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Abstract

Biomimetic design attempts to use organisms, systems or phenomena from nature as a source
of inspiration for new ideas or concepts. Although many human designs take inspiration
from the natural world, the interest for systematizing this approach is relatively recent and
need a more rigorous analysis in order to be applied in industrial research and development
innovative contexts. This paper presents a model for biologically inspired design based
on the framework of the C-K design theory. This model was elaborated using a sample of
biologically inspired examples from the scientific literature. The results of this analysis reveal
the main roles or biological knowledge in the design process: it expands the knowledge space,
by means of the differences between natural systems and human-designed systems and also
the concepts space, by indicating directions that were not previously exploited in a human
design. This research also highlights the new forms of knowledge management and design
organization that the systematic use of biological knowledge will require.
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1. Introduction

Analogies can be used during the idea generation process, one of the first stages of
the design process. They involve the use of similarities between different situations for
transferring knowledge across concepts and domains, for problem solving and reasoning and
for representing systems (Gentner, 1998). Studying the roles of analogy in design can be
useful for better understanding the design process and to find new ways for improving it.

Numerous applications of the analogy process can be found in the biologically inspired
design field, which attempts to use the knowledge from the study and observation of natural
systems as an analogical source for improving human-made technology. Kalogerakis et al.
(2010) affirm that literature on this field “clearly focuses on describing inventive analogies”.
The analogy-making process of biologically inspired design has been analyzed in terms of the
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similarity between the biological knowledge and the solutions elaborated for a problem based
on this knowledge (Mak and Shu, 2004; Helms et al., 2009), and also in terms of the roles
of analogy in the design process: Vattam et al. (2010) identified three uses of analogies in
the biologically inspired design,“solution generation, evaluation and explanation” and other
authors studied how to support the “transfer” process (Sartori et al., 2010; Nagel et al.,
2010).

Although these studies allow a better understanding of the biologically inspired design
process, they do not fully explain how biological inspiration could be developed as an ef-
ficient component for cooperative innovative design, mainly considering its application in
the context of research and development in companies. The purpose of this paper is to
capture a more systematic modeling of the biologically inspired design that can lead to an
implementation in a company context for developing innovative concepts.

The reminder of the paper is organized as follows: Section 2 contains a brief literature
review of biologically inspired design, including definitions and methods for application,
Section 3 describes the research methodology used for this study, Section 4 details the
modeling of the inspiration process of selected case examples using a framework based on
the C-K theory, Section 5 presents a discussion on the findings of this modeling and Section
6 concludes the paper indicating perspectives for future work.

2. Theoretical background

This section presents a review of the main definitions and the methods for applying
bioinspiration described in the literature.

2.1. Bioinspiration definitions

The use of nature as a source of inspiration for developing new concepts for human
conceived systems has occurred throughout human history. Systematic studies on how
biological knowledge could improve idea generation are relatively recent: the terms used to
characterize this process, such as bionics or biomimetics were only coined in the 1960s.

Jack Steele, from the US Air Force used the term bionics in 1960 to describe “the science
of systems which have some function copied from nature, or which represent characteristics
of natural systems of their analogues”. ‘Biomimetics’ was first used in 1969, in the ti-
tle of a paper from Otto Schimitt (Some interesting and useful biomimetic transforms).
The definition of biomimetics first appeared in 1974 in the Webster’s dictionary, describing
biomimetics as “the study of biological materials, mechanisms and process for synthetizing
similar products by artificial mechanisms which mimic natural ones”(Vincent et al., 2006).

Besides bionics and biomimetics, biomimicry is another term used to refer to the notion
of using inspiration from nature in the design process. This term was popularized by the
book of Janine Benyus (Benyus, 1997).

Bioinspiration can be found in different domains such as architecture, lightweight con-
struction, materials, surfaces and interfaces, optimization, information processing, communi-
cation and sensorics, robotics and fluid dynamics of swimming and flying (Speck and Speck,
2008).
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Table 1: Steps for top-down and bottom-up biomimetic approaches for NPD, as defined by Helms et al.
(2009) and Speck and Speck (2008)

Bottom-up Top-down

Starting point Fundamental research (biolo-
gists)

Starting point An engineering problem

Research Understanding the biological
model

Search for analogies Analogy search in biological
knowledge

Principle extraction Identification of “principles” in
the biological models

Selection of suitable
principles

Suitable principles of one or more
biological models analyzed

Abstraction Transforming the biological
principle in a “solution-neutral
form”; reframing the solution
for engineers understanding and
investigation of the potential for
technical implementation

Abstraction Transforming the biological prin-
ciple in a “solution-neutral form”
and reframing for engineers un-
derstanding

Development Technical implementation of the
biological principle extracted

Development Technical implementation of the
biological principle extracted

The use of natural phenomena during the design process, do not imply the need of an
identical mimic of the natural system, as the terms biomimicry or biomimetics may indicate.
The transfer is “hardly ever a direct copy of the biological solution” (Martone et al., 2010)
and is claimed to represent a “reinvention inspired by nature” (Speck and Speck, 2008).

