1126/science.aay3060
http://doi.org/10.18260/p.26716
http://doi.org/10.3390/biomimetics7020071
http://doi.org/10.1080/13670050608668639

Biomimetics 2022, 7, 90 12 of 12

45.
46.

47.
48.

49.
50.

Holton, D.; Clarke, D. Scaffolding and metacognition. Int. . Math. Educ. Sci. Technol. 2006, 37, 127-143. [CrossRef]

Kennedy, B.; Nagel, ] K.S. Integrating biology, design, and engineering for sustainable innovation. In Proceedings of the 2015
IEEE Integrated STEM Education Conference, Princeton, NJ, USA, 7 March 2015; pp. 88-93. [CrossRef]

VanGundy, A.B. Techniques of Structured Problem Solving; Van Nostrand Reinhold Co.: New York, NY, USA, 1981.

The SDG Accord Report. July 2018. Available online: http://www.sustainabilityexchange.ac.uk/files/the_sdg_accord_un_high_
political_forum_doc_-_interactive.pdf (accessed on 18 April 2022).

Designers Accord. Available online: http://www.designersaccord.org/ (accessed on 18 April 2022).

The Green Chemistry Commitment. Beyond Benign. Available online: https://www.beyondbenign.org/he-green-chemistry-
commitment/ (accessed on 18 April 2022).


http://doi.org/10.1080/00207390500285818
http://doi.org/10.1109/isecon.2015.7119952
http://www.sustainabilityexchange.ac.uk/files/the_sdg_accord_un_high_political_forum_doc_-_interactive.pdf
http://www.sustainabilityexchange.ac.uk/files/the_sdg_accord_un_high_political_forum_doc_-_interactive.pdf
http://www.designersaccord.org/
https://www.beyondbenign.org/he-green-chemistry-commitment/
https://www.beyondbenign.org/he-green-chemistry-commitment/

	Introduction 
	Pedagogical Framing 
	Conceptual Scaffolding 
	Methods 
	Results 
	Pre- and Post-Design Sprint Insights 
	Observations and Outcomes from Student Projects 

	Discussion 
	Conclusions 
	Appendix A
	References

