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Abstract: Biologically inspired design (BID) is an emerging field of research with increasing
achievements in engineering for design and problem solving. Its economic, societal, and ecological
impact is considered to be significant. However, the number of existing products and success
stories is still limited when compared to the knowledge that is available from biology and BID
research. This article describes success factors for BID solutions, from the design process to the
commercialization process, based on case studies and market analyses of biologically inspired
products. Furthermore, the paper presents aspects of an effective knowledge transfer from science
to industrial application, based on interviews with industrial partners. The accessibility of the
methodological approach has led to promising advances in BID in practice. The findings can be used
to increase the number of success stories by providing key steps toward the implementation and
commercialization of BID products, and to point out necessary fields of cooperative research.

Keywords: biomimetics; biologically inspired design; biomimicry; industrial application; innovation;
case studies; best practice; process and tools; sustainability

1. Introduction

Learning from nature has a long history with a well-known potential for innovation and many
success stories [1–5]. Ongoing discoveries in nature, arising fields of application as well as the challenge
to transform learning from nature into a robust, repeatable, and scalable methodology [6] keep it an
emerging field of research [1,7]. Several approaches and definitions exist [8,9], which describe learning
from nature to solve technological or practical problems. Biologically inspired design (BID) will be
used in this article because we understand BID as an overarching term which describes the knowledge
transfer from biology to technology in general. This affords us the opportunity to include a broad
range of approaches related to learning from nature, with very limited exclusion [5]. We will give a first
insight into examples of good practices with associated success stories, selected for our assessment of
the ease of transfer to other approaches. When necessary, we will also use the terms biomimetics or
biomimicry in particular, to respect the underlying definitions, motivations, and differences [5,10].
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Research about BID, its definition, and methodology is ongoing and sometimes
controversial [6,8,11]. Nevertheless, it is clear that learning from nature is a dominant paradigm [1] and
as such it can be used and implemented in practice in various ways, for instance by connecting it with
design approaches or by considering it a scientific discipline itself [5,7]. Implementing BID in practice
offers a potential to generate optimized solutions combined with the potential to address sustainability
as shown for instance with air-retaining surfaces which lead to drag reduction and, as a consequence,
a reduced fuel consumption [12]. The topic of sustainability in the context of BID [2,8,13–15] as well as
the limitations of transferring knowledge from biological systems to technological application [16]
need separate analysis, and the reader is referred to the indicated literature.

The process of BID is well described in the literature and various research programs focus on the
efficiency of the process in practice, developing methodologies, tools, and processes [6,11,17]. As BID
is a complex and multidimensional process, which involves several disciplines, the development of
concepts or products in BID can be challenging to carry out, and in addition, the steps of
commercialization are particularly challenging.

BID can be understood as a methodology (which can be used for product optimization),
as human-centered design, to a systems thinking approach. It can be closely connected to the
innovation process and as such be used for new developments, the rethinking of existing products,
or idea generation. In addition, BID can enhance the ideation process in conjunction with the use
of strategic foresight and design thinking. Once it leads to a radical (disruptive) innovation, it can
have a significant impact on a market, on the economic activity of companies in that market, or
potentially lead to the creation of new markets. BID can augment entrepreneurial innovation processes
by guiding a designer from a nature-inspired idea to a proof of concept, to a successful solution
(product), to an innovation, or even to the establishment of a new company and/or industry, as seen
with the development of the hook-and-loop-system VELCRO® [18] or with the surface technologies
Sharklet [19].

However, though the potential of BID solutions for innovation is well known [1,20], it does not
necessarily mean that these ideas reach the market and unfold their theoretic potential. For example,
the discovery of the self-cleaning properties of the lotus plant [21] was a disruptive new paradigm,
however the application in products did not have the respective impact on the market (yet), such that
every thinkable product, for which self-cleaning properties were desirable, contains such a surface.
Furthermore, comprehensive and well-established success stories are either poorly communicated or
do not exist, as the number of known products inspired by nature on the market is small [22]. The BioM
Innovation Database introduced the first worldwide analysis of products, named as the result of the
BID process [22]. Referring to the available knowledge from biology [23] and its emerging amount of
scientific literature [1,7], the potential for product development and innovation is very high. However,
the number of documented products on the market as shown in the BioM Innovation Database is
comparably low, with n = 379 cases. This discrepancy between theory and practice has various reasons,
such as challenges of the BID methodology [17,24] or its implementation in practice [11]. Therefore,
with this article we highlight a few aspects to be considered in future projects and research in order to
help tap the potential of BID.

Biologically Inspired Design in Innovation

In this article, we make a first connection between BID and various aspects of the general
innovation process. On the one hand, we aim to indicate similarities so that we can learn from other
disciplines and approaches for the future development of BID as a repeatable methodology. On the
other hand, we highlight specificities and challenges whenever possible. This direction of the article
raises further research questions which will be discussed at the end of this article.
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By definition, an innovation needs to reach the market; it is not merely a new technology
or invention [25]. The same holds true for BID once it is considered to be an innovation strategy [5,26] or
part of the innovation process, in general, starting with idea generation and ending with
commercialization. Figure 1 shows the three main phases of the innovation process [27], matched with
the eight steps of the unified problem-driven process of biomimetics, as described by Fayemi et al. [11].
This highlights that BID can be understood and performed like a general innovation or problem-solving
process [28]. However, in each phase specific tasks must be performed, tools can be used [11,17,28,29],
and unique challenges must be overcome [24,30–32].