Many reasons are evoked for searching inspiration in nature for design: some authors con-
sider nature’s solutions inherently superior to human solutions as these solutions are the re-
sult of an evolutionary process: “after 3.8 billion years of evolution, nature has learned: what
works, what is appropriate, what lasts” (Benyus, 1997), “natural materials have evolved over
a very long period of time [...] if a natural material does a better job than an existing syn-
thetic counterpart then biomimicry of that material should be considered” (Reed et al.,
2009). Other authors consider that differences between nature and technology transform
nature in a useful source of inspiration for technology development (Vogel, 2003). How-
ever, as highlighted by Goncalves et al. (2012), making use of sources of inspiration is not a
guarantee for creative and successful outcomes of the design process.

2.2. Biologically inspired design

Vincent et al. (2006) indicated that “no general approach has been developed for biomimet-
ics”. Nevertheless, some attempts of systematization and understanding of this process have
already been made.

When considering the biomimetic design process as a whole, from the initial idea to the
final product, two directions were identified (Speck and Speck, 2008; Helms et al., 2009):
the bottom-up approach (also named “solution-driven” or “biology push”) and the top-down
approach (also named “problem-driven” or “technology pull”). The steps for each of these
directions, can be summarized as indicated in table 1.
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Helms et al. (2009) observed that in real design situations, these steps for bottom-up
and top-down processes do not occur sequentially. Speck and Speck (2008) also observed
that in the top-down approach, the search for biological analogies may also indicate some
lack of fundamental biological data, which can trigger a knowledge extension process, called
“extended top-down process”. The same iterative process can also come from a bottom-
up process, as shown by Hesselberg (2007), in the so-called “integrative organism-driven
biomimetic approach”. In both approaches, the “principles” discovered from the biological
models are used as insights for concept generation and product development.

These two directions also have common features with the conceptual design phase of
systematic design (Pahl and Beitz, 1984), such as the identification of functions and sub-
functions of a system and the search for solution principles in order to generate concepts
(Sartori et al., 2010). A broader definition of the role of biological knowledge in the con-
ceptual design step of systematic design is as analogies in the idea generation process for
solutions search (Smith, 1998; Mak and Shu, 2008; Wilson et al., 2010; Vattam et al., 2010),
meaning that a “transfer” takes place.

The effect of biological examples, which can be considered as distant analogies, in idea
generation during the conceptual design was the object of a cognitive study (Wilson et al.,
2010). The results of this study revealed that biological examples indeed increased novelty
although not significantly affecting the variety of ideas generated, when compared to a
situation with no examples. The use of human-engineered examples in the idea generation
process had a similar effect on the novelty increase, but the variety decreased, which could
indicate greater fixation effects caused by these human-engineered examples.

2.3. Methods to support biologically inspired design

Shu et al. (2011) identified two directions for research on methods to support biologically
inspired design: the first one related with the “search, retrieval and representation of the
biological phenomena for design” and the second one related with “better understanding
and support the application of biological analogies to design”.

The first direction, related to the search, retrieval and representation of biological phe-
nomena for design, include methods such as the integration of biologists in the design process,
as proposed by the Biologists at the Design Table scheme (Peters, 2011), or the develop-
ment of databases that contain biological phenomena. One online accessible database is the
AskNature database (http://www.asknature.org), a project of the Biomimicry Institute,
which has a structure composed of group functions, sub-groups and functions. Queries for
searching the database are formulated using the question “How would nature . . . ?” (e.g.
“How would nature control temperature?”). There is also the possibility of searching by the
biological phenomena or living system, e.g. “photosynthesis”, “lotus leaf”.

Databases are dependent on the amount of information entered on it and sometimes
the keywords used for queries may be misleading (Shu et al., 2011). In order to attenuate
this limitation, an approach using keyword search on texts written on natural-language
format, e.g. biology books, scientific communications and papers, was developed (Shu,
2010). Difficulties for the application of this method reside on management of the quantity
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and the quality of the matches and on the fixation effects that biological examples may
induce in designers (Shu et al., 2011; Mak and Shu, 2008).

