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ABSTRACT

In biomimetic design, nature — natural phenomegsiems or organisms - is used as
a source of inspiration for producing new ideasconcepts. While being widely
recommended this approach lacks rigorous analysisn@anageable systematization
that would be needed in industrial contexts. Bettevdeling of this process of
bioinspiration is a condition for applying bioinsgion to stimulate innovation in a
controlled way. This paper presents a model forinsmration based on the
framework of the C-K design theory. This model wésborated considering a review
of the existing literature on methods for impleniegtbiomimetic design and an
analysis of selected biomimetic product developmeade examples. The results
reveal the main roles of biological knowledge ia ttesign process (1) indication of a
“design direction”, meaning an expansion on thecepts space, (2) indication of
knowledge domains where no or few knowledge islalibg, (3) reorganization of the
knowledge base, activating knowledge bases thatdvoot otherwise be activated.
This improved understanding of the bioinspiratioagess outlines more sophisticated
and profound conditions that have to be managedréating value.

INTRODUCTION

Idea generation or ideation is part of the eathges of new product development
(NPD) also known as the "front-end" and supportedpct concept inception
(Khurana and Rosenthal, 1998). The front-end i® alamed “fuzzy front-end” as
these early stages lack “well-defined processegbie information and proven
decision rules” (Dahl and Moreau, 2002). The analyg NPD practices emerging
from the PDMA best practices study indicated thdé& generation and management
seem to be rather poorly managed in the FFE”: @ifsignt part of the ideas seems to
have been generated by an informal process or wutittepecific prompting
(Barczak et al., 2009). These new ideas may havkereit sources, involving
customers, other companies and employees (Coopdfdgett, 2008).

Methods and techniques have been proposed andsack to improve the idea
generation process (Smith, 1998, Cooper and Ed2#18). Among these techniques,
bionics is described as an analogy strategy foegimg ideas as users are asked to
think about the way the problem is solved in nat{8mith, 1998). Although using



nature for generating ideas is not new, its systienapplication and the development
of methodologies for it are relatively recent (Memtet al., 2006, Marshall and
Lozeva, 2009).

Literature use different terms to characterize tise of knowledge from nature to
idea generation and product development: bionicemimetics, biomimicry,
biologically inspired design or bioinspiration. Onetion that these terms refer to is
that engineering can copy or imitate (parts ofuraltsystems (bionics — like (ic), life
(bio) — Shu et al., 2011; biomimetics, biomimicryimitate f(nimesi$, life (bios) —
Bar-Cohen, 2006, Benyus, 1997). The other notiotihas$ (parts of) natural systems
may serve as “mental stimuli” for generating anaidas inspiration (biologically
inspired, bioinspiration).

However, a clear distinction between imitatiom amspiration from nature does not
seem to be acknowledged and these terms are afteidered as synonyms that can
refer to both notions. For example, Vincent e(2006) consider these terms as
synonymous implying “copying or adaptation or datien from biology”.
Shu et al. (2011) also consider these terms asiwgymaus “to mean emulating natural
models, systems, and processes to solve humanepisbl Benyus (1997), define
biomimicry as “a new science that studies natunetglels and then imitates or take
inspiration from these designs and processes t@ doiman problems, e.g., a solar
cell inspired by a leaf”.

Other directions on the use of biological knowjedfor product development,
involve applying engineering knowledge to “solvenlgems in life sciences”, for
example, on the development of medical devicess@msnimplants, prosthesis, etc.
(Shu et al., 2011), and using biological systemshiaman purposes, as in synthetic
biology, where engineering knowledge reconfiguresgolgical systems or create new
ones (Schyfter, 2012) or in more common activisesh as animal husbandry or
agriculture. The direction that will be explored this paper is the biological
inspiration for idea generation.

Considering the importance of the idea generationNPD (Amabile, 1996,
Dahl and Moreau, 2002, Reid and de Brentani, 2004Cooper and Edgett, 2008,
Im et al., 2013), this paper aims to propose a Iinoidihe process of inspiration from
natural systems during the fuzzy front end of NBiaf could reinforce the systematic
use of bioinspiration for idea generation andntgplementation in a company context
for promoting innovative design.

The paper is organized as follows: the firstisectontains a brief literature review
of the biologically inspired design. Next, the ilmation process of a sample of three
selected case examples will be presented and a&thlyging a framework based on
the C-K design theory. A discussion on the findimgghis modeling of inspiration
will lead us to the conclusions about using biatadjiinspiration in the context of
innovative new product development and its manageamiplications.

THEORETICAL BACKGROUND

In this section, a review of the main aspectshef literature on the bioinspiration
process, including the definitions and methods desd for integrating biological
inspiration in product design and development Ww# presented. For commodity
reasons, this literature review will not recall state of the art of idea generation for
NPD and will focus on the part of the literaturaitis linked to bioinspiration and is
appropriate to define our research issues andniysdi



Definitions of bioinspiration

The process of using nature as a source of mtsmir for design has occurred
throughout human history but its systematic stuidyireg at improving new product
development is relatively recent. Terms such asiband biomimetics were coined
only in the 1960s.

