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Engineering design, as the science framing the practice of design models of the design
through the elaboration of tools and processes, is constantly evolv- process; transdisciplinarity;
ing towards new innovative strategies. To thrive in their extremely design teams; biologists

competitive environment, it appears that both industrial and nat-
ural worlds are highly dependent on innovation, optimisation and
selection. These commonalities have led designers to look to liv-
ing beings for inspiration. This innovation strategy, referred to as
biomimetics, isn't a new approach but its methodological aspects
are still under development. This article deals with biologists’ con-
tribution throughout the biomimetic design process. After introduc-
ing the context and the experimental protocol, we investigated the
impact of possessing a background in biology during the practice of
biomimetics and compared our findings with experts’ opinion. The
main idea of this article is to show that to forego the integration of
biologists is highly restrictive and may be one of the reasons explain-
ing the difficulties of implementing biomimetics in the industrial
context. Hence, this article argues for a new methodological frame-
work taking into account biologists, allowing biomimetic teams to
become truly interdisciplinary.

1. Introduction

Biomimetics is defined as

the interdisciplinary cooperation of biology and technology or other fields of innovation with
the goal of solving practical problems through the function analysis of biological systems, their
abstraction into models and the transfer into and application of these models to the solution.
(ISO/TC266 2015)

Over the past decades, biomimetics has established itself as one of the most promising
strategies to support innovative and environment-friendly products (Vincent et al. 2006;
Hwang et al. 2015; Bar-Cohen 2006). Many studies have evaluated such processes and
shown that they allow a greater novelty of solutions and thus generate a larger amount
of innovative products (Keshwani et al. 2017; Ahmed-Kristensen, Christensen, and Lenau
2014).
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However, biomimetic design processes keep facing a fundamental trade-off between
integrating biologists and finding ways to practice biomimetics without them. Biologists
potentially constitute both the greatest asset and the greatest challenge of biomimetics. It
has always been seen in interdisciplinary fields that the benefits of diversity comes with
strong barriers in terms of communication and understanding between actors (Schofer
2015; Schofer et al. 2018). In the case of biomimetic design, a quick review of the existing
tools and processes raises the following question: where are biologists? Most of the tools
are designed to be used by engineers, all processes are meant to be followed by engineers
and theresulting feeling is that biologists aren’t considered in the methodological equation
of biomimetics.

On account of the field’s intrinsic need for biological knowledge, the current strategy is
to develop tools, such as databases of biological strategies (Deldin and Schuknecht 2013;
Nagel et al. 2010; Vincent et al. 2006). So far, this process works thanks to the relative nov-
elty of the approach and low number of practitioners. The biggest database of biological
strategies is AskNature which was created in 2008 and gathers 1671 biological strategies
and 201 inspired ideas (Biomimicry Institute 2002). Even if the database is enlarged little by
little, there is a real need to hasten this process in order for it to represent a viable solution
in the long run (Vandevenne et al. 2015). Biomimetic design teams that directly include a
biological expertise (i.e. an actor from natural sciences) may be the only coherent way to
consider biomimetic as a long-term design strategy (Lenau 2009; Snell-Rood 2016; Schofer
et al. 2018; Chirazi et al. 2019).

After the presentation of the context and the hypothesis, this article deals with the
following research question: Facing the current biomimetics’ methodological framework,
does knowledge in biology represent an asset for the practice of biomimetics? Through a
case study carried out on the insulation of container homes in lvory Coast and the above-
presented biomimetic tool, AskNature, a comparative analysis of the results obtained by
students, with a background in engineering or in biology will be detailed. Then, they will be
compared with the experts’ opinion collected through a survey. With the aim of bringing
out the fundamental question of the biologist’s role in the biomimetic process, the con-
tribution of this article is to underline the need to considerate biologists during both the
practice of biomimetics and engineering design surrounding biomimetics.

2. Context

Through an overview of some common points between current design challenges and life’s
innovation mechanisms, this section addresses the question of the origin of the biomimetic
process and underlines its crucial need for a methodological framework.

2.1. Modern design challenges

Many consider the alignment of product design and sustainable development as one of
the greatest modern challenges (Bourgeois 2007; Sachs 2015). Indeed, whereas innovation
remains one of the main levers for competitiveness, decades of pressing scientific warnings
made governments and companies progressively realise that climate change and its impact
on our society will dictate the centuries to come (IPCC 2014). In a world where the use of
energy and raw materials will have to be minimised and where waste stream will need to



be drastically reduced, our ability to design entirely new innovation strategies will be one
of the keys to success.

Engineers often refer to design theories to solve design problems. Among these theories,
which outline the current framework of design practice, a significant number is com-
posed of problem-solving strategies thatinclude abstraction processes (Lee, Pries-Heje, and
Baskerville 2011). This part of the process aims at considering the design problem with a
different perspective through its formalisation into theoretical models: Universal Design
Theory (Grabowski, Lossack, and El-Mejbri 1999), Synectics (Gordon 1961), TRIZ (Altshuller
1984), etc. Once modelized, the given set of constraints and objectives are compared with
those of solved cases from the same or other scopes of practice. This analogical thinking
can be extremely powerful but requires an important source of resolved dilemmas to reach
its full efficiency. The context above-mentioned, leads us to look for a prism through which
design teams will be able to generate breakthrough innovations combining strong techni-
cal advantages and sustainability. Since the survival of living beings depends on innovation
guided by biological rules, the biomimetic approach, as the extraction of biologic strategies
to create analogicinnovation, can offer such a prism (Helfman Cohen and Reich 2016). Look-
ing at the strategies and adaptations of living beings appears to be a formidable learning
tool for us to consider, as an endless reservoir of solved puzzles (Bila-Deroussy 2015).