TRIZ tools have also been used for facilitating the comprehension of biological systems
by engineers and the problem-solving activity. The Bio-TRIZ approach (Vincent et al.,
2006) proposes a new contradiction matrix based on biological phenomena as a way of
stimulating the transfer between biology and engineering. Hill (2005) uses TRIZ for framing
the problem and develops catalog sheets of biological systems basic functions for identifying
similarities between biological structures and the contradictions to be solved. Helfman-
Cohen et al. (2011, 2012) use other TRIZ tools such as “the law of system completeness”
and the “substance-field analysis” for acquiring a better understanding of biological systems
thus facilitating the transfer from biology to engineering.

The second direction, related to supporting the application of biological analogies for
design, has studies on the cognitive process of biologically inspired design (Helms et al.,
2009; Vattam et al., 2010). These studies aim at understanding the conditions for use and
contents of analogies during the whole design process (including the idea generation). Other
studies have focused on the transfer process during biomimetic design process, using tools
such as the IDEA-Inspire software to facilitate the use of biologically inspiration for idea
generation (Chakrabarti et al., 2005) and the SAPPHIRE model for understanding biological
systems (Sartori et al., 2010). This last study could also be included on the first direction.
The model developed by (Nagel et al., 2010), include representing the biological systems
using functional models for facilitating the transfer between biology and engineering, but
the efficiency of this method depends on the database of biological phenomena and on the
designer’s skills.

2.4. Conclusions from the theoretical background and research question

This literature review on biomimetic design showed the main research directions in the
field. Many authors recognize that identical mimicking of natural systems is very unlikely,
and that nature should be seen as a source of inspiration (Vogel, 2003; Speck and Speck,
2008; Martone et al., 2010).

Considering the whole biomimetic design process, two directions were identified: top-
down and bottom-up. In the first one, an engineering problem triggers the quest for biological
solutions that could be helpful for solving the problem, in the second one, the study of
biological phenomena reveals some interesting property that could be useful for technical
applications. In both cases, inspiration from nature is seen as a transfer between biology
and engineering domains for generating ideas.

Another research direction is on methods that support biologically inspired design, that
aim to ease the search and retrieval of biological phenomena that could be relevant for solving
a design problem and also to facilitate the use of biological analogies in design. The content
of the transfer from the biological phenomena and the process for retrieving “inspiring”
biological phenomena have also been studied in literature for helping in the integration of
biological inspiration to the design process.

These studies represent a first step towards the systematization of biomimetic design
method, however, the reasons for using biological knowledge are not fully explained in these
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texts. Based on this conclusion our main research question is formulated:
RQ: Why seeking inspiration in nature for design?
A subsidiary question also studied is How does bioinspiration work?.
Exploring this research question involved the study of three selected case examples which

were supported by scientific publications accounting for the detailed bioinspiration process.

3. Methodology

The core basis for the search of bioinspiration examples used in the present work were the
journal Bioinspiration and Biomimetics (IOP publishing) which contains bioinspired work
from different fields of research (robotics, materials, architecture, construction, etc.) and
is the journal publishing the greatest numbers of papers on biomimetics per year (Lepora
et al., 2013), the review on biomimetics edited by Y. Bar-Cohen (Bar-Cohen, 2012), which
has a chapter dedicated to biomimetic products (Masselter et al., 2012) and the review of
biomimetic examples by Bhushan (2009).

The analysis of the bioinspiration process of these examples needed a theoretical frame-
work for explaining the inspiration process and how this inspiration lead to a solution.
Design theories could be this support as they capture the specificity design reasoning and
have already been applied as theoretical frameworks for studying other design issues such
as: fixation effects (Agogue et al., 2011; Hatchuel et al., 2011) or creative concept generation
(Taura and Nagai, 2013).

