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Abstract. When solving engineering problems through biomimetic design, a
lack of knowledge of biology often impedes the translation of Giold ideas
into engineering principles. Specific challenges are the identificagilaction
and abstraction of relevant biological information. The use gineering te-
minology to search for relevant biological information is hypothesisexbrio
tribute to the adventitious character of biomimetics. Alternativelyliatic ap-
proach is proposed where a division is made between the analysidogfical
research papers and the decomposition of the engineering prolsierairt of

a holisitic approach is to take into account the importance of dodteing
armalogical problem solving and provide a theoretical framework for ével-d
opmentof Computer-Aided Biomimetics (CAB) tools. Future work will focus
on the developmerdf tools that support engineers during the analysisi@f
logical research papers and modelling of biological systems by provigieg
vant biological knowledge.

Keywords: Biomimetics, Computer-Aided Biomimetics (CAB), trade-offs,
problem-solving

1 Introduction

Biomimetics aims to solve engineering problems through abstradtemmsfer and
application of knowledge from biological systems, processes, materials etem{Fay
et al., 2014). Over the last decades research in biomimetics has rapidly expanded in
engineering and related subjects, such as robotics and materiatesdieapora et
al., 2013). However, while a plethora of biomimetics design methodsoafsihave
been proposed, solving engineering problems through biominreticgins advemt
tious and serendipitous (Jacobs et al., 2014)(Vincent, 2016)(Wanieck 20Hr).
Figure 1 visualizes which steps differentiate a generic biomimetics privoessa
generic problem solving process (Fayemi et al., 2014). Besidesahsir transfer
and application, there are differences in the generation and the selectitarraitiale
solutions. Importantly, the (1) identification of possible candidates ¢tddical mal-
els, (2) the selection of the relevant models and (3) their abstraciiptenexpected
to take place primarily in the biological domain. Exactly these steps - idegtifyin
selecting and abstracting biological knowledge relevant to a given engmeetb-
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lem - are challenging for someone who is not familiar with bioldattam & Goel,
2013a)(Fayemi et al., 2015a).
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Fig. 1. Generic sequential classical problem solving process (Massey & Wallad®, dré®
biomimetics problem solving process. Based on (Fayemi et al., 2014).

The most common approach to support the steps of identification, seleaticn-
straction is through the application of what can be regarded d$uttegion bridge’
(Helfman Cohen & Reich, 2016), where engineering functions are taseldssify
and describe biological systems. However, the notions of functiongjinesming is
not the same as that in biology (Periman, 2009)(Artiga, 2016)ouédth both artefa
tual and biological systems may be explained in terms of function, the lattehaare
acterised by dynamic, cyclic, hierarchical processes that rely on infornfeion
various systemic levels. Fundamental differences between biology anceeimgin
(Fish et al., 2014) therefore complicate the automated extraction of enginaering
formation from biological texts (Mizoguchi & Borgo, 2016).

During the manual abstraction step, a lack of biological knowledge oftentteads
wrong interpretations or oversimplification of biological functions (Stricker
2006)(Helms et al., 2009). Understanding why a biological systengéised as it
is, has been obscured through changing environmental conditions dntioeany
requirements. Therefore, Fayemi et al. (2015b) argue that functioot ia suitable
starting point for the identification and selection of potential biological giedpas
well as for abstraction. Computer-Aided Biomimetics (CAB) tools aim fpeu
manual abstraction of engineering information from biological textsexiracting
and providing within-domain biological information.

To overcome the pitfalls inherent in the use of functions, our researpbgas to
use trade-offs as a starting point for identification, a central concept irgpitiat
indicates a dialectical relation between traits (Garland, 2014). At a sufficiently hig
abstraction level, technical and biological trade-offs may be mapped tanotieer
(Vincent, 2016). Trade-offs provide an initial mapping that may be ¢egedo e-
quire further filtering to select candidate biological systems. Validating abstmsaction
of biological systems requires contextual knowledge, such as envintaingera-
tions and properties of e.g. biological structures and materials (Kaiser2stia),

The following sectior? introduces the challenges of CAB according to literature.
Section 3 elaborates on the use of engineering terminology to overcometHese
lenges and section 4 emphasises the importance of context ansisanélgontext
Section 5 introduces the proposed approach to CAB, which requires futuk to
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focus on relevant computational techniques such as knowledge graphslediah
extraction.