2.2. Bio-inspiration, a wish to learn from living beings

Bio-inspiration is not a new strategy. The living world was often an object of comparison
and a source of inspiration during the development of antic societies (Vincent et al. 2006;
Lenau 2009) and has led to several scientific and design breakthroughs throughout his-
tory (Richter, Wells, and Kemp 2008; Eggermont 2015; Guerrero, Maestro, and Bottaro 2012;
Magyar et al. 2017), etc. From aeronautics (Bar-Cohen 2012) to the biomedical field (Zhang
2012; Boeuf 2007), biomimetic success stories along with the dissemination work of iconic
figures, such as Benyus (1997), granted bio-inspiration an international recognition. This
increasing interest of the global engineering community also uncovered the lack of tools,
processes and methods on bio-inspiration, leading engineers to formalise a bio-inspired
design process in order to systemise its use.

2.3. The need for the formalisation of biomimetic processes

Theinherent difficulty of such an interdisciplinary and unframed field is firstly the communi-
cation between the different actors. In 2015, to prevent any misunderstandings researchers
developed a strict linguistic definition of the most common, and often mixed up, terms
referring to the field: bio-inspiration, bionic, biomimicry and biomimetics (ISO/TC266 2015).
Based on these standards, this article will focus on biomimetics.

Biomimetic processes are based on two types of approaches. Either the design is con-
ceived after a biological discovery, leading to a new product often with a high added value:
the biology push approach (ISO/TC266 2015), or biomimetics is used as a problem-solving
process: the technology pull approach (ISO/TC266 2015). As the core of engineering design
in the industry, the formalisation of biomimetic methods and tools, has been focusing on
this problem-solving approach. A great number of methods have been designed to help
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Figure 1. The unified technology-pull biomimetic process from Fayemi et al. (2014). (colour online)

implement a technology pull approach, The procedural model of doing bionics (Linde-
mann and Gramann 2004), Biomimetic design methodology (Lenau 2009), Problem-driven
analogical process (Goel et al. 2014), etc. These methods can be described with the same
eight main steps (Fayemi et al. 2014). As a result, Fayemi proposed a unified technology
pull biomimetic process (Figure 1) which constitutes the methodological framework of our
study. Despite these methodological improvements, the need for new tools soon emerged.
Indeed, the lack of biological knowledge led engineers to face a limitation with such pro-
cesses: find and extract biological strategies, functions, shapes, etc. A great number of tools
have been conceived to deal with this issue, leading to the creation of tool-based methods
— Idea-Inspire process (Chakrabarti et al. 2005), Biologically inspired concept generation
(Nagel et al. 2010) - or to the improvement of existing processes.
Tools used in biomimetic design have mainly three origins (Fayemi 2016):

e engineering, like 5-Whys (Ohno 1978) or Technical contradictions (Altshuller 1984),

e biology, like 16 Patterns of Nature (Hoagland and Dodson 1995) or Functional modeliza-
tion (Tinsley et al. 2007),

e biomimetics, like SAPPhIRE (Chakrabarti et al. 2005) or BIOTRIZ (Vincent et al. 2006).

It has to be specified that the tools that are said to come from biology, are neither bio-
logical tools nor tools designed to be used by biologists. They have been mainly designed
for engineers to learn about biological findings. Wanieck et al. (2017) performed a classi-
fication and analysis of more than 40 tools. As often in engineering design, the increasing
number of tools leads the user into an unclear path as it becomes more complicated to
choose which tool to use, and under which conditions (Lahonde 2010).

This formalisation of the biomimetic process progressively highlights a contradiction
with both the theoretical and practical aspects: the need for biologists is underlined in
the literature but the methodological framework hasn’t been designed to include these
unusual profiles.



3. The biologist’s role in biomimetic processes
3.1. Aparadoxical consensus leading to our research question

According to Wanieck et al. (2017), the step of the biomimetic process that holds the great-
est numbers of tools is the step of identification of the biological model (21 tools) leading
the author to conclude ‘This fact also strengthens the necessary role of biologists in the field
of biomimetics'. Paradoxically, most of those tools are designed by engineers, using engi-
neering references and techniques and consequently appear to be made for engineers, not
for biologists. Thus, it becomes clear that the overall tendency is to delay biologists’ inter-
vention or even to replace biologists by tools, without dealing with their tricky integration
into the biomimetic process. Therefore, tools are getting more numerous and complex to
compensate for the lack of biological knowledge, which leads us to the research question of
this article: Facing the current biomimetics’ methodological framework, does knowledge in
biology represent an asset for the practice of biomimetics? As we've seen in the state of the
art, some famous experts have been advocating for decades for biologists’ inclusion. How-
ever, this inclusion isn't the main focus of the engineering design research on biomimetics.
As aresult, they are still poorly integrated and largely considered as external resources while
biomimetic processes and tools are being designed. Thus, the aim of this article is to gather
experimental data and experts’ point of view on biologists’ contribution during the practice
of biomimetics. This substantiated answer should help foster the research effort towards
the integration of profiles from natural sciences as a relevant improvement for biomimetic
design teams and processes. In order to discuss this topic, we focused on one of the most
comprehensive and complete biomimetic databases (Faludi 2017; Deldin and Schuknecht
2013): AskNature (Biomimicry Institute 2002).

3.2. Hypothesis

This article deals with the contribution of biologists in the biomimetic process. Our hypoth-
esis is that having an expertise in biology increases the biomimetic process efficiency.
Indeed, we think that a background in biology will lead to a quicker, deeper and more reli-
able search of biological strategies. Moreover, we expect tools like AskNature to be used
for different goals, depending on the user’s level of biological knowledge. Where, at a first
level engineers can get inspired from living beings to increase the innovation potential of
creativity steps, a background in biology may lead to a deeper, more comprehensive and
more accurate understanding of biological strategies, required for the abstraction and the
direct transposition of biological mechanisms into technology.

In order to test our assumptions, we designed a case study on the insulation of container
housing in the lvory Coast, and a survey to collect experts’ opinion.

4. Materials and methods
4.1. Materials

The case study presented in this article aims at developing an insulation for former ship-
ping containers so that they can be turned into comfortable houses in Ivory Coast. Students
had access to a short description of the case study and to basic data about Ivory Coast and



the context of the project: climatic information (type of climate, monthly temperatures and
precipitations), characteristics of the containers and of the planned village of containers,
expectation of the industrial actor in terms of aesthetic.