If we have a look at the three main phases of the innovation process (Figure 1), most research in the
context of BID has focused on the first two phases. In particular, the focus has been on the contribution
of BID to idea generation and to the development of biologically inspired solutions. In this context,
several studies analyzed cases of BID, for instance the motivation for development [33], how to
classify [8] or assess the solutions, for example, in terms of sustainability [14,15], or the general success
of development [2,22]. Based on the BioM Innovation Database [22], 70% of the BioM products did not
make it to the marketing phase, as they were still in development, a concept, or already discontinued.
As phase 3 of the innovation process was little researched in the context of BID, we analyzed steps
in the transition from a BID concept to a product on the market, based on case studies and the BioM
Innovation Database [22]. The phase “Idea & validation”, as shown in Figure 1, could be performed
prior to idea generation in order to validate the use of BID in innovation processes. In doing so, first
steps of the market analysis are performed early in the development and help to facilitate phase 3, as
important questions for the commercialization are addressed early in BID projects. In addition, BID
could benefit from using general innovation processes, such as a structured management process and
the use of minimum viable products (MVP). It is still necessary to analyze whether processes would be
of benefit to BID and the ones to choose.
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Figure 1. Phases of the innovation process linked to the eight steps of the biologically inspired
design (BID) process as described with the unified problem-driven approach of biomimetics by
Fayemi et al. [11]. 1©, 2©, and 3© indicate the main phases of a simplified innovation process. The eight
steps of BID include specific tasks which must be performed and are linked to commonly known
challenges [24,30–32] which must be overcome. BID: Biologically inspired design; MVP: Minimum
viable product; PoC: Proof of Concept.
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Various types of innovation can be distinguished, from routine innovation, incremental
improvements, to disruptive or fundamental innovation [25,27]. Interestingly, BID can contribute to
each type of innovation as it can inspire:

• to improve existing products, for example, noise reduction and vibration of aviation wings
inspired by owls [34,35],

• to develop new products, as seen for example with the development of artificial attachment
devices based on the dry adhesion of the gecko [36],

• or to transpose a scientific discovery to an application, as seen with the self-cleaning properties of
the lotus plant, which also led to a true paradigm shift [21].

As such, the use of BID in innovation management can decrease the number of attempts to reach
a certain level of innovation by using the solution space of nature for knowledge transfer.

As shown in Table 1, some studies suggest that about ten attempts are needed to achieve an
obvious, conventional solution to a problem within its own field and with known methodologies [37,38].
Each following step toward a higher level of invention, based on the novelty, raises the number of
attempts to the power of ten, so that for a discovery of a new scientific phenomenon, which leads to
a paradigm shift, more than 100,000 attempts are necessary [37,38]. One can imagine that problem
solving becomes a time consuming and difficult challenge, so that methods of generating novel and
useful ideas are needed. BID can be considered to be such a methodology and to offer a design space
with proven solutions with a defined level of performance. Like other creativity techniques, it could
therefore be considered to—if desired—decrease the number of attempts; this offers the chance for
breakthrough innovation, makes use of a systematic knowledge transfer, and can turn serendipity into
a means of designing solutions. Still, the process of actually doing it remains challenging.

Table 1. Level of invention and number of trials.

Level of Invention Number of Trials Percentage of Patents

Apparent:
Established solutions;

well-known and readily accessible
(e.g., reinforcing a wall by making it thicker)

1–10 35

Improvement:
Existing system improved, usually with some

compromise (e.g., a new electronic device
based on already existing components)

10–100 42

Invention within paradigm:
A concept for a new generation of an existing

system (e.g., automatic transmission)
100–1000 19

Invention outside paradigm:
A new concept for performing the primary

function of an existing system
(e.g., X-ray machine, CD-ROM, RF receiver)

1000–100,000 4

Discovery:
Pioneering invention of an essentially new

system (e.g. X-rays, laser, radio)
more than 100,000 0.3

Based on [37,39,40].

Regarding its origin, BID can be performed a) in academia, b) in collaboration between academia
and industry, or c) in industry for the development or improvement of existing products. When BID is
performed in academia and the research is mature enough to make viable products, the collaboration
between academia and industry becomes increasingly important in order to implement the concept
from lab to application. Alternatively, the academic research could be developed further by an
academic spin-off, as seen for instance with the technological spider silk [41]. The collaboration
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between academia and industry can also be due to a market pull, where industry needs solutions for
existing problems and seeks the collaboration with respective experts from academia, as shown for
instance with the development of a self-sharpening knife [42]. Examples for the performance of BID in
industry are manifold, from using BID as a problem-solving strategy as part of the overall product
development process (e.g., as seen with the development of paintings [43] or fan systems [44]) to an
innovation strategy, such as the so-called bionic learning network of FESTO AG [45].