Bionics was coined by Jack Steele from the USHirce to describe "the science of
systems which have some function copied from nature which represent
characteristics of natural systems or their anaegu (Vincent et al., 2006).
‘Biomimetics’ was coined by Otto Schimitt, a scientin biophysics and
bioengineering, in the title of a paper presented 969 at the Third International
Biophysics Congress Sbme interesting and useful biomimetic transfrms
(Harkness, 2002). The definition of biomimeticssfirappeared in the Webster's
dictionary in 1974 as:

"the study of the formation, structure, or fuoati of biologically produced
substances and materials (as enzymes or silk) amldgltal mechanisms and
processes (as protein synthesis or photosynthesisgcially for the purpose of
synthesizing similar products by artificial mectsams which mimic natural ones"
(Vincent et al., 2006).

Another term, biomimicry, is also used to desetibis process, and was popularized
by the book of Janine Benyus (1997).

Speck and Speck (2008) distinguish seven subolngsin biologically inspired
research: architecture & design, lightweight camdion & materials, surfaces &
interfaces, fluid dynamics of swimming & flying, dihecatronics & robotics,
communication & sensorics and optimization.

One of the most known examples of successfuhbpred design is Velcro, created
in 1955 by the Swiss engineer George de Mestrat afiserving that the seeds of the
burdock plant attached to his dog's fur or to f@lofi his clothes. The observation of
these seeds on the microscope showed that the twatkstick from the seed attach to
the fur or fabric, gripping instantly but ungripgirwith a light force. He used the
"hook and loop" concept to create the Velcro zgtdaer which has in one side stiff
hooks as the burs and in the other side loopsaifiahric (Bhushan, 2009).

Using natural phenomena during the design prodessot imply the need of an
identical mimic, as shown in the Velcro example.eTinansfer of the biological
phenomena into a technical solution is “hardly exetirect copy of the biological
solution” (Martone et al., 2010) and representsreinvention inspired by nature”
(Speck and Speck, 2008). Some reasons for gettiggired by nature for design
include: minimal use of materials and energy, eaminental friendliness,
optimization of designs and process by natural ctele and evolution
(Reed et. al., 2009). For some authors naturelgisas may seem inherently superior
to human’s: “after 3.8 billion years of evolutiamture has learned: what works, what
is appropriate, what lasts” (Benyus, 1997). Otleenssider that the differences from
nature and technology transform nature in a usefrce of inspiration for
technology development (Vogel, 2003). However, a®inted out by
Gongalves et al. (2012), making use of sourcesgbiration is not a guarantee for
creative and successful outcomes of the desigrepsoc



Biologically inspired design

These innovations inspired by nature have stitadlattempts of systematization of
the biologically inspired design processes. Vinadrdl. indicated in 2006 that “no
general approach has been developed for biomirietics

From the analysis of the biomimetic design precas a whole (from the initial
concept to product development), two directionsenidentified (Helms et al., 2009,
Speck and Speck, 2008): thieottom-up approach (also named “solution driven” or
“biology push”) and the top-dowri approach (also named “problem driven” or
“technology pull”). The steps of these two appraclare summarized in Table 1.
Helms et al. (2009) observed that in real situatiothese steps do not occur
sequentially.

Bottom-up Top-down
Starting point Fundamental research biologists Starting point An engineering problem
Detailing and Understanding biological model arl Search for Search for analogies in biological
principle identifying “principles” analogies for the  knowledge
extraction problem
Abstraction Transforming the biological principle Selection of the Suitable principles of one or more
in a “solution neutral form” and suitable biological models analyzed

reframe the solution for engineersprinciples
understanding

Technical Product development using th Abstraction Transforming the biological
implementation  biological principle extracted principle in a “solution neutral
form” and reframe the solution
for engineers

Technical Product development using the
implementation biological principle extracted

Table 1 : Steps for top-down and bottom-up biomimet approaches for NPD (Speck and Speck, 2008,
Helms et al., 2009)

In the bottom-up approach, the starting point tfee product development is the
research of biological systems by biologists, whgkurther completed by a detailed
understanding of the form-structure-function relaships and an identification of the
principles discovered from the biological modele$a principles are then abstracted
for facilitating the comprehension by people withaustrong biology background in
order to guide their technological implementatiorspégck and Speck, 2008,
Masselter et al., 2011). Before technological impatation, Helms et al. (2009)
include other steps to the bottom-up approach:lprotsearch, in which a search for
human problems for applying the biological prineiplakes place, and problem
definition, where the identified problem is definaeding functional decomposition
(Shu et al., 2011).

The top-down approach starts with a definitioriraf problem to be solved in a way
that allows the search for biological analogies.this process there is also an
abstraction step like the one described for thdoboup process. The top-down
process may also indicate some areas of biologyevttere may be some lack of
fundamental data. This knowledge extension wagdad#éxtended top-down process”
by Speck and Speck (2008). This extension of kndgéeon biological phenomena
may also result from a bottom-up process, which nased “integrative organism-
driven biomimetic approach” (Hesselberg, 2007).

Considering these two approaches, biomimeticgdesippears as a case where
designers have a problem and in order to solveey decompose the problem, by
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analyzing its functional requirements and finaljutions from known designs (in the
case of biomimetic design, from designs found iturad systems) are transferred to
the current problem and the solution is thus in@etally developed
(Vattam et al., 2010).