The first tool, the Biomimicry Taxonomy (Figure 2), was also distributed to the partici-
pants. This open-access tool was created by the Biomimicry 3.8 Institute to transpose tech-
nical problems from non-biological fields into requests suitable for AskNature (Baumeister
2014). The Biomimicry Taxonomy is constituted of three levels:

e Group, which refers to the overall function (ex: protect from physical harm),

e Sub-Group, which refers to a specificity linked with the overall function (ex: protect from
living threats),

e Function, which refers to a more specific case in the sub-group (ex: protect from Fungi).

This multi-scale taxonomy acts as a skeleton for AskNature and enables the user to
formulate requests using a common linguistic frame, directly connecting technical issues
with AskNature data. AskNature is an open-access database created by the Biomimicry 3.8
Institute (Biomimicry Institute 2002). It lists biological organisms, strategies, functions and
more generally characteristics. This data is then made readily available through an intuitive
search engine.

For purposes of accessibility to consequent samples, our experiment compares the
results obtained by individual students with a background in biology versus those obtained
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Figure 2. The Biomimicry Taxonomy (Baumeister 2014). (colour online)



Table 1. Sample characteristics and distribution.

Biomimetic
Profiles (and scientific training) Level of education knowledge Number of students
Engineers (Industrial engineering, product design, Masters degree (M2) None 21
interaction design, creativity, etc.)
Biologists (Agronomy, molecular biology, Masters degree (M1 & M2) None 21

physiology, soils sciences, environment, etc.)

by engineering students instead of actual professionals. The experiment has been con-
ducted with a total sample of forty-two students divided as explained in Table 1.

At each step of the process, participants had to report their findings on an answer sheet
composed of four parts:

User's profile
Results and follow-up of the biomimetic procedure

e Tools’ evaluation (Biomimicry Taxonomy and AskNature) on a 5-point Likert scale. For
each tool, five criteria, based on Nielsen’s criteria about usability assessment (Nielsen
1993), were evaluated: satisfaction, learnability, error, wealth of information (derived
from Nielsen criterion ‘Efficiency’) and precision of information (derived from Nielsen
criterion ‘Efficiency’).

e Feedbacks from the users: What were the hardest steps you faced?

The design process used in the experiment is largely based on the unified technology
pull biomimetic process (Figure 1). Due to time constraints, two modifications were made:
steps 4 and 5 were gathered and students didn’t deal with the 8th step, leading to a 6-step
process (Figure 3).

For the second part of the study, a survey was designed and submitted to 17 experts
on biomimetics. Nine of the experts came from France and the rest from a range of other
countries. Their background was biology (4), architecture (4), engineering (6) and other (3).
They were identified either because they took part in the scientific experts panel present
at the 2018 Biomim’Expo conference in Paris, or because they are members of the CEEBIOS
(Centre Européen d’Excellence en Biomimétisme de Senlis, the French association which co-
organizes the Biomim’Expo conference and supports the growth of biomimicry in France)
(Table 2).

The survey is twenty-five questions long but in the context of this article only two axes
will be presented: Are biologists required for the practice of biomimetic? And why integrate
a biologist in the biomimetic design team?

Table 2. Sample characteristics and distribution for the survey.

Researcher Consultant Both researcher and Engineer only
Profiles (N = 17) only (n = 5) only (n = 4) consultant (n = 6) (n=2)
Master degree 0 2 2 1
PhD 5 3 1

2
Accreditation to supervise research 0 0 1 0




4.2. Methods

The protocol of the experiment remains the same for each session.

Presentation of biomimetics and of the case study (15 min)
Presentation of the protocol, the tools (15 min)
Problem analysis (step 1), abstraction of technical problems (step 2) and transposition to
biology (step 3) (30 min)

o Identification and selection of biological organisms or strategies on AskNature (step 4)
(30 min)

e Abstraction (step 5) and transposition (step 6) of the biological solution into a technical
one (20 min)

The authors then analysed users’ answer sheets. Firstly, we focused on the number of
determined functions (step 1), technical problems (step 2), requests (step 3) and organisms
(step 4) through a quantitative (t-test) and correlation analyses (Spearman test). Because of
the short duration of the experiment, the idea was not to actually find ideas for containers
insulation but rather to collect data in order to evaluate the level of understanding of the
users. Then, through the analysis of the abstracted strategies (step 5) and technical solu-
tions (step 6), we tried to evaluate the understanding of biological strategies. At first, we
wanted to grade the users’ level of understanding of the biological phenomena, but there
appeared to be too many biases to get to a relevant result. As an example, if a biologist talks
about photosynthesis, even without any details, he knows what the underlying phenomena

Unified problem-driven biomimetic process Biomimetic process used in the experiment

Problem analysis Problem analysis

Abstract technical problems Abstract technical problems

Transpose to biology Transpose to biology

Identify potential biological models
Identify and select potential

Select bidlogical modsiE)of biological model(s) of interest

interest

Abstract biological strategie(s) Abstract biological strategie(s)

Transpose to technology Transpose to technology

Implement & Test in the initial
context

Figure 3. Comparison of the steps composing the unified problem-driven biomimetic process (Fayemi
et al. 2014) and the process used in the experiment. (colour online)



are, where an engineer doesn’t. As a result, the level of understanding appeared too hard
to assess without additional data.

As a consequence, we decided to focus on the biological strategies that haven't been
understood, which is much easier to assess. The respective amount of misunderstood
strategies will be presented for each population and compared with a Chi? test.

Furthermore, in order to help the reader, the compared results are always presented in
the text formalised as follows: (biologists results vs engineers results, type of test, p-value:).

This analysis led us to consider a set of main tendencies that will be detailed in the next
section and were used to formulate the possible answers during the design of the survey.