2 CAB requirements according to literature

Several approaches based on the use of databases have been proposedtthat ai
support engineers through the provision of biological knowledgeeptedn a terni-
nology that is easy to understand for engineers (Vattam et al.,(3ait@yi et al.,
2010). The most well-known exampke AskNature (Deldin & Schuhknecht, 2014),
which was found to increase novelty of generated solutions withoutasicg the
technical feasibility (Vandevenne et al.,, 2016a). However, considering the larg
amount of documented biological knowledge (Vandevenne et al., 2018byaity
created databases will never be exhaustive. Due to this inherent limitation andize,
because entering new cases into a database can be arbitrary and effortfuls muedhod
algorithms aimed at supporting biomimetics should be scalable (Vandeéxirig,

Approaches that apply Natural Language (NL) analysis can alleviaiahbeent
limitations of manually created databases by taking advantage of existingaeess
of biological knowledge. Shu & Cheong (2014) explored NL analysibitonimetics
using an introductory course book to biology, but the scalabifitthis approach
towards larger repositories remains to be proven. Recent efforts iaisgidal
research papers (Kaiser et al.,, 2014) to automate annotation of biological texts in
engineering terminology (Rugaber et al., 2016) and improve the fidetiin of
relevant analogies using latent semantics (Vandevenne et al., 2016b).dEnkying
assumption of this approach is that biological research papers comjrehleosver
all documented biological knowledge and describetodglate specific expert
knowledge (Kaiser et al., 2012)(Vandevenne et al., 2011).

When searching for relevant biological research papers, the main challenges are
finding, recognising and understanding relevant informationcesujVattam & Goel,
2011)(Vattam & Goel, 2013b). These challenges correspond to the steps of @entific
tion, selection and abstraction of biological models as shown in fibuead take
place in the biological domain. Familiarity with biology and biological teataigy
eases these challenges. On the other hand, aofasiological knowledge impedes
abstraction (Helfman Cohen & Reich, 2016) and problem solvingriarge Accod-
ingly, a common finding in literature is that a holistic, iterative approatefits
biomimetics (Kruiper et al., 2016).

Regarding the transfer and implementation steps, a variety of modelshban
proposed to represent biological knowledge for biomimetics, e.g. SRERhodels
(Chakrabarti et al., 2014), a Living System Theory approache(Riagt al., 2015b)
and Structure-Behaviour-Function models (Rugaber et al., 2016). Althdiffgh-
ences exist between these, each type of model may be expected to bawaefu
stracting and transferring knowledge (Durand et al., 2015) pféeess of modelling
itself helps rationalising thought and developing understanding (Schén,
1983)(Brereton, 2004). Table 1 provides an overview of themmndations for
CAB tools according to literature.
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Table 1. Overview of the challenges Computer-Aided Biomimetics tools shaioidto ove-
come and the related themes of common mistakes and recurringyéinBimsed on (Kruiper et
al., 2016) and Vattam & Goel (2011, 20).3a

Themes Challenges
Scalability Ability to integrate large amounts of biological knowledge tc
support biomimetics processes

Formalisation Identification of possibly relevant information sources, out:
Transfer impediments all existing information sources, based on a query. Reduce
Validation amount of time spent browsing query results.

Analogies

Transfer impediments Selection of information sources that seem most relevarii-w
Validation in the set of possible information sources. Improve the
Analogies ability to recognize the content in the results.

Transfer impediments Abstraction in biomimetics is “the process of refining the
Validation biological knowledge (design solutions) to some working-pi
Abstraction ciples, strategies or representative models that explain the

biological solution and could be further transferred to the
target applicatiorf (Helfman Cohen & Reich, 2016). This
encompasses moving from ‘understanding the biological ter-
minology’ towards ‘using appropriate methods for describing
and @coding biological principles.’

Holistic Approach Ability to alternate between problem decomposition arat an
logical reasoning, simultaneously expanding the designers’
knowledge required for validation.