Besides, “bottom-up” and “top-down” definitions@ have many points in common
with the conceptual design phase of systematigdg#tahl and Beitz, 1984), such as
identification of the functions and sub-functiomglahe search for solution principles
in order to generate concepts (Sartori et al., pOB@logical phenomena, abstracted
in its essential functions would act as a sourdasyiration for the solution principles
(Nagel et al., 2010). A broader definition of thader of biological phenomena in the
conceptual design step of systematic design isnatogies in the idea generation
process for the solutions search (Mak and Shu,,2008ilson et al., 2010,
Vattam et al., 2010), meaning that a “transferet@ments from the biological world
to the domain of the object being designed takasepl

In biology, analogy is defined as “a resemblanetveen two features that is due to
convergent evolution rather than to common ancégtpadava et al., 2011). For
engineering design, Christensen and Schunn (208&tified three functions for
analogies: explanation, problem-solving and probigemtification. For the problem-
solving process, analogies are used as a meansltbat the problem solver to
“access, map, and transfer knowledge situated mvitan analogous situation”
(Kalogeratis et al., 2010). Considering the ideaegation process, analogies have
been considered as a technique for idea generg8amth, 1998). “Analogical
inspiration” is considered as a way of increasihg humber and the variety of
solutions to a problem that can lead to more “nodesigns (Tseng et al., 2008).

Some experimental studies have indicated thatude distant analogies, i.e. the
source and the target domains belong to differeatoss could be “positively related
to originality in design” (Dahl and Moreau, 2002Jhe effect of the biological
examples (distant analogies) in idea generationnguconceptual design was the
object of a cognitive study (Wilson et al., 2010jieh indicated that biological
examples indeed increased novelty although notfgigntly changing the variety of
the ideas generated, when compared to a situatittnne examples. Using human-
engineered examples in the idea generation prd@asa similar effect on the novelty
increase, but the variety decreased, which meatsrtta way exposure to the human-
engineered examples leads to a greater fixati@tefian biological examples.

Other studies on the analogy-making process thidads place during biomimetic
design support the idea that nature is not a sirmplgel for copy, but can be used as a
“source of inspiration”’(Mak and Shu, 2008, Helmslet2009, Vattam et al., 2010
and Sartori et al., 2010).

Methods to support biologically inspired design

Shu et al. (2011) identified two directions fteetresearch on methods to support
biologically inspired design: the first one relatedth the “search, retrieval and
representation of the biological phenomena for gfésand the second one related
with “better understanding and support the appbecabf biological analogies to
design”. The references and methods associated th#ke two directions are
summarized in Table 2.

The first direction, related to the search, estali and representation of biological
phenomena for design, include methods such asntegration of biologists in the
design process, as proposed by the “Biologists hat Design Table” scheme
(Peters, 2011), or the development of databasésctmain biological phenomena.
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One online accessible database is the AskNaturabadse¢, a project of the
Biomimicry Institute, which has a structure compmbsé group functions, sub-groups
and functions. Queries for searching the databesdoamulated using the question
“How would nature....?” (e.g. “How would nature casittemperature?”). There is
also the possibility of searching by the biologiplenomena or living system, e.g.

“photosynthesis”, “lotus leaf”.

“Search, retrieval and representation of the “Better understanding and support for the

biological phenomena for design” application of biological analogies for
design”
Ask biologists directly Compound Analogies, DANE (Design by

Analogy to Nature Engine)
(Helms et al., 2009, Vattam et al., 2010,
Wiltgen et al., 2011)
Use of databa: Support - transfe » in biomimetic design an
asknature.org (The Biomimicry Institute) functional representation for aiding
biomimetic and artificial inspiration
(Sartori et al., 2010, Chakrabarti et al., 2005)
Natural-language approach Function-based, biologically inspired concept
(Shu, 2010) generation
(Nagel et al., 2010)
Bio-TRIZ
(Vincent et al., 2006)
Law of system completeness and Subst-
field analysis applied to biological systems
(Helfman Cohen et al., 2011, 2012)
Table 2 : Research directions on methods to suppobiomimetic design (adapted from Shu et al., 2011).

Databases are dependent on the amount of inframmentered on it and sometimes
the keywords used for queries may be misleadings €lal., 2011). In order to
attenuate this limitation, another approach thatkes/word search on texts written on
natural-language format, e.g. biology books, sdientommunications and papers,
was developed (Shu, 2010). Difficulties for the lagggion of this method reside on
management of the quantity and the quality of tladchnes and on the fixation effects
that biological examples may induce in designers hu(& al, 2011,
Mak and Shu, 2008).

TRIZ tools have also been used for facilitatig ttomprehension of biological
systems by engineers and the problem-solving #&gtiiihe Bio-TRIZ approach
(Vincent et al., 2006) proposes a new contradictmoatrix based on biological
phenomena as a way of stimulating the transfer éetwbiology and engineering.
Hill (2005) uses TRIZ for framing the problem arska catalogue sheets of biological
systems basic functions for identifying similaritibetween biological structures and
the contradictions to be solved. Helfman Cohen.e2®11,2012) uses other TRIZ
tools such as “the law of system completeness”thedsubstance-field analysis” for
acquiring a better understanding of biological syst thus facilitating the transfer for
the engineering world.