5. Results

We will look at the results obtained at the scale of the general process before analysing the
results in more depth through a step by step analysis.

5.1. Results on the global process

For each step of the process, we will call ‘identified elements’ the results obtained by the
users at the given step. For example, the identified elements are functions for the first step,
technical problems for the second step, requests for the third step, etc.

5.1.1. For the total population
The number of identified elements appears to be following a two-step tendency (Table 3).

From the problem analysis (step 1) to the transposition to biology (step 3) we observe a
significant increase in the number of elements given by the users whereas it significantly
decreases from the identification of organisms (step 4) to the transposition to technical solu-
tion (step 6). This first pattern leads us to consider the fourth step as a bottleneck for the
biomimetic process used in this experiment.

In order to get more information on this pattern, we looked at the link between the
different steps through a correlation analysis (supplementary table 1). The results of the cor-
relation analysis appear coherent with a two-part pattern, as they show strong correlations
between the first three steps on one side (corr. Min. is for step 1 and 3, correlation = 0.512,
Spearman test, p-value = 5.1 0% and between the last three steps on the other side (corr.
Min. is for step 4 and 6, correlation = 0.664, Spearman test, p-value = 2.1079), Qutside
those two clusters, some correlations appear significant but they are less strong (corre-
lations below 0.5). These tendencies support the idea that the fourth step constitutes a
bottleneck for the participants at the overall scale. Interestingly, the shape of this pattern

Table 3. Paired-mean comparison of the number of elements given by the total population.

Elements identified at each step  Total (N = 42) mean (stdev) Mean of comparison P-value (t-test) Biomimetic tool

1. Functions 5.14 (1.86) - - None
2. Technical problems 6.90 (2.79) +1.76 1.107%*  None
3. Requests 9.69 (5.18) +2.78 3107954 Taxonomy
4. Organisms 7.35 (3.05) —233 210703 AskNature
5. Biological strategies 6.95 (2.92) —0.40 8.107 03+ AskNature
6. Technical solutions 5.28 (2.24) —1.66 41079+  AskNature

P-value: ***" < 0.001; ** < 0.01;"*" < 0.05;"" < 0.1.



is reminiscent of the diamond-shape process of creativity, consisting of a divergent phase,
where every angle of an issue is considered, before leading to a convergent phase, where
the final solution is determined, within the pool of previously identified strategies.

5.1.2. Depending on the users’ background

If we look at the same elements partitioned by backgrounds, we can see that the number
of elements identified is significantly higher for biologists at each step, except at the third
step (Table 4).

We then wondered about the mechanisms behind these differences, are they due to
an initial higher number of elements identified by biologists that are carried over to the
following steps? Or do they appear at each step? Only at specific steps?

Firstly, it appears that differences between both populations aren't significant on the
number of requests formulated during the third step. However, results are significantly dif-
ferent during the identification and selection of potential biological models of interest, leading
us to think that biologists are more efficient during this fourth step. To confirm this result,
we performed a correlation analysis on biologists’ results (supplementary table 2). The same
two distinct phases above-mentioned (part 5.1.1. diamond shaped tendency) can be identi-
fied in the results (supplementary table 2) and the step 3 and 4 aren't significantly correlated
(corr.:0.407, Spearman test, p-value = 7.10792), confirming our hypothesis on the presence
of at least two steps, the problem analysis and the identification and selection of potential
biological models of interest, of higher efficiency linked with a background in biology.

We also performed a statistical analysis to compare the evolution of the number of ele-
ments between steps for both populations. All the differences where significant for users
with a background in engineering, meaning that, as it was identified at the general level,
the selection of organisms on AskNature (step 4) appears to be the first bottleneck, as the
first step of significant decrease, for this population.

However, when we look at the same analysis for users with a background in biology
(Table 5), we can see that the differences between steps 3 and 4, and at a higher level,
between steps 4 and 5 are not significant.

It appears that a training in biology can lead to a better handling of the steps which are
responsible for the decrease of the number of elements, i.e. the bottlenecks of the process.
Thus, under these circumstances, the previously identified pattern appears to be modi-
fied. It is especially interesting to see that differences between the number of strategies
identified from biological organisms isn’t significant for biologists where it is for engineers
(—0.33 vs —0.45, t-test, p-value = 8.107%2 vs 4.10792) confirming the results underlined

Table 4. Comparison of the number of elements given at each step of the process partitioned by profile.

Biologists (n = 21) Engineers (n = 21)

Elements identified at each step mean (stdev) mean (stdev) p-value (t-test) Biomimetic tool
1. Functions 5.85 (2.00) 4.42(1.43) 1.10702% None

2. Technical problems 8.14(3.16) 5.66 (1.65) 1,107 03 None

3. Requests 10.85 (5.66) 8.52 (4.47) 11079 Taxonomy

4, Organisms 8.66 (3.26) 6.04(2.22) 410703 AskNature

5. Biological strategies 8.33(2.93) 5.57 (2.22) 1,107 03** AskNature

6. Technical solutions 6.42 (1.43) 4.14(2.35) 5.10~ 04wk AskNature

Bold: Highest values, P-value: *** < 0.001; **" < 0.01;"* < 0.05;"" < 0.1.



Table 5. Paired-mean comparison of the number of elements given by biologists.

Biologists (n = 21)
S

Elements identified at each step mean (stdev) mean of differences p-value (t-test) Biomimetic tool
1. Functions 5.85(2.00) - - None

2. Technical problems 8.14(3.16) +2.28 4,10~ 06w+ None

3. Requests 10.85 (5.66) +2.71 51003+ Taxonomy

4. Organisms 8.66 (3.26) —2.19 6.10-02 AskNature

5. Biological strategies 8.33(2.93) —0.33 8.107%2 AskNature

6. Technical solutions 6.42 (1.43) —1.90 3,107 03 AskNature

P-value: ***" < 0.001; **" < 0.01;"*" < 0.05;"” < 0.1.

previously. Biologists almost always transfer a biological strategy from an identified
biological organism.