Among design theories such as the General Design Theory (GDT), the Axiomatic Design
(AD), the Coupled Design Process (CDP) or the Infused Design (ID), we have chosen as
the theoretical framework for the examples analysis the C-K design theory (Hatchuel and
Weil, 2003). This choice relates to the fact that C-K theory “attempts to improve our
understanding of innovative design”, allowing the modeling of the generation of new objects
(Hatchuel et al., 2012) and also gives knowledge a wider variety of roles in the design process,
not only restricting it to being a space of solutions. This is important for biologically
inspired design, as in the greatest majority of studies, the biological knowledge is frequently
associated with the solutions space (Helms et al., 2009; Speck and Speck, 2008; Farel and
Yannou, 2013). The analytical power of the C-K theory for the innovative design has been
confirmed by existing literature (Reich et al., 2012; Ullah et al., 2012). Moreover, C-K theory
has been used to model creativity process in industrial R&D (see Hatchuel et al. (2012) for
examples).

3.1. Principles of C-K theory

C-K theory was introduced in 2003 by Hatchuel and Weil. In this theory, design is
defined as “an interplay between two interdependent spaces”, the space of concepts (C) and
the space of knowledge (K). Space K contains the available knowledge. Space C contains
propositions, called concepts, that are “neither true nor false in K about partially unknown
objects x”. Design proceeds by the expansion of this initial concept into other concepts (by
partitioning the concept) and/or into new knowledge. In this way, in C-K theory, both C
and K spaces are expandable and these transformations between spaces and inside the same
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space are called “operators”. There are four operators in C-K theory: C→C, C→K, K→K
and K→C. The design solution is the “the first concept to become a true proposition in K”
(a conjunction).

These two spaces have different structures. As in C-space only partitioning or inclusion
are allowed, this space has a tree structure, in which each node represent a partition in
several sub-concepts. The K space grows like “an archipelago”: new propositions are added
without necessarily following a stable order or being connected directly (Hatchuel and Weil,
2009). Figure 1, summarizes the operators and the main features of the C-K theory.

C‐space
(Propositions neither true nor false in K)

K‐space
(Propositions with a logical status)

C12C11

C1n

C1 C2

Initial
Concept
C0

(K1): Existing
knowledge

(K2): New knowledge
generated by concept

exploration

(Ki)
(Kj)

K C

K K

Conjunction: a concept
becomes knowledge

Design Path

K C

C K

Figure 1: C-K diagram and operators (adapted from Hatchuel and Weil (2003, 2009); Hatchuel et al. (2012))

The theory proposes two types of partitioning for concepts: restrictive partitions and
expanding partitions (Hatchuel and Weil, 2003). The restrictive partitions add a property to
a concept already known as a property of the entities concerned. The expanding partitions
add properties not known in K as a property of the entities concerned. Therefore, “creativity
and innovation are due to expanding partitions of concepts”.

4. Case examples bioinspiration modeling

For the study of the bioinspiration process, we have detailed three examples, which are
described in biomimetic literature. Two of them were subject of articles of the journal
Bioinspiration and Biomimetics (Lienhard et al. (2011) –Flectofin R©, Solga et al. (2007) –
the lotus effect). The third one was cited by Bhushan (2009) on its review on biomimetics
and is the object of a great number of publications in the biomimetic literature.

4.1. Self-cleaning surfaces inspired by the lotus-effect

During their works on the study of leaf surfaces by scanning electron microscopy (SEM),
Barthlott and Neinhuis (1997) observed that cleaning the leaves before examination was
always necessary for “plants with smooth leaves surfaces” while those with “epicuticular wax
crystals were almost completely free of contamination”. These epicuticular wax crystals were
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well known for conferring water repellency. Moreover, studies on the relationship between
particle deposition and surface roughness had already been made. These authors observed
that the idea of a correlation between water repellency and reduced contamination already
existed, but lacked experimental data for consolidation.

Barthlott and Neinhuis used the observation of the lotus leaves to elaborate a model
explaining the relationship between surface roughness, particle removal (self-cleanliness) and
wettability. In particular, the result of this work was patented for application in human-
made surfaces (Barthlott, 1998; Barthlott and Neinhuis, 2000). The surfaces were rendered
self-cleaning and hydrophobic by having a structure of elevations and depressions made of
hydrophobic polymers or materials.