The second direction, related to supporting h@ieation of biological analogies for
design, has studies on the cognitive process ofodimally inspired design
(Helms et al., 2009, Vattam et al., 2010) undeditam the conditions for use and
contents of analogies during the whole design @®¢mcluding the idea generation).
Other studies have focused on the transfer prab@ssg biomimetic design process,
using tools such as the IDEA-Inspire software toiltate the use of biologically
inspiration for idea generation (Chakrabarti ¢2805) and the SAPPHIRE model for
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understanding biological systems (Sartori et &1,3. This last study could also be
included on the first direction. The model develbg® Nagel et al.(2010), include
representing the biological systems using functiomadels for facilitating the
transfer between biology and engineering, but itethels on the database of biological
phenomena and on the designer’s skills.

Conclusions from the theoretical background

This literature review on biomimetic design shdwke main research directions in
the field. Many authors recognize that identicamimcking of natural systems is very
unlikely, and that nature should be seen as a soafcinspiration (Vogel, 2003,
Speck and Speck, 2008, Martone et al, 2010). Ceriagl the whole biomimetic
design process, two directions were identified-dogvn and bottom-up. In the first
one, an engineering problem triggers the quesbifmogical solutions that could be
helpful for solving the problem, in the second aihe, study of biological phenomena
reveals some interesting property that could bdulider technical applications. In
both cases, inspiration from nature is seen asaasfir between biology and
engineering domains for generating ideas. Anotksearch direction is on methods
that support biologically inspired design, that donease the search and retrieval of
biological phenomena that could be relevant foviagl a design problem and also to
facilitate the use of biological analogies in desighe content of the transfer from the
biological phenomena and the process for retrieVimgpiring” biological phenomena
have also been studied in literature for helpingthe integration of biological
inspiration to the design process.

RESEARCH METHODOLOGY

These studies, although representing a firstfstepystematizing biomimetic design
method, do not fully explain the reasons for “imapon searching” in biological
knowledge bases. Based on this conclusion, our mmesearch question was
formulated:

RQ : What means using inspiration from naturerfew product development?

In order to access the meaning of bioinspirafienthe process of new product
development, two subsidiary research questions alsceformulatedRQ1: Why seek
inspiration in natureandRQ2: How does bioinspiration work?

Three case examples, supported by scientificigatibns accounting for the detailed
bioinspiration processes, were chosen from thealilee to explore this research
guestion.

The core basis for the search of bioinspiratieneples in literature were the journal
Bioinspiration and Biomimetics (IOP publishing), #@scontains bioinspired work
from different fields of research (robotics, madésj architecture, construction, etc.)
and is the journal publishing the greatest numbérsapers on biomimetics per year
(Lepora et al., 2013), the review on biomimeticdteztl by Y. Bar-Cohen (Bar-
Cohen, 2012), which has a chapter dedicated to ibietit products
(Masselter et al., 2012) and the review of biomimekxamples by Bhushan (2009).

In the field of new product development, refeenthat cite or make connections to
bioinspiration applied to NPD are not numeroussTdonclusion came from a search
using keywords related to bioinspiration (biomirasti biomimicry, bionics and
biologically inspired) in all issues (until 2013j wvo journals on the NPD field: the
Journal of Product Innovation Management and theatBsity and Innovation

7



Management Journal. These results are summariz&alaie 3. In the Creativity and
Innovation Management Journal, most of the refexendte the use of bionics or
biomimetics coupled with TRIZ (Hill, 2005, Moerhl2005, 2010,
Vincent et al., 2005). Buijs et al. (2009) describe case of a real-life technical
problem using creative problem solving techniques] used nature for generating
analogies to the problem in the phase of idea geiner Hauschildt (1996) cites
bionics as a creativity technique.

Search term Journal of Product Creativity and Innovation
Innovation Management Management Journal
Bioinspir* No matches No matches
“Biologically No matche No matche
inspired”
Biomim* Kalogeratis et al., 2010 Vincent et al.,2005
Buijs et al., 2009
Bionic Kalogeratis et al., 20: vanAndel, 1992 Hauschildt,199¢

Hill, 2005; Vincent et al., 2005
Moehrle, 2005, 2010
Table 3 : Search results using keywords related toioinspiration in two NPD journals: Journal of
Product Innovation and Management and Creativity aml Innovation Management Journal

The theoretical framework used to model insparatfrom nature in this paper is
based on the C-K design theory. We chose a debigoryt for this modeling as it
captures the specificity of the design reasonin@t¢huel et al., 2012). Design
theories have been applied as theoretical framesvtk explaining fixation effects
(Agogué et al., 2011, Hatchuel et al., 2011), foteeding the scope of creative
conceptual design (Shai et al., 2009), for discusshe process of creative concept
generation in design (Taura and Nagai, 2013).

C-K theory was chosen among other design themues as the General Design
Theory (GDT), the Axiomatic Design (AD), the Coupl®esign Process (CDP) or
the Infused Design (ID). This choice relates to fthet that C-K theory “attempts to
improve our understanding of innovative design’lowing the modeling of the
generation of new objects (Hatchuel et al., 201®) also gives knowledge a wider
variety of roles in the design process, not onlstrieting it to being a space of
solutions. The analytical power of the C-K theaoy the innovative design has been
confirmed by existing literature (Reich et al., 201 Sharif Ullah et al., 2012).
Moreover, C-K theory has been used to model crigatprocess in industrial R&D
(see Hatchuel et al., 2012 for examples).