3 Engineering terminology in CAB

Considering the desired scalability of CAB tools an approach that appliesdlysis

of biological research papers seems reasonable. However, assuming that biolog
research papers are written using domain-specific terminology, thisaapplimits

the use of engineering terminology in identifying relevant biologictdrmation.
Reasons include the different words used in biological and engineersegrch
papers, as well as differences in the semantic meaning of words andocmepts

like functionasexplained earlier

3.1 Differencesin biological and engineering ter minology

Nagel (2014) notes that domain knowledge is required to understand biological
‘flows’ (as cited from Pahl & Beitz, 2007) of materials, energy and informatiaw

ing to look up each term is tedious and disrupts the thougltess, or rather the
‘flow’ (Csikszentmihalyi, 1990). Figure 2 displays a word cloud that prowde®
intuition on the type of terms that engineers may not be familidr. Witucially, wn-
known terms will not be useful during identification or selection of Igickl re-
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search papers. Terminological differences between biological texts gimkenng
texts therefore render direct keyword-based search inadequate (Vattam & Goel,
2011).
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Fig. 2. Word cloud generated from eleven biological research papers. Twof sf¢ven e-
search papers belonging to the biological and engineering doraapectively were used from
the Elsevier OA-STM-corpus (2015). The words in the vocabrgpargsent all words in the
biology papers, minus those words occurring in the engineering pajlémsugh the sets of
documents are limited in size and do not cover all topics of both dorttaéngsulting terms
provide an intuition of biological terminology that engineers may ndaimdiar with, such as
haploinsufficiency, hepatocyte, allograft, placode, microglia, casptise

Vattam & Goel (2011) suggest that, in absence of biological knowledgeti@elec
is specifically limited tosemantic similarity However, similarity and relevance of
higher-order relations are neglected, e.g. taxonomical and entity-relaemsantic
similarity here is the overlap in number of similar words used in a search guer
found in the retrieved documents. In this sessgnantic similarityis a measure of
frequent association without necessarily overlapping in the semantic mexirting
words.

To improve the identification and selection of relevant biological systemsnvatta
& Goel (2013b) suggest annotating biological research papers with emgineser
minology, which may also ease the understanding of biological ansldjigaber et
al. (2016) describe a CAB system that automatically annotates biological research
papers with Structure-Behaviour-Function (SBF) models. Functions are represented in
verb-object format and extracted by matching functional verbs fronmtaotled \o-
cabulary that is based on the Functional Basis (Hirtz et al., 2002) and thenBipm
Taxonomy of AskNature. Behaviours are extracted using syntactic pattetrere a
subset of the patterns by Khoo et al. (1998, 2000). Structures are tetcised
against a vocabulary of biological structures based on part of an ontololipifri-
metics— a formal and explicit representation of knowledgereated by Vincent
(2014, 2016).
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The assumption by Rugaber et al. (2016) is that SBF models can rabpstigent
biological systems. However, automatically extracted annotations will amlpsb
useful as the type and qualid§ information they model. Using vocabularies of ieng
neering functions to annotate and retrieve biological research papers tdestend
key-word based searcihe added value then lies in the quality of extracted\beha
iours and structuresthe systemic context of the functions.

3.2 Different semantics and core concepts

While SBF models may be used to represent a biological system, differertbes in
semantic meaning of words introduce an important issue in autoriaggalacting
engineering information from biological research papers. Vandevenne 20H6bj
circumvent this problem by clustering terms frequently occurtaggther in dog-
ments, either in the biological or engineering domain. The resuttargally labelled
concepts, 300 so-called Organism Aspects, are extracted from 8,011 biotegical
search papers. In a previous work, the authors extract 300 dPrAdpects from
155,000 patents. Cross-domain associations are provided, basée@ similarity
between the concept vectors, representing the occurrence of domafic$peus.

The cross-domain associations enable the matchisgrontically similaigroups
of biological terms to groups of engineering terfBased on the terms occurring in
biological research papers, the papmsthen be annotated wigemantically similar
engineering concepts. Therefore, using pre-specified engineterimgnology— the
Product Aspects relevant biology research papers can be identified. A keyword like
the verb‘to float’ may, for example, return a paper that mentions buoyancy several
times. However, the occurrence sémantically similarwords does not necessarily
improve the selection, or indicate the existence, of analogies relevaptéagimee
ing problem.