The Lotus-effect mechanism was used for the development of exterior coatings such as
Lotusan (Sto Corp.), used for façade protection (Bhushan, 2009). It has also been introduced
in fabrics by immobilizing hydrophobic silica particles functionalized with vinyl groups using
UV photo-grafting over a poly lactic acid (PLA) fabric. In the process a rough surface with
superhydrophobicity is created, thanks to the silica particles and the vinyl groups (Singh
et al., 2012). Considering the two biomimetic approaches described in the theoretical back-
ground of this paper, the products developed based on the Lotus-effect were the result of a
bottom-up approach, in which the biological phenomena triggered the search for potential
technological applications. Seen from a C-K perspective, the first studies of Barthlott and
colleagues on leaf surfaces formed a knowledge base on these biological structures. The
observation of an interesting property during the construction of this knowledge base, the
non-contamination of the leaves with epicuticular wax crystals led to the formulation of an
expanding partition for the concept of self-cleaning surfaces: “with a rough surface” (op-
posed to rendering smooth surfaces self-cleaning). The study of the lotus model, activated
the traditional knowledge base on the “behavior of liquids applied to solid surfaces” and al-
lowed to explain the reasons for obtaining the lotus effect: rough surfaces with hydrophobic
coatings. The products with the lotus-effect were then developed using systematic engineer-
ing design (embodiment design, detail design): façade paints with nanostructured materials
(Lotusan), fabrics, etc. This process is schematically represented in Figure 2.

ConceptsL(C) KnowledgeL(K)

Withv
hydrophobicv

coatings

Withvsmoothv
surfaces

Withvroughv
surfaces

TraditionalvKnowledge

DesignvPath

Withvotherv
coatings

C0:vdesignvofvself-cleaningv
surfaces

CleaningLprocess

Removalv

processes

SBehaviorLofLliquidsLappliedLtoL

solidLsurfacesSL
(BarthlottLandLNeinhuis,L1997)

Surfacevroughnessv
andvwettability Materialvsupport

Microstructure

BiologicalvKnowledge

LeavesLstructures
PlantsLleavesLpropertiesL
(BarthlottLandLNeinhuis,L1997)

SmoothLsurfacesL
needv

mechanicalv
cleaning

RoughLsurfaces
Mfrequentlyvfreevofv

contaminationM
e.g.:vLotus Lotusvdirtvremovalv:

roughvsurfacesvandvwaterv
repellency

Smoothvsurfaces

Roughvsurfaces

Wettability

Particlevdeposition

Surfacevroughnessv
andvdirtvremoval

Figure 2: C-K diagram for the self-cleaning surfaces example
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4.2. Development of a hingeless flapping mechanism inspired by the bird-of-paradise

Reducing the complexity of movable building structures, such as façade shading systems
is a challenge for architecture (Knippers and Speck, 2012). The technical hinges used in
blinds and umbrellas for deployability are subjected to constant load cycles that wear the
mechanical pieces and cause the need of constant maintenance (Lienhard et al., 2011). From
the observation that among plants there are hinge-free movements and reversible deformation
principles, an “interdisciplinary research collaboration” between architects, engineers and
biologists from the Institute of Building Structures and Structural Design (IKTE) of the
University of Stuttgart and the Plants Biomechanic Group of the University of Freiburg
began. This collaboration aimed to investigate how these plants could be used for developing
technical applications (Masselter et al., 2012).

During this research, a screening process on plant movements led to the identification of
a kinematic principle for a façade shading system. This principle was found on the perch
of the ‘bird of paradise’ (Strelitzia reginae) flower. This perch remains closed by its two
adnate petals protecting the flower’s reproductive organs. Birds wishing for the nectar of
the flower land on the perch, bending it down. This bending simultaneously unfolds the
petals allowing pollen to touch the bird, ensuring pollination (Knippers and Speck, 2012).

Biologists investigated further this mechanism and the flower structure. A physical model
that had a similar behavior was built, by attaching perpendicularly a thin shell element (the
fin) to a rib (the backbone). Bending the rib causes a bending motion of the shell by
“torsional buckling”. The Strelitzia reginae mechanism was the element that showed how
using this torsional buckling was possible, as buckling is usually considered as a material
failure mode. In the next steps, studies on possible configurations of the rib-shell element
were carried over, and some adaptations of the observed principle to the physical structure
were made: stiffness adaptations, stress reduction and materials choice (Lienhard et al.,
2011). The result of this development process was a patented façade shading system called
Flectofin R© (Schleicher et al., 2011).

Seen using a C-K perspective, summarized in Figure 3, the existing knowledge about
deployable systems in architecture, using hinges and rollers, have triggered the generation
of the initial concept for architects. The search for alternatives to these systems led the
research group to the activation of the biological knowledge on plants movements, which
had an unexpected property: some plants had deployable mechanisms without hinges. This
generated an expanding partition to the initial concept: “without using hinges”.