C-K theory: notions and operations

The C-K theory was introduced in 2003 by Hatcrared Weil. In this theory, design
is defined as “an interplay between two interdependpaces”, the space of concepts
(C) and the space of knowledge (K). Space K costtia available knowledge. Space
C contains propositions, called concepts, that‘aegher true nor false in K about
partially unknown objects x”. Design proceeds by éixpansion of this initial concept
into other concepts (by partitioning the concepijl/ar into new knowledge. In this
way, in C-K theory, both C and K spaces are exphlledand these transformations
between spaces and inside the same space are taflechtors”. There are four
operators in C-K theory: €C, C>K, K>K and K>C. The design solution, is the
“the first concept to become a true propositioK’ir(a conjunction).



These two spaces have different structures. A€4space only partitioning or
inclusion are allowed, this space has a tree strecin which each node represent a
partition in several sub-concepts (Hatchuel andIV2€03). The K space grows like
“an archipelago”: new propositions are added withoecessarily following a stable
order or being connected directly (Hatchuel et20Q9). Figure 1, summarizes the
operators and the main features of the C-K theory.

The theory proposes two types of partitioningdonceptsrestrictive partitionsand
expanding partitions(Hatchuel and Weil, 2003). The restrictive pastis add a
property to a concept already known as a propeftthe entities concerned. The
expanding partitions add properties not known ina¥ a property of the entities
concerned. Therefore, "creativity and innovatioa due to expanding partitions of
concepts".

C Space K Space
(Propositions neither true nor false in K) (Propositions with a logical status)

Initial < k>c (K,) : Existing
<€
Concept ) knowledge

(k) ()

~
== Design Path A@“'\) Conjunction : concept

becomes knowledge

Figure 1 : C-K diagram and operators (adapted fromHatchuel et al., 2003, 2009, 2012)

MODELING BIOINSPIRATION FROM CASE EXAMPLES

For the study of the bioinspiration process, \mgehdetailed three examples, which
are described in biomimetic literature. Two of therare subject of articles of the
journal Bioinspiration and Biomimetics (Lienhardadt 2011 - Flectofin®,
Solga et al., 2007 — the lotus effect). The thiné avas cited by Bhushan (2009) on its
review on biomimetics and is the object of a greamber of publications in the
biomimetic field.

Self-cleaning surfaces inspired by the lotus-effect

During their works on the study of leaf surfadgsscanning electron microscopy
(SEM), Barthlott and Neinhuis (1997) observed thlaning the leaves before
examination was always necessary for “plants wittosth leaves surfaces” while
those with “epicuticular wax crystals were almostnpletely free of contamination”.
These epicuticular wax crystals were well known ¢oinferring water repellency.
Moreover, studies on the relationship between gartideposition and surface
roughness had already been made. These authorsvedbsthat the idea of a
correlation between water repellency and reducedacoination already existed, but
lacked experimental data for consolidation.

Barthlott and Neinhuis used the observation eflttus leaves to elaborate a model
explaining the relationship between surface rougbneparticle removal (self-
cleanliness) and wettability (Barthlott and Neir)ui997). In particular, the result of
this work was patented for application in human-enadirfaces (Barthlott, 1998,
Barthlott and Neinhuis, 2000). The surfaces werendeeed self-cleaning and



hydrophobic by having a structure of elevations depressions made of hydrophobic
polymers or materials.

The Lotus-effect mechanism was used for the dgweént of exterior coatings such
asLotusarf (Sto Corp.), used for facade protection (BhusBan9). It has also been
introduced in fabrics by immobilizing hydrophobitica particles functionalized with
vinyl groups using UV photo-grafting over a polyctia acid (PLA) fabric. In the
process a rough surface with superhydrophobicitgresated, thanks to the silica
particles and the vinyl groups (Singh et al., 2012)

Considering the two biomimetic approaches desdrib the theoretical background
of this paper, the products developed based on.ahes-effect were the result of a
bottom-up approach, in which the biological phenoanériggered the search for
potential technological applications. Seen from-K @erspective, the first studies of
Barthlott and colleagues on leaf surfaces formkdaviedge base on these biological
structures. The observation of an interesting ptgpauring the construction of this
knowledge base, the non-contamination of the leavi#ts epicuticular wax crystals
led to the formulation of an expanding partitiorr fibe concept of self-cleaning
surfaces: “with a rough surface” (opposed to reimgesmooth surfaces self-cleaning).
The study of the lotus model, activated the tradai knowledge base on the
“behavior of liquids applied to solid surfaces” aaitbwed to explain the reasons for
obtaining the lotus effect: rough surfaces with roydhobic coatings. The products
with the lotus-effect were then developed usingtesystic engineering design
(embodiment design, detail design): facade painith wanostructured materials
(Lotusarf), fabrics, etc. This process is schematicallyesented in Figure 2.