In analogical problem solving, relations between individual parts of tarayare
dominant aspects (Markman & Gentner, 1983)(Gentner & Kurtz,)R@8haegen,
2011). Representations that capture systemic relations, e.g. functiomslergptions
like SBF models, can thus support analogical reasoning. Functions iralgergr be
used to capture analogies between individual parts of biological systemsgnd en
neering systems. The usefulness of such analogous functibDesignby-Analogy is
reflected in the commonly used ‘function-bridge’ in biomimetics. However, in the
case where CAB systems focus on text-processing of biologisaarch papers rfiu
damental differences between the semantic meaning of conceptsdi&gical and
engineering functions have to be taken into account. The same applieseont@ic
meaning of words associated to such concepts; well-known functional fierix-
ample may not convey the same meaning in engineering and b{dlaggl, 2014).

From a teleological point of view, biological functions and engineering furgctio
are different (Artiga, 2016)[o denote the intention-neutrality of biological functions,
a static view of a biological process may be considenedeawithin the context of a
system (Chandrasekaran et al, 2000). Generally a function may be regarties
capacity to perform a behaviour within a given context (Mizoguchi & Ba2ga6).
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4  Context and analysis

Kaiser et al. (2014) show that verbs associated with engineering functemstar
always present in biological research papers. In case functional terms maeirfou
biological research papers, they often co-occur with terms describing engimaim
characteristics that may influence the function. To exemplify the importnoean-
text, consider the self-cleaning functionality known asltiies effect This function,
or rather property, exhibited by a variety of plants and insectgsed on supeyh
drophobicity that can be introduced through a variety of microsctpictsres (Mg-
ers, 2015)(Barthlott & Neinhuis, 1997). In plant leaves, these stegcanre mainly
formed by epicuticular wax crystalloids, of which the shape is determinsgerzific
compounds in the wax. In contrast to marsh and water plants the wettatoditrfac-
es is noted to be of little importance to plants originating from Mediterratypan
habitats o subtropical regions. “Here, trichomes or waxes are most probably involved
in the regulation of the radiation budget and, therefore, indirectly in temperature
control” (Neinhuis & Barthlott, 1997). Thus, although the self-cleaning funalityn
of surfaces may be attributed to superhydrophobicity of a suttasefunctionality
depends on a variety of traits at multiple hierarchical levels. Furthermomndieg
on external properties, the same trait can vary statically over phylogeneticéelistan
dynamically over ecological similarity. The differences between the sutfactuses
found on leaves of various plant species are strongly correlated to their wgttaidlit
thus the self-cleaning property.

On the other hand, over-reliance on e.g. the self-cleaning functisapefhydo-
phobic surfaces may obscure other functionalities based on the sanigl@ridupe-
hydrophobicity can also enable floating capacity, e.g. in water strider¢Hegg et
al., 2007). Furthermore, Cicada orni combine hydrophobicity with nitiereflective
property known as the moth-eye effect in a multi-layered nanosteud@etlieu et al.,
2014). Similarly the swim bladder of a fish is well known as ammtipat provides
buoyancy while swimming underwater. Simultaneously, the swindblaid a stro-
ture that includes a lumen. Some species of fish use a swim bladder teemped-
sion in sensing water pressure (Taylor, 2010) and some torsiggund production
and hearing (Millot et al., 2011). The same structure or processhusiype involved
in various functional properties.

The contextual variables on which a functional property depends can greatly infl
ence the functional capacity. While an engineer may be interested onlgirigla
‘function’ of a biological system, neglecting context often renders a directdransf
engineering impossible (Inkermann et al., 2011). Due to the tigilingubetween
properties, biological systems can hardly be seen as parts associatednutitm$u
(Fayemi et al., 2015b). Considering knowledge transfer as the goald#lling bo-
logical systems in terms of technical systems, searching for biologg=dnch papers
using engineering functions requires that some form of abstrastiafready pe
formed.
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5 Proposed CAB design approach

The biological and engineering terminology and semantics are inherenglsediffAs

a result, the use of engineering terminology to search over or atig¢@nnotation of
biological texts is unreliable. While engineering functions may suffice to deskribe
design requirement independent of context, biological functions are tigttyeld-

ed to context and a direct transfer may not be possible. Accordinglyrathsfer of
knowledge between both domains is noted to actually happen betweeseraptions

of the biological and technical system (Sartori et al., 2010). Theref®displayed in
figure 3, the proposed approach to CAB focuses on supportgige®rs in represén
ing biological systems of interest.