The search for new attributes to this concept, led to the expansion of the knowledge
on plant deformation avoiding hinges. Several mechanisms were studied, i.e. they were
interpreted considering existing knowledge, using for example 2D or 3D models. The main
knowledge base activated was about reversible elastic deformations of materials. During
this study on the reversible deformation mechanisms of plants, the pollination mechanism
of the bird of paradise was identified as being a “special form of lateral torsional buckling”
(Lienhard et al., 2011). This knowledge, referred to a known knowledge base about a material
deformation process, but it revised the traditional way of perceiving this knowledge, changing
it from a failure mode to a desirable property.
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Concepts (C) Knowledge (K)

Using traditional
hinges and rollers

Traditional Knowledge

Design Path

Using reversible
elastic

deformations

C0: design of a deployable
system in architecture more

adaptable and energy
efficient

Movable building structures
(Lienhard et al., 2011)

Soft compression
members

Failure modes

Lateral torsional
buckling

Structural
behavior

Materials

Biological KnowledgeNatural Movements
Plant deformation without hinges

Venus flytrap
Matini, 2007Plants kinetics :

Little actuation energy
Usually reversible

Hinges and
rollers

Without using
reversible elastic

deformations

Attaching a thin
shell element to

a rib

Using special
lateral torsional

buckling

Without using
hinges

Soft tension
members

Reversible
elastic

deformations

Absence of local
hinges

Animals kinetics :
Complex movements

Snapdragon
Matini, 2007

White morning glory
Schleicher et al., 2010

Bird of Paradise
Lienhard et al., 2011

Bird of paradise
pollination mechanism

Figure 3: C-K diagram on deployable systems in architecture (inspired by plants kinetics)

The concept “without using hinges”, could then be partitioned into: using the special
form of lateral torsional buckling, that led to expansions on the traditional knowledge bases,
to conceive and test a physical model that would have the special form of lateral torsional
buckling. The next steps correspond to traditional engineering steps, where the possible
structural configurations and the structural behavior were modeled and tested, the materials
chosen, etc.

4.3. Development of gecko-inspired adhesives

The most common man-made adhesives use wet adhesives for the attachment of two
surfaces (Bhushan, 2009). Geckos have “strong, high repeatable, high speed and control-
lable attachment and detachment capabilities on a wide range of smooth and slightly rough
surfaces” (Menguc et al., 2012), which had already been observed by Aristotle two millennia
ago (Autumn and Peattie, 2002).

These controlled adhesive properties of geckos, unmatched by human-made adhesives,
stimulated researches to explain the “secret of geckos’ adhesive capabilities” (Autumn and
Peattie, 2002). Some hypothesis for the gecko’s attachment included suction, friction or
intermolecular forces (Autumn et al., 2000). These authors revealed that the attachment
properties of gecko were linked to van der Waals forces (intermolecular forces) between setae
(keratinous hairs covering gecko’s toes) and the surface. They also showed that that the
gecko’s toe uncurling and peeling movements also contributed to the adhesive properties of
setae.

This knowledge about the adhesion properties of geckos has stimulated research on gecko-
inspired adhesives. One direction of these researches aims at fabricating micro and nanos-
tructured fibrillar surfaces – e.g. the review of fabrication approaches of gecko-inspired sur-
faces by Boesel et al. (2010) – that could have reversible dry-adhesion properties (Bhushan,
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2009). Applications of these adhesives include clean transportation during the assembly
process and biomedical skin patches (Kwak et al., 2011).

Nevertheless, Bartlett et al. (2012) indicate that these attempts have poor adhesive
properties at large length scales, and used the knowledge acquired with the studies on
gecko’s adhesion to develop a scaling theory that allowed the development of “reversible,
hand-sized synthetic adhesive structures with unprecedented capacity, even without fibrillar
features”.

Using C-K theory for analyzing this case, illustrated in Figure 4, the starting point was
the biological knowledge about the gecko, which had interesting abilities. The initial concept
could be interpreted as the “design surfaces with strong and controllable adhesive proper-
ties”. This stimulated a deeper research for understanding the gecko’s adhesion phenomena.
This research represent an expansion of the biological knowledge about gecko’s adhesion
and activated traditional knowledge bases on the mechanisms for adhesion, such as suction,
friction and intermolecular forces. The measurements by Autumn et al. (2000) showed that
the adhesion mechanism was linked to the setae and the van der Waals forces. This allowed
the partitioning of the initial concept on “using fibrillar structures in the surface”, which led
to the development of fabrication techniques and surfaces using this kind of surface pattern
for adhesion. The other partition of this concept could then be formulated as: “without
using fibrillar structures”.