Concepts Space (C) Knowledge Space (K)
pro e
C;: design of self cleaning m“;:":::anﬂ i ]
[
_ surfaces wettability (M| dirt removal | _ Material support |
T “Behavior of liquids applied tosolid T S 0SS s ]
surfaces” ! I
(Barthlott and Neinhuis, 1997) : Microstructure ‘I
With smoath “Traditional” Knowledge
surfaces
Smooth surfaces Smooth
surfaces: Need
er coatings Rough surfaces PRy Rough surfaces |
; cleaningprocess  frequentlyfree of Lotus : dirt removal - rough
— bill
Wettabifity ""“&"_"""'“w"“‘ surfaces and water repellency
Particle de ftie
rticle deposition Blinfs leveapropertios
Plants leaves structures. (Barthlott and Neinhuis, 1997) e .
Biological Knowledge

Figure 2 : C-K diagram on self-cleaning surfaces fispired by the lotus leaves)

Development of a hingeless flapping mechanism ingpd by the bird-of-paradise
Reducing the complexity of movable building stures, such as fagade shading
systems is a challenge for architecture (Knippads$peck, 2012). The technical
hinges used in blinds and umbrellas for deploygbdre subjected to constant load
cycles that wear the mechanical pieces and caesedéed of constant maintenance
(Lienhard et al., 2011). Noting that among plahere¢ are hinge-free movements and
reversible deformation principles, an ‘“interdisgipky research collaboration”
between architects, engineers and biologists flmeninstitute of Building Structures
and Structural Design (IKTE) of the University oftuigart and the Plants
Biomechanic Group of the University of Freiburg aegto investigate how these
plants could be used for developing technical apfibns (Masselter et al., 2012).
During this research, a screening process ont praavements led to the
identification of a kinematic principle for a fagadhading system. This principle was
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found on the perch of the ‘bird of paradis&trelitzia reginag flower. This perch
remains closed by its two adnate petals protedtiegflower’s reproductive organs.
Birds wishing for the nectar of the flower land the perch, bending it down. This
bending simultaneously unfolds the petals allowptjen to touch the bird, ensuring
pollination (Knippers and Speck, 2012).

Biologists investigated further this mechanisnd #me flower structure. A physical
model that had a similar behavior was built, by@ting perpendicularly a thin shell
element — the fin — to a rib — the backbone. Bemdire rib causes a bending motion
of the shell by “torsional buckling”. The Strelézireginae mechanism was the
element that showed how using this torsional bagklivas possible, as buckling is
usually considered as a material failure modehiriext steps, studies on possible
configurations of the rib-shell element were catrer, and some adaptations of the
observed principle to the physical structure wesde stiffness adaptations, stress
reduction and materials choice (Lienhard et al1,120The result of this development
process was a patented facade shading system caléectofir®
(Schleicher et al., 2011).

Seen using a C-K perspective, summarized in Ei§uthe existing knowledge about
deployable systems in architecture, using hinged mntlers have triggered the
generation of the initial concept for architecthieTsearch for alternatives to these
systems led the group to the activation of the dgimlal knowledge on plants
movements, which had an unexpected property: sotaatsp had deployable
mechanisms without hinges. This generated an expgnghartition to the initial
concept: “without using hinges”.

Concepts Space (C) Knowledge Space (K)

C,: design of a deployable

systemin architecture more

adaptable and energy
.,\e_fficienl

Movable building structures |
(Lienhard etal, 2011 |

Using traditional
principles (hinges
and rollers) P

“Traditional” Knowiedgre,

enus flytrap
Matini 2007 Snapdragon
Matini, 2007

Usualh
‘Work with tha absance oflocal hinges

White morning glory
Using reversible Usi al
ithout usiny o Sl i schieiherrd, 2010 Birdofparadise Bird-of-paradise pollination
revers c complexmovements = mechanism
. de » . T ons
in

Natural Movements  Plant deformation without hinges

Biological Knowledge

Figure 3: C-K diagraﬁwioﬁ-deployable systems in atdtecture (inspired by plants kinetics)

The search for new attributes to this concepttéethe expansion of the knowledge
on plant deformation avoiding hinges. Several meisms were studied, i.e. they
were interpreted considering existing knowledgégior example 2D or 3D models
(Matini and Knippers (2008) called these modelsstedrt formal patterns”). The
main knowledge base activated was about reversiaitic deformations of materials.
During this study on the reversible deformation hagsms of plants, the pollination
mechanism of the bird of paradise was identifiedeaisig a “special form of lateral
torsional buckling” (Lienhard et al., 2011). Thindwledge, referred to a known
knowledge base about a material deformation prodmssit revised the traditional
way of perceiving this knowledge, changing from adlure mode to a desirable
property.

The concept “without using hinges”, could thenpaetitioned into: using the special
form of lateral torsional buckling, that led to @xsions on the traditional knowledge
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bases, to conceive and test a physical model tlatdvhave the special form of

lateral torsional buckling. This physical model walstained using “a thin shell

element attached orthogonally to a rib or beam efgin(Lienhard et al., 2011). The

next steps correspond to traditional engineeriegpsstwhere the possible structural
configurations and the structural behavior were eted and tested, the materials
chosen, etc.

Development of gecko-inspired adhesives

The most common man-made adhesives use wet adbdsr the attachment of two
surfaces (Bhushan, 2009). Geckos have “strong, hégleatable, high speed and
controllable attachment and detachment capabildies wide range of smooth and
slightly rough surfaces” (Menguc et al., 2012), ethhad already been observed by
Aristotle two millennia ago (Autumn and PeattieD2]

These controlled adhesive properties of geckasnaiched by human-made
adhesives, stimulated researches to explain theréseof geckos’ adhesive
capabilities” (Autumn and Peattie, 2002). Some Hhiypsis for the gecko’s attachment
included suction, friction or intermolecular forcdg&utumn et al., 2000). These
authors revealed that the attachment propertigecfo were linked to van der Waals
forces (intermolecular forces) between setae (keras hairs covering gecko’s toes)
and the surface and that the gecko’s toe uncuiind peeling movements also
contributed to the adhesive properties of setae.