This overall analysis has led us to consider some quantitative differences depending on
the background of the users. More especially, it showed that biologists are better equipped
to face step 4 and 5 of the biomimetic process.

5.2. Step by step analysis

After this first analysis, we will examine the process in more depth in order to search for
cognitive explanation leading to the results previously presented.

5.2.1. Step 1. Problem analysis

The 1st step of the experimental process aims at describing the problem through the iden-
tification of the constraints and the consumers’ real needs in order to formalise technical
system'’s functions.

During this first step, users gave a significantly different number of functions depending
on the user’s background (Table 4). As a result, we tried to characterise this difference by
looking at the distribution of the identified functions for each background.

First of all, in total, the population with a background in biology identified 17 functions
where the population with a background in engineering identified 14 functions. More-
over, even if the results don't appear significantly different, 13 functions have a higher
percentage of identification by biologists (supplementary table 3). Thus, the largest num-
ber of functions identified by biologists overall is due to the accumulation of small and
disseminated differences.

In conclusion, the data suggests that biologists show a greater diversity of identified
functions, but don't present a strong tendency toward specific ones.

Through the analysis of each function, users had to determine a set of Technical Prob-
lems (TP) which is studied in the next section.

5.2.2. Step 2. Abstraction of technical problems
The 2nd step of the experimental process aims at breaking down the identified func-
tions into their several technical problems. For example, some users decomposed thermic
insulation into the insulation from solar radiation, heat conduction, heat convection, etc.

For each function, except noise insulation, users gave a non-significantly different num-
ber of TP (supplementary table 4). We then wondered if some TP were identified specifically
by one background or the other. We observed that 61.54% of them have been identified by



both populations, 30.77% identified only by users with a background in biology and 7.69%
only by users with a background in engineering (Chi? test, p-value = 0.035).

Even if, as previously explained, the distribution doesn't appear significantly different
overall, the TP specifically identified by biologists are divided between 10 functions, where
those specifically identified by engineers represent only four functions. This leads us to
think that biologists have a wider range of consideration while analysing a technical prob-
lem. The increase of diversity reduces the number of identifications for each function, and
so their statistical ‘weight’, which can partly explain why the results aren't significant.

The identified TP are then formalised thanks to the biomimicry taxonomy into request
during the third step.

5.2.3. Step 3. Transpose to biology

The 3rd step of the experimental process aims at transposing technical problems into
biological requests through the use of the biomimicry taxonomy. For example, insula-
tion against solar radiation have been transposed into several requests like: protect from
non-living threats (light), modify light/colour, transform radiant energy, etc.

The results observed on the formulation of requests are similar than those on TP, the
statistical analysis shows no significant differences on the overall functional distribution
of requests. Again, if we characterise the requests, we can see that 60% have been identi-
fied by both populations, 33.3% identified only by biologists and 6.6% identified only by
engineers (Chi? test, p-value = 0.027). Besides, it appears for both populations that the
functions targeted by the TP and the requests are similar.

Moreover, when we considered the number of identified requests by TP for each func-
tion, the comparison led us to only one function with a significant difference: the biotic
insulation (1.5 vs 1, t-test, p-value = 7.1073). At first sight, the insulation against living
beings might not appear central here, but it is actually crucial in lvory Coast and other
countries where animals and especially insects like mosquitoes transmit diseases like yellow
fever, dengue or malaria.

The increase in diversity induced by a background in biology and observed on the first
three steps of the process is a strong argument supporting the potential for innovation
brought by biologists on those engineering-centred steps.

The second part of the experiment focuses on the identification, selection and under-
standing of biological strategies.

5.2.4. Step 4. Identification and selection of biological model(s) of interest

The 4th step of the experimental process aims at identifying and selecting biological organ-
isms by entering the requests formalised during the 3rd step into AskNature’s search
engine. For example, the request protect from non-living threats (light) led to the identifi-
cation and selection of the Sphicterochila boisseri a specie of desert snail.

First of all, at a general scale only 12 of the 17 initial functions led to at least one organism.
Among these functions, functions 1 and 2 represent 74.85% of the selected organisms. We
thought of two hypotheses explaining this tight distribution. Either the results are linked
with the users’ choices: facing the short time frame of the experiment, they focused on
the two main functions. Or, the results are linked with AskNature which doesn’t display an
equivalent number of, or accessibility to, organisms for each function.



Table 6. Comparison of the characteristics of all organisms’ associated strategies partitioned by profile
(n = 21).

Material
process Shape Physics Chemistry Micro Static Passive Vegetal
Mean (stdev)
Biologists 6.90 2.67 6.85 185 5.67 7.80 8.90 4.14
(2.77) (1.31) (2.26) (1.35) (2.49) (2.58) (3.08) (1.68)
Engineers 471 1.67 4.90 1.00 3.61 5.14 5.61 2.28
(1.84) (1.15) (2.07) (1.14) (1.71) (2.65) (2.59) (1.84)
P-value (t-test) 410703 110702 590703 390702 30703 210703 510 Ok 1003

Bold: Highest values, P-value: ***' < 0.001; **' < 0.01;* < 0.05;" < 0.1.

As pointed out in the table 3, biologists gave a significantly higher mean number of
organisms (8.66 vs 6.04, t-test, p-value = 4.1 0-93*%) In orderto point out which parameters
led to an identification by a particular population, we characterised the organisms’ strate-
gies. The characterisation was made on the type of associated strategy (Material/Process,
Shape, System), the scientific field (Physics, Chemistry, Biology), the scale (Macro, Meso,
Micro), the type of kinetic (Dynamic, Static), the energy consumption (Active, Passive) and
the type of organisms (Bacteria, Fungus, Vegetal, Insects, Other animals). Table 6 displays
the parameters showing significant results on the characterisation partitioned by profile.

Thus, we can see that there is a significantly higher number of organisms identified
by biologists for some categories of each studied parameter, underlining their higher
efficiency during the fourth step.