As these artificial fibrillar structures were not adaptable to larger scales, Bartlett et al.
(2012) developed a “scaling theory”, which used the knowledge about the energy balance of a
material adhering through a given surface area, and led to the development of un-patterned
surfaces with reversible controllable adhesive properties, which represent a partitioning of
the concept “without using fibrillar structures”.

Concepts (C) Knowledge (K)

Traditional Knowledge

Design Path

C0: design of surfaces with
strong and controllable
adhesion properties

Adhesives

Wet adhesion:
glues, tapes.

Fabrication of micro
and nanostructured
fibrillar surfaces

(Boesel et al., 2010)

Limitations at large
length scales

(Bartlett et al., 2012)

Materials
selection

Biological KnowledgeGeckos

Gecko's adhesive properties
(e.g. Autumn et al., 2000)

Gecko's feet
movements

Without a fibrillar
structure

Other human
made adhesives

Adhesion
mechanisms

Reversible attach‐/
detachment

(smooth / rough
surfaces)

Strong adhesion

Structure of gecko's
pad: setae

Using a fibrillar
surface structure

High speed

Suction

Friction

Intermolecular
forces

Scaling theory
(Bartlett et al.,

2012)

Gecko: the setae allow intimate
contact with the surface ‐ van

der Waals forces

Figure 4: C-K diagram for gecko inspired adhesives
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5. Discussion

In the previous three examples, bioinspiration is a part of the design process. The final
products have, however, no or little similarity with the biological inspiration source, in terms
of materials, forms or processes.

These examples highlight the roles of biological knowledge in the design process: In the
gecko and the lotus case, the biological knowledge indicated an unexplored path for product
development, or in the C-K theory terms, led to a partition on the concepts space, with the
formulation of a new concept. This partition on the C space is an expanding partition, since
it triggers an expansion of the knowledge bases: new knowledge were necessary to explain
the lotus and gecko phenomena and traditional knowledge bases were revised.

For the Flectofin R© case, the starting point was a design problem, which activated the
biological knowledge bases. This biological knowledge about the plants movements had
the same role as in the lotus and gecko case: it helped formulating an expanding partition
in the concepts space (without using hinges), and this partition guided the expansion on
the knowledge space: more knowledge on different biological models was necessary, and
explaining the observed natural phenomena required the activation of traditional knowledge
bases that would not otherwise be activated.

Based on these observations, a model for bioinspiration can be proposed, using a C-K
framework:

Step1: The activation of biological knowledge occurs when traditional design paths seem
to be blocked. In this case, the biological knowledge can have an unexpected property con-
sidering the existing traditional knowledge that helps partitioning a concept or formulating
a new initial concept.

Step2: This concept partitioning triggers an expansion of the knowledge on biological
systems (screening different systems, explaining observed phenomena). This expansion in
biological knowledge is accompanied by an exploration of the traditional knowledge base
for explaining the biological phenomena. These traditional knowledge bases can belong to
designers, or can come from other domains or may be completely unknown, requiring other
knowledge expansions. In all cases, some unexpected properties of biological phenomena,
which oblige the revision of traditional knowledge, using non-spontaneously activated knowl-
edge will be identified.

Step3: These unexpected properties triggers concepts partitioning and guides knowl-
edge exploration.

Step4: Once the bioinspired path is identified and the traditional knowledge bases acti-
vated, the design process continues, using the new elements gathered with the bioinspiration
process.

This model is schematized in Figure 5.
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Figure 5: C-K diagram for bioinspiration

Our research questions can be answered using the proposed model: bioinspiration is
used when traditional design paths seem to be blocked, or when nature has properties that
are not explained by the traditional knowledge bases. The bioinspiration process uses the
unexpected properties of biological knowledge for concepts partitioning and for knowledge
revision and expansion.

Considering the top-down and bottom-up directions proposed by the literature, the C-
K model for bioinspiration shows that the principles extracted from biological knowledge
(Speck and Speck, 2008; Helms et al., 2009) consist in properties that are unexpected con-
sidering the traditional knowledge bases. In addition to generating new concepts, these
unexpected properties also allow a revision of the traditional knowledge, including the acti-
vation of non-spontaneously activated knowledge, which is not a simple knowledge transfer
between the biological and traditional bases. Table 2 compares the top-down, bottom-up
and C-K bioinspiration models. Although containing similar steps, the bioinspiration C-K
model highlights the different roles of biological and traditional knowledge during the design
process.