This knowledge about the adhesion propertieseckgs has stimulated research on
gecko-inspired adhesives. One direction of thesearehes aims at fabricating micro
and nanostructured fibrillar surfaces (e.g. thelenevof fabrication approaches of
gecko-inspired surfaces by Boesel et al. (20109t tbould have reversible dry-
adhesion properties (Bhushan, 2009). Applicatiohthese adhesives include clean
transportation during the assembly process and ddaral skin patches
(Kwak et al., 2011). On the other hand, Bartletle(2012) indicate that these
attempts have poor adhesive properties at larggHestales, and used the knowledge
acquired with the studies on gecko’s adhesion Weldg a scaling theory that allowed
the development of “reversible, hand-sized syntheidhesive structures with
unprecedented capacity, even without fibrillar fees”.

Using C-K theory for analyzing this case, (Figute the starting point was the
biological knowledge about the gecko, which haénesting abilities: “climb rapidly
up smooth vertical surfaces” (Autumn etal., 200@y, “even upside down”
(Autumn and Peattie, 2002). The initial conceptlddoe interpreted as the “design
surfaces with strong and controllable adhesive gntigs”. This stimulated a deeper
research for understanding the gecko’s adhesias.ré€kearch represent an expansion
of the biological knowledge about gecko's adhesard activated traditional
knowledge bases on the mechanisms for adhesiot, asicsuction, friction and
intermolecular forces. The measurements by Autunah ¢2000) showed that the
adhesion mechanism was linked to the setae andiaheder Waals forces. This
allowed the partitioning of the initial concept 6uasing fibrillar structures in the
surface”, which led to the development of fabricatiechniques and surfaces using
this kind of surface pattern for adhesion. The off@tition of this concept could then
be formulated as: “without using fibrillar structst.

As these artificial fibrillar structures were na@daptable to larger scales,
Bartlett et al. (2012) developed a “scaling thepmyhich used the knowledge about
the energy balance of a material adhering througiven surface area, and led to the
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development of unpatterned surfaces with reversibterollable adhesive properties,
which represent a partitioning of the concept “withusing fibrillar structures”.

Concepts Space (C) Knowledge Space (K)

Scaling theory |

C,: design of surfaces with
(Bartlettetal,, |
2012}

strong and controllable
. adhesion properties ade adhesives = IS
N P 4
~—— -

Materials |
Coosedy)
Using a fibrillar Without using a
structure on the fibrillar
surface structure
e Aty Gecko: the setae allows intimate

'!""”l‘:"'"“: * contact with the surface — adhesion
using van der Waals forces

Adhesion in
Gecko's adhesive properties nature
Geckos le-g. Autumn et s1., 2000}

High speed

Biological Knowledge

Figure 4 : C-K diagram for gecko inspired adhesives

DISCUSSION

Bioinspiration modeling using C-K theory

These three examples use bioinspiration for ppbdavelopment. The outcome of
each case is a bioinspired prodwgth little or no similarity with the biological
inspiration, in terms of forms, materials or praes

In the lotus and the gecko case, the observafiomatural phenomena is at the origin
of the process of new product development. Theobiohl knowledge triggered the
identification of an interesting property for praduwevelopment: self-cleaning using
surface properties (lotus) and dry and controllaubesion (gecko). The Flectofin®
case started with a design problem, and using dicdb knowledge allowed the
development of an innovative technical solutionfearade shading systems.

Also in the Flectofifi case, the deformation of the bird-of-paradise &pperch had
to be explained using traditional knowledge abaierkal-torsional buckling. This
knowledge was not unknown to architects, but wassiciered undesirable as it is a
material failure mode. This property (the “speda@in of lateral-torsional buckling”)
allowed the development of the mechanism for tlgada system. The product was
further developed using traditional knowledge ontemals, structural systems and
behavior. The Lotus self-cleaning and the geckdiseaion properties have expanded
traditional knowledge for explaining these phenomedn the lotus-case, the exposure
of rough leaves to particles and humidity generatex concept of “self-cleaning
surfaces with rough surfaces” and also stimulateel tise of already existing
knowledge bases on the “behavior of liquids apptiedolid surfaces” and on the
relationship between roughness and particle remowalthe gecko’s case, the
knowledge about the van der Waals adhesion udimgjdr structures was applied for
the design of fibrillar adhesives and also allowted development of the other
partition, for the design of unpatterned adhesuuases. In these three cases, there is
a property that allows the partitioning of the iaitconcept that is used for further
product development within the traditional knowledg

The modeling of each case of bioinspiration usirggC-K design theory gives some
insights about the role of bioinspiration in theside process. Figure 5 summarizes
the following steps using a C-K diagram:

Step 1: Biological knowledge is activated wheaditional design paths seem to be
blocked, or it helps formulating a new initial cept.
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Step 2: Expanding the knowledge on biologicalteys (screening different
systems, explaining phenomena) will indicate whethe traditional knowledge for
understanding these phenomena:

)] Already belongs to designers;

i) Must come from another domain;

iii) Is completely unknown and will need other types kofowledge
expansions.