On the other hand, when we consider the same analysis but with proportions, there are
no significant differences between the distribution of both populations suggesting that we
cannot underline, based on this dataset, background-related patterns about the cognitive
choices of organisms.

A first hypothesis is that the identified organisms are always the same because of their
indexation, through the AskNature search engine, on the first pages of the database,
leading to a smoothing of the results because of a strong redundancy.

A second hypothesis is that the selection process is driven by a parameter indepen-
dent from those used in the analysis. As a result, a higher efficiency, or a lengthier time
of the experiment, would lead to a higher number of identified organisms but to the same
proportional distribution.

So far, these results lead us to think that biologists are more efficient during the fourth
step, but no specific cognitive tendencies have been identified. In order to prevent the
smoothing effect caused by the redundancy of organisms identified by both populations,
we determined two categories of organisms, those specifically identified by only one profile
and those identified by at least one user of both populations (Table 7).

Biologists gave a higher number of elements for both categories but again, when
analysed in proportion, these differences don't appear significant. Thus, users from each
background have on average the same percentage of organisms mutually and specifically
identified.

In order to understand the mechanism under the specific choices made by both popu-
lations, we focused on the background-specific organisms. Overall, it appears that specific



Table 7. Comparison of the number of organisms’ associated strategies
for each category partitioned by profile (n = 21).

Mean (stdev) Mean specific (stdev) Mean mutual (stdev)

Biologists 9.71(3.40) 4.00 (2.88) 5.71(2.00)
Engineers 6.71(2.72) 2.28(1.95) 4.42(2.13)
P-value (t-test) 3.107 03 310702+ 510702+

Bold: Highest values, P-value: ***" < 0.001; **' < 0.01;* < 0.05;". < 0.1.

A. % of all mutual (n = 213) B. % of all specific (n = 132)

26,76%
59,15%

S’/

F1 F2 ®WF4 WF5 MOthers F1 F2 ®mF4 ®mF5 ®mOthers

Figure 4. Comparison of organisms’ functional distribution depending on ‘mutual’ (A) or ‘specific’ (B)
categories. (colour online)

and mutual organisms are differentiated depending on the way they address the differ-
ent functions. Figure 4 describes the organisms’ partition between the four most identified
functions and a cluster composed of all the other secondary functions.

Where the distribution of the organisms identified in common appears tight, centred on
F1and F2, the distribution of organisms identified specifically appears significantly different
(Chi? test, p-value = 1.1079%**) more diverse, targeting some of the secondary functions
along with the main ones.

This difference of partition can also be seen on the proportion of mutually and specif-
ically identified organisms for each function (ex for F4: 81.82% are specific, Chi’ test,
p-value = 3.1079°**) (supplementary table 5).

We then performed an analysis on the characteristics previously presented in order
to obtain more information on the cognitive aspects of the choice of specific organisms
(Figure 5).

Through this analysis, we were able to characterise the main differences between the
organisms identified by both schools and those identified by only one or the other.

The next step is to compare within the specific category, the choices made by biolo-
gists and engineers. Similar to the previous analysis, if we look at the quantitative aspect,
biologists and engineers gave strongly different results, but those results don't appear sig-
nificantly differentin proportion. The only two parameters that show significant differences
in proportion are the scale (microscopic, 71% vs 56%, Chi? test, p-value = 3.1072) and the
energy consumption (passive, 90% vs 75%, Chi? test, p-value = 3.1 073), meaning that biol-
ogists drive the search for solutions toward the microscopic world and passive strategies.

In terms of the cognitive pathway, the microscopic world ultimately calls for spe-
cific knowledge where macroscopic organisms can be more easily apprehended by
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Figure 5. Comparison of ‘specific’ or ‘mutual’ organisms’ associated strategies.

non-biologists, potentially explaining these results. It also shows that even within this
restrictive and determined frame of research (AskNature), there is a set of organisms which
identification appears background-related.

Once identified and selected, the strategies of living beings have to be analysed and
understood in order to be subsequently transferred into technological innovation. As
explained in part 4.2, we compared the level of understanding of these strategies by
focusing on the not-understood organisms.

5.2.5. Step 5. Abstraction of biological strategies

The 5th step of the experimental process aims at deeply analysing AskNature’s data in order
to abstract the selected biological strategies. Depending on the level of understanding of
the analysed strategies, the precision of the modelization varies. For example, the S. bois-
seri (desert snail) protects himself from light through a highly reflective shell. A first level
of understanding would be to focus on the overall idea and so abstract the strategy by
considering a protection through a highly reflective panel, but it doesn’t give actual infor-
mation on the reflective properties of the snail shell. A deeper level of analysis, on colours,
nanostructures, shapes, etc. can lead to a more informative model and so to a more com-
prehensive abstraction step of the underlying biological strategy, making this 5th step a
critical step of the biomimetic process.

The proportion of not understood strategies appeared significantly different depending
on the background of the users (0.6% vs 12.3%, Chi? test, p-value = 5.1073). As we can
expected, the absence of a background in biology leads to a higher rate of not-understood
biological strategies.

We then wondered about the distribution of these strategies. More precisely, we wanted
to know if they were linked with the ‘specific’ or ‘'mutual’ categories above mentioned. The
results show that 64.29% of the errors (nine organisms) were made by engineers on ‘spe-
cific’ strategies, where no mistakes have been made by biologists on ‘specific’ strategies.
These errors represent 18.75% of the total number of organisms specifically identified by



engineers. As a result, biological data made available by biologists appear more relevant
and reliable for the generation of abstraction model. This last result underlines that a lack
of background in biology can drive the resolution process toward irrelevant or misunder-
stood biological strategies, resulting in the loss of resources and potentially in the failure of
the innovative process implementation.

Altogether, the results of the fifth step point out the asset that represents a back-
ground in biology for the relevance and reliability of the chosen data on which is based
the abstraction process of the biological strategies.