TRIZ, a set of tools for solving engineering problems creatively,rbceived a fair
amount of attention in biomimetics (Vincent & Mann, 2002)(Vincent et al.,
2006)(Bogatyrev & Bogatyrev, 2015)(Fayemi et al., 2014)(Vandevestinal.,
2015)(Helfman Cohen & Reich, 2016). TRIZ theory prescribes a leighl of -
straction during problem decomposition, e.g. using contradictiodenote a trade-
off or dialectic relation between parameters of components in a technical system
(Cavallucci et al., 2009). In TRIZ these abstract contradictions can beaskmect
an engineer towards abstract solution routes. Similarly, according to Vi{Rai6)
trade-offs can be used to classify biological solution routes based on trecips
rameters involved. Trade-offs can thus support the identificaticgie@fant biological
systems without the need to encode biological information in spebiioretical
models. As a result, the proposed approach offers freedomttmanetical modal
used to represent biological knowledge, but is limited to either highlyaabstr bo-
logical terminology.

Engineering

Fig. 3. Rather than searching for biological research papers using engigegerminology
(top: function-bridge) the proposed approach aims to support the modelling of biological
systems (bottom: taking context into account).

In modelling the relations between properties, interdependence exists bétyeen
the available biological knowledge, (2) the abstraction of engineering knowledge
from a source of biological information and (3) the transfer of kedge to a given
engineering application. Hence, as noted in table 1, an iterative approachficiddene
to biomimetics. Using theoretical models to capture contextual variables in various
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representations helps developing design understandings (Brereton, 08dpport
of a holistic design proceswae propose that CAB tools focos indicating the red-
tions, semantic concepts and named entities required to understhogichiostrae-
gies in their respective context.

... Communicate to authors & domain experts

At ph

Transpose
__knowledge

Abstract
knowledge

Aggregate /»

relevant data

Test concepts in context, \

Engineering
reflect & explore >

. Selectidentified el
= Engineering problem
REREES \ decomposition
Trade-offs & contextual variables

B tools SUpPpPort j

Fig. 4. Overview of the proposed approach to biomimetics supported by Cordpdést-
Biomimetics (CAB) tools. CAB tools here aim to support a holistic, iterative agptoathe
search for biological data.

In a holistic biomimetic design processpmmunicating ‘raw’ design ideas
throughout the design process, as well as intuitive exploration, sapptionalising
thought (Wendrich, 2012). Although the search is for analogiesiisingproperties
and differences may be expected to provide considerable heuristic pobiemina
metic problem solving (Bensaude-Vincent, 2011)(Salgueiredo, 2013)rd-igds-
plays how cross-domain knowledge transfer is facilitated by a continuopsolo
communication, reflectioim-action, reflectiomen-action and reflectiom-practice
(Schon, 1983). Hence, in the proposed biomimetic design approacledigmet is
constantly representing domain-specific knowledge to support validatich an
knowledge transfer. Such iterative externalisation of ideas and the interadton
predetermined or loosely defined constraints leads to novel insightsdfidrer&
Kruiper, 2016), without neglecting multi-functionality and interrelatiahsnultiple
hierarchical levels. Future work will now implement and aim to validateathpsoach
using the advanced computer tools available to us.

6 Conclusion

Several prevalent challenges in biomimetic problem solving processes are t@late

lack of biological knowledge. In overcoming these challenges, computatiarial to
may access the knowledge captured in biological research papers. Using biological
research papers as information source limits the use of engineeringotegyiror
search and automated annotatiblowever, the terminology used in biologica&- r
search papers captures specific contextual knowledge. Such contextual vaaables
greatly influence functional capacities of a biological system. Modelling troasgex-

tual variables and inter-relations in biological systems leads to understareling-th
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essary knowledge for abstraction. A holistic approach is proposed fairsuitea-
tively exploring biological information against predetermined engineeringredms.

In the proposed approach Computer-Aided Biomimetics (CAB) toalssfon &-
tracting contextual variables and relation from biological research papers. Specifically
relations between individual parts of a system are of interest to analogical problem
solving Various theoretical models may be useful in representing biological s/stem
to support validation and knowledge transfer. Future work will focutherextra-
tion, retrieval and representation of knowledge in CAB tools to suppodpproach.

The aim is to provide common sense biological background knowksatjédentify
trade-offs between abstract parameters.
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