In all these three possibilities properties tldilige reviewing the traditional
knowledge, usingon-spontaneouslkgctivated knowledge will be identified.

Step 3: These unexpected properties allow thetipamg of concepts and indicate
the paths for bioinspired design.

Step 4: This process will continue using elemdrds the traditional knowledge
space for product development.

This allows us to answer the research questibtisiostudy Seeking inspiration in
nature occurs when traditional design paths seerbetdlocked RQ1: Why seek
inspiration in nature?) Bioinspiration uses unexpected properties that beafound
in biological knowledge for generating new conceatsl revising the traditional
knowledge base$RQ2:How does bioinspiration work?)

Concepts Space (C) Knowledge Space (K)

Initial

Concept | Existing
N | (Co)) g o— ~ knowledge

\ Kreordering

&) (&) & K

2 S Unexpected
T~k Unexpected = property :
== Design Path property “Biological” knowledge

Figure 5: C-K diagram for bioinspiration

This interpretation of the process of bioinspmatis complementary to the analogy
making process and the top-down and bottom-up @agpes, described in literature.
It indicates that using biological knowledge foe&dgeneration is useful when it
allows the partitioning of concepts in unexpectealysy considering the traditional
knowledge available to designers. The biologicabwdedge is then a trigger for
concept partitioning and traditional knowledge \aation which will allow subsequent
product development.

Implications for management

The use of biological knowledge bases for geimagathe new concepts has
conseqguences on knowledge management and desemzaton.
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Biological knowledge must be systematically gegldefor allowing the identification
of as many different interesting partitions as puss this knowledge gathering may
need the use of databases for systematically fgiemgi interesting biological
phenomena or the contact with biologists. A diffigiassociated with this task is the
identification of the suitable domains of biolodit@owledge and of the interesting
properties, because of differences of vocabulard aommunication issues of
designers and biologists.

This exploration of the biological knowledge alsoggers reorganization and
reconstruction of the traditional knowledge basesv competences and a revision of
the traditional knowledge are required to furthevelop the bioinspired concepts.

Other important managerial implication highligihtey the bioinspiration modeling
using C-K theory is that bioinspiration and traatital product development methods
are complementary and not contradictory: bioingmraactivates a “new” knowledge
base that aid on the process of identifying unetque@roperties considering the
traditional knowledge and indicates directions fimther knowledge acquisition and
revision. Nevertheless, traditional knowledge farrttier development remains
necessary. The subsequent steps of product devetdpane exactly the same of a
new product using only traditional knowledge foe thevelopment.

Experimental observations of the bioinspirationgess are taking place at a large
French automaker company, Renault SAS. In 2011rogeqt for generating new
concepts for improving the environmental footpriof cars was launched.
Consultations with senior experts, knowledge almngoing projects were used for
elaborating a C-K diagram. Some paths seemed tblbeked” and a research about
the possibility of using biological knowledge farriblocking” and these paths started.
This ongoing research has encountered some of itfieulies mentioned before
(choosing the biological knowledge bases for eaekeg contacting biologists,
traditional knowledge revision). The C-K modelingr f bioinspiration and its
managerial implications presented in this paper wibvide the referential for
analyzing the creative power of bioinspiration iR for this ongoing project.

CONCLUDING REMARKS AND MANAGERIAL IMPLICATIONS

From the analysis of three case studies on lpoied products using C-K theory,
some new insights about the inspiration procese wbtained. Firstly, the biological
knowledge is used in the design process when imadit design paths seem to be
blocked. The bioinspiration process consists imgighe biological knowledge for
adding properties to initial concept and expandamg reorganizing the traditional
knowledge bases. These properties can be différemt the traditional knowledge
properties, because natural systems are distamt fiaman-engineered systems
(materials used, hierarchical organization, suivbanditions) and also because they
can activate different knowledge bases for exphair@ phenomena.

The C-K modeling for the bioinspiration proce$®wed that applying biological
inspiration requires the acquisition of the biotmdi knowledge in order to find
"unexpected properties” that will reorganize angagd knowledge. The first attempt
of using the model of bioinspiration proposed imsthaper in a large automaker
company showed that one of the greatest difficsiite a systematic implementation
of bioinspiration in the FFE is finding the suitabbiological knowledge bases.
Methods such as the one proposed by Helfman-Cahain €011,2012) could help
on the systematization of the biological systenaditating this retrieval process.

Regarding the managerial implications of thisirspiration modeling, the C-K
framework structures the relationship between ti@ukl knowledge and biological
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knowledge. It also clarifies the process of gemegatnd partitioning of concepts
using biological knowledge. This spurs new formsknbwledge management and
design organization. By making explicit the roletloé biological knowledge, the risks
of “over-idolization” of nature pointed out by Kamky (2006) and Volstad and
Boks (2012), are considerably reduced.

The next steps of this research include implemgnthe C-K modeling for
bioinspiration on the project of the generation réw concepts for reducing
environmental footprint at Renault SAS and analyzits managerial implications.
Further research should generalize our findingapinspirational logic in the design
process, even if it does not have biomimetic aspect
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