Through this step by step analysis, we pointed out the potential contribution of biolo-
gists during the biomimetic process. As previously explained, the step 6 isn’t detailed in this
step by step analysis. Because of the short time frame of the experiment results obtained in
the step 6 were used as markers of understanding but they weren't precise enough to be
separately analysed.

This article deals with the biologists’ contribution during the practice of biomimetics in
order to foster his integration during both the practice of biomimetics and the design of
the method and tools. As a result, we also investigate the users’ feedbacks toward the tools
used during the experiment in order to underline any shortcomings.

5.3. Tool analysis and users’ feedbacks

The tools’ evaluation was performed by the users with a 5-point Likert scale on satisfaction,
learnability, error, wealth of information and precision of information. Firstly, we evaluated
the Biomimicry Taxonomy (Table 8).

As we can see in Table 8, the Biomimicry Taxonomy obtained overall positive grades.
The precision and wealth of information are the criteria which obtained the lowest grade for
both populations underlining some of the feedbacks given by the users: The taxonomy limits
the reflection, Hard to find matching requests for some of the TP. We can see that the only crite-
rion which obtained a significantly different grade is the wealth of information (MMW test,
p-value = 2.1073**). These results lead us to think that even if engineers acknowledged
the diversity of the requests available through the taxonomy, they didn't find the tool very
precise and had troubles formulating requests addressing the identified TP directly. On the
other hand, biologists felt restricted by the tool in both its diversity and precision.

We then evaluated AskNature following the same protocol (Table 9).

AskNature’s ease of access has been underlined by all users. Interestingly, engineers
gave high scores on all criteria during AskNature’s evaluation, with a significant difference
comparing to biologists on its precision (MWW test, p-value = 2.1073**) (Figure 6).

On one hand, engineers say the tool is rich, precise and satisfying. On the other hand,
biologists show a mixed opinion on the wealth of information and the precision of the tool.
Two main hypotheses can explain such results.

Table 8. Biomimicry Taxonomy’s evaluation by both profiles (n = 21).

Learnability Errors Wealth of information Precision Satisfaction

median (biologists) 4 4 3 3 4
median (engineers) 4 4 4 3 4
p-value (MWW test) 6.107" 4107" 21073 8.10~" 31077

P-value: ***" < 0.001; ** < 0.01;"*" < 0.05;" < 0.1.



Table 9. AskNature’s evaluation by both profiles (n = 21).

Learnability Errors Wealth of information Precision Satisfaction

median (biologists) 5 4 4 3 4
median (engineers) 5 4 4 4 4
p-value (MWW test) 9.10~2 71071 1.1077 21073 71071

P-value: ***" < 0.001; ** < 0.01;"* < 0.05;". < 0.1.

Biologists ) Engineers
v m Very poor % 4%
38% SR Poor
o Correct &
Good
m Very good

Figure 6. Comparison between scores given by biologists (A) and engineers (B) on AskNature's preci-
sion. (colour online)

Firstly, because of the differences on their respective knowledge in biology, both pop-
ulations don’t have the same expectations for such a tool. As the database does not list all
known organisms and does not provide enough information to understand all the phenom-
ena, biologists felt frustrated the search engine restrains imagination, the website limits,
frames and offers very little ideas and gave lower scores during its evaluation. Where biol-
ogists are already aware of the diversity and complexity of biological strategies, engineers
might feel overwhelmed by data they aren’t accustomed to deal with. Hence, this feeling
can lead to a Wahoo effect driving engineers to over-rate the tool. As a result, the lack of a
background in biology leads to a variation in the frame of reference which is a break in the
innovative process because it will narrow the spectrum of research and hence the potential
for novelty.

A second aspect is that engineers and biologists may not have the same goal while using
the data. The reasoning processes of biologists and engineers intrinsically differ in their
objectives: where the main objective of biologists is to discover and understand how enti-
ties work, the main objective of engineers is to innovate and design new entities. These
fundamentally different aims influence their reasoning, habits and insights when facing
data. During the biomimetic design process, engineers may consider biological phenom-
ena as a source of inspiration to be used during creativity steps rather than a source from
which they can directly extract technical innovations. Thus, the expectations on the depth
of understanding, and, therefore, the diversity and precision of the data, can vary, which
might explain the results.

6. Comparison with experts’ opinion

As presented in section 4, the results that are discussed in this section focus on only two
axes of the survey. The first question was about the ‘necessity’ of biologists during the



practice of biomimetics. As the term necessity appears quite restrictive, we expected a
mitigate answers by the experts. Three answers were available: ‘Yes’, ‘No’, ‘Depends on
the project’. 53% of the respondents indicate that the necessity of a biologist during the
practice of biomimetics depends on the project, 41% answered ‘Yes' and 6% answered
‘No'. It is essential to underline that they nonetheless all recognise the asset that repre-
sents a biologist during the practice of biomimetics. When asked why biologists aren’t
necessary during the biomimetic design process, experts point out three main aspects.
First, the available biological data might be detailed and clear enough to be understood
by non-biologists. Secondly, some design projects don’t require a deep understanding of
the biological strategy to successfully meet their goals. And finally, the biological expertise
doesn't have to be necessarily provided by a biologist but can be a skill own by another
profile.

When we consider a parallel between the results of our case study and the answer to the
survey, we can see that in both situations, an expertise in biology emerge as an asset for the
practice of biomimetics and the understanding of biological data. Moreover, the existence
of several levels of inspiration depending on the background, is also supported by both
the results from the case study and the survey. Finally, the question of the holder of the
biological knowledge emerges as fundamental and will be detailed in the discussion part.

The second question is about the role of biologists during the biomimetic process. The
results from the case study allowed us to identify three main contributions: the ability to
provide a deep understanding of biological data, to make reliable choices, and to offer
diversity during the engineering centred steps thanks to an alternative way of reason-
ing. In order to evaluate the relevance of our findings, we proposed five different answers
(and an ‘other’ response) and restricted to a maximum of three answers by the respondent
(Figure 7).