This model also brings some insights about the creativity outcome of using analogies
between concepts from distant domains, such as biology and engineering, during the design
process. According to Cheong and Shu (2013) these analogies are considered as stimuli
to creative ideas. The bioinspiration modeling shows that the distant analogy is useful for
concept generation when it allows a dual expansion: An expansion of the inspiring knowledge
and an expansion of the traditional knowledge. This dual expansion enlarges the knowledge
bases available for design and the unexpected properties found during this expansion process
increase the possibilities of concepts partitioning.
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Table 2: Comparison between bioinspiration C-K model, bottom-up and top-down biomimetic approaches

Bioinspiration C-K Bottom-up Top-down

Blocked design paths (C-space)
Biological research (K-space)

Fundamental biological research An engineering problem

Identification of unexpected prop-
erties of biological knowledge (K-
space) and C-partitioning (C-space)

Understanding the biological
model and principle extraction

Analogy search in biological
knowledge and selection of suit-
able principles

Further exploration of biological
knowledge (unexpected properties)
and revision of traditional knowl-
edge bases (K-space)

Separation of the principles from
the biological model, transfer of
knowledge. Abstraction – (Speck
and Speck, 2008)

Separation of the principles from
the biological model and trans-
fer of knowledge. Abstraction –
(Speck and Speck, 2008)

Concepts partitioning using the re-
vised traditional knowledge and the
unexpected properties

Making principles understand-
able by non-biology experts and
problem definition

Making principles understand-
able by non-biology experts

Definition of design paths developed
with traditional and revised knowl-
edge

Technical implementation of the
biological principle extracted

Technical implementation of the
biological principle extracted

6. Conclusions and future work

Using biologically inspired design in a systematic way for improving the design process
and generating new and innovative ideas has received great interest since the 1960s. The
first steps for systematizing this process include the development of databases with biological
phenomena, the use of tools for facilitating the analogical transfer between biology and
engineering, and studies focusing on understanding the effects of these analogies on idea
generation.

The proposed modeling of some examples of bioinspiration using the C-K theory frame-
work provide a new insight about the role of bioinspiration in the design process and also
on the new tools that bioinspiration requires when applied in a company context.

Bioinspiration occurs when traditional design paths seems to be blocked. Nevertheless,
the partitioning indicated by the unexpected property from biological knowledge may seem
not feasible, just being a surprising concept. Accessible new design paths can result from
this process, when subsequent expansion of biological knowledge indicate that a revision of
traditional knowledge base is required (expansion or discovery processes).

Therefore, biological knowledge does not offer solutions, it stimulates the reorganization
of knowledge bases, creating bridges between different domains inside the traditional knowl-
edge. This conclusion is important for reducing the risks of idolizing nature processes and
systems.

Systematically applying bioinspiration in companies requires a new form of knowledge
management, which allows the revision and expansion of traditional knowledge, in the light of
the interesting properties gathered from biological knowledge. The acquisition of biological
knowledge stimulates the identification of an unexpected property when this knowledge is
compared to the traditional knowledge available. This unexpected property will thus revise
and expand the traditional knowledge. This expansion can lead to new paths that may be
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very distant from the initial unexpected property, but that will benefit from the revised
traditional knowledge bases for their development. Applying bioinspiration in a company
context requires not only new competencies in biology, but also the possibility of traditional
knowledge expansion.

On-going experimentations for applying bioinspiration for generating new concepts in a
large automaker research and development process show that one of the greatest difficulties
for the bioinspiration process is finding the suitable biological knowledge bases for the design
problem. The methods aiming at systematizing biological models for facilitating analogical
transfer, such as those developed by Helfman-Cohen et al. (2011, 2012) can help overcoming
this difficulty.

In the first steps of this concrete field study under development, the application of bioin-
spiration led to the identification of potentially interesting biological properties coming from
unusual domains considering the traditional engineering competencies. A deeper exploration
of this new biological knowledge required the association with a biology specialist. The ex-
changes between this specialist and the engineers showed some possibilities of rediscussion of
the traditional engineering knowledge and also that new competencies had to be developed
inside the company. These interactions also reveals some approach and communication dif-
ferences between scientists with engineering and biology backgrounds. The need for further
exploration of biological knowledge for developing concepts associated with the unexpected
properties and the reorganization of the existing traditional engineering knowledge were
both steps found in the C-K bioinspiration model. Further research should include the eval-
uation of the organizational and managerial implications of applying bioinspiration in this
company study.
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