These results support two of our findings as they both the understanding and the
identification show more than 80% of the selection. Interestingly, no experts identified
missing aspects. Specifically, the biologist’s ability to add variability isn't identified if not
proposed. Taken together with our first results, this aspect suggest that the added variabil-
ity observed during the case study is presumably not specific to biologists. It is indeed a
well-known fact in design that pluridisciplinarity in general helps overcome fixations and
brings diversity. However, biologists do bring variability and as a result it can be consid-
ered as an added-value, even if non-specific. Experts also pointed out the biologists’ role
as bridges between biology and engineering through the translation of biological vocabu-
lary and concepts. This aspect hasn't been studied in the case study as the experiment was
performed individually.

To join creativity sessions [ N NG 5%
To help performing the abstraction of biological strategies | R R s
To translate biological concepts and vocabulary | NN 7>
To identify suitable biological organisms | R, =2
To explain underlying biological mechanisms [ GGG 22

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 7. Experts’ opinion on the contribution of biologists during biomimetic process.



Altogether, the experts’ opinion, strengthen our analysis on the asset that represents an
expertise in biology for the biomimetics process. The next part will discuss our findings,
their relevance, their consequences as well as our future axes of research.

7. Discussion

This article presented the contribution of biologists during the biomimetic design process
through a case study and a survey of experts’ opinion. Our results underlined why biologists
represents assets and so levers for optimisation for the biomimetic design process.

Nevertheless, several limitations have to be pointed out. First, the case study has been
performed by the individual student and not interdisciplinary teams. As a result, both
positive or negative aspects of interdisciplinary work, like constructive interactions or
communication challenges, aren't taking into account in this study.

Furthermore, this article doesn’t tackle one other challenging step of the biomimetic
process which concerns the means of identification of biological organisms. Indeed, only
AskNature was used as the source of organisms but as previously underlined, even if
it represents the greatest biomimetic database available, AskNature is very restrictive.
Without AskNature, is an engineer able to find organisms of interest? The strong con-
currence in the industrial context will lead biomimetic teams to consider much more
organisms than those listed on AskNature, pointing out another strong need for biological
expertise.

The shorttime frame of the study and the fact that, even if supported by experts' answers,
the sample is composed of students and not professionals have to be taken into considera-
tion.In that respect, we are currently working on along-term project with industrial partners
in order to confirm our findings, test new hypotheses and methodological innovations.

Finally, the design problem chosen in this article is easily accessible because not very
technical. Therefore, it has to be considered that these results are linked with the stud-
ied subject. Notably, the steps 1-3 are well managed by biologists and steps 4-6 are well
managed by engineers, all partially due to the topic of the case study which was easily acces-
sible. We are aware of those biases but, since it makes technical issues more accessible for
both populations, an easy design problem might reduce the gaps between both popula-
tions rather than exaggerate them, and so doesn't represent a problematic factor in this
context.

Our findings open several research axes. Where this article aims at foregoing the inte-
gration of biological expertise, it doesn’t show that biologists can replace engineers. Each
profile brings its own specificities and we believe that it is the cooperation between both
profiles that will lead to a successful implementation of biomimetics.

The terms and form of such a cooperation are to be entirely defined. As pointed out
by the experts: should we actually consider the integration of ‘biologists’ or of ‘biological
expertise’ and if we are, which ‘biologists’ are we talking about? A transdisciplinary pro-
file, having both a biological expertise, focused on the needs of biomimetics design, and
knowledge in engineering in order to link both scientific fields appears as a challenging
but rewarding research goal. It also raises the question of the methodological framework
surrounding the integration of such a profile. As our findings suggest, an expertise in biol-
ogy should facilitate the access to a deeper level of analysis but it also requires tools and
processes adapted for such approaches and pluridisciplinary work.



8. Conclusion

Biomimetics isn’t a new strategy but itsimplementation remains highly limited in the indus-
trial sector. Our first assessment is that industrial companies that want to use biomimetics
as an innovation strategy need guidance. The complexity and transdisciplinary aspect of
this approach cannot be ignored or considered secondary. Biomimetics’ complexity and
novelty potentially require new profiles, structural evolutions and specific training. More
specifically, our observation is that the current methodological framework is based on
biomimetic tools without taking into account biologists’ expertise, leading to processes
that aren’t made to be transdisciplinary in practice.

However, we also pointed out that numerous researchers underlined the necessity of
biologists during biomimetic processes. This contradiction raises the research question
tackled in this article: Facing the current biomimetics’ methodological framework, does
knowledge in biology represent an asset for the practice of biomimetics? Our hypothe-
sis is that it does. The results presented in this article underlined two main aspects. Firstly,
biologists appear to be more effective during the use of biomimetic tools as they've found
more elements and have made less mistakes. Secondly, both biologists and engineers bring
their way of reasoning leading to an increase in the diversity of identified biological models.
These results are supported by experts’ opinion gathered through a survey and so validate
our hypothesis. By showing, in an accessible and restricted context, that biologists exper-
tise contributes to the innovative nature of biomimetics, these findings contribute to the
consideration, by engineering designers, of biologists’ role during the design of a transdis-
ciplinary methodological framework for the practice of biomimetics. Choosing between the
development of biomimetic tools and the integration of biological expertise has proven to
be a mistake as biomimetics is still struggling to spread in the industrial world. We advo-
cate that both aspects need to be investigated and combined in order to solve the current
paradoxical situation and take biomimetics to the next level.

This article is built as the foundation stone for our future work on biomimetic design
teams, process and tools, combining expertise in engineering and biology. In this perspec-
tive, our coming work focuses on collecting information about engineers’ and biologists’
needs during the biomimetic process in order to identify key elements obstructing the inte-
gration of a profile with a background in natural sciences. We will then work on providing
a more precise methodological support, discussing the biological knowledge of interest in
order to target which profile to integrate in biomimetic teams, when and for what purpose
should they be integrated, and using which tools. The overall aim of our work is to opti-
mise the methodological framework within a transdisciplinary context in order to guide
industrial actors who want to implement biomimetics as an innovation strategy.
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