The general challenges of innovation, as well as the gap between academic research and industry [46],
are sometimes referred to as the “valley of death”, as shown in Figure 2. The aforementioned
challenging aspect of carrying out BID becomes even more challenging, once it becomes necessary as
well to perform the steps required to overcome the “valley of death”.

In addition, best practice in BID includes a successful transfer of knowledge from biology to
technology, with the abstraction of the principle and its application [3,5,8,20,22]. These steps define
the three criteria of a true biomimetic development, namely, 1) a function analysis of a biological
system has been made, 2) the biological system has been abstracted into a model, and 3) this model
has been transferred and applied to design the product [5]. In order to call an innovation based on BID
“biomimetic”, these three criteria must be fulfilled.
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A BID development can occur at the level of a product, a process, or a practical problem [5] or it
can address a societal challenge such as sustainability [33,48]. The contribution of BID to sustainability
is an important branch of research [5,8,14] that deserves separate analysis. We therefore address it
only when needed in the context of this discussion. Otherwise, we do not make a differentiation in the
analyzed cases. Once the result of BID has reached the market, it represents an example of a “good
practice” biologically inspired innovation.

The challenges faced in the “valley of death” hold true for any kind of development, so we
analyzed its relevance in the BID process. On the one hand, BID faces the same challenges as general
innovation processes, such as the transition from a concept to a viable product. On the other hand, BID
faces additional challenges, deepening the “valley of death”. Among others, the knowledge transfer
from biology to technology is challenging, as phenomena in biology and their transferability must
be understood in detail. Moreover, the transfer from academic research to industrial application is
also challenging, as you must convince potential users with your idea that was inspired by nature.
We assume that the lack of BID’s real impact with regard to the number of successful cases as well
as its economic and ecological impact is the general lack of implementation, the difficulties during
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the research and development process, and the lack of a viable commercialization strategy including
the availability of funding. The research phase in BID is specifically challenging [2]requiring, for
example, an intensive research and a deep understanding of biological systems or the abstraction
of complex biological phenomena [2]. Additionally, the transfer process of knowledge from biology
to technology may differ between projects and can impact the overall innovation process [2]. The
chosen level of abstraction will define how much time and money must be invested. Moreover, the
gap between discovery phase and commercialization is strenuous and filled with many obstacles
and hurdles. Part of the problem is that you cannot really commercialize a discovery, you can only
commercialize a viable product. The truth is that the innovation process is not a single event, but a
process of discovery, design, and development. To bring a breakthrough discovery to market, one first
needs to identify a problem it can solve and connect to researchers who can design it into a viable
solution to the problem.

These pitfalls are well known within a traditional innovation context, where about 25% of
innovation projects are discontinued, 30% experience serious delays, 35% will commercially fail,
leading to an overall 10% rate of complete success [49–51]. Information about the success of
developments based on BID is limited and little data is available in order to make a comparison
with the traditional innovation process. In addition, the impact of integrating biological knowledge
into the innovation process must be evaluated, but no clear methodology is available, yet. However,
based on the BioM Innovation Database [22], it can be seen that 31% of the developments based on
BID were commercially available, even though no information is available about the success of these
products. This means that 69% of the ideas, which were considered to be of value, did not make it to a
viable product.

As a result, working toward a deeper understanding of the BID process—from idea to market,
including assessments—will increase its implementation and support the development of biologically
inspired solutions in the future. Design ideas without execution with a strong technical and
business validation will generate unsuccessful outcomes and discourage innovators. True competitive
advantage comes from those that can take an idea and turn it into a real innovation that has an impact,
be it societal, environmental, or economic.

Therefore, we focus on key aspects of BID’s success that are important for the implementation of
concepts and their commercialization (Figure 1). The simplified steps encompass several more tasks
and activities which include the BID process itself with its challenges [24,30–32,52,53] and tasks to
perform [11,54]. The results of this article will help to 1) better understand the BID process and 2) assist
designers in overcoming the “valley of death” for BID solutions and therefore pave the way toward
a more successful commercialization process. We aim to give recommendations for the successful
implementation of BID solutions, to help industry to implement BID in their own context, to increase
the impact of BID in research, development and innovation, and to combine economic growth and
sustainable and responsible innovation [55].

2. Materials and Methods

Results presented in this article are based on interviews and business case studies.
First, the BioM Innovation Database (n = 379) and associated interviews with inventors of the

respective products were analyzed (n = 69) [22]. The number of interviews is lower than the number of
cases available. This is due to confidentiality or lack of information available or given in the interviews.
The database was gradually filtered, which means that only the cases that provided a full set of data
with regard to a certain topic were analyzed and compared. Therefore, results encompass various
subsets of the database.

Second, an analysis of 14 business case studies was performed at the University of California,
San Diego. The case studies were identified through scientific and business literatures and subject
matter experts. The data were accessed through a variety of sources, such as interviews, company
news and financial information, government and economic data as well as industry reports. The cases
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were analyzed in order to understand the commercialization process for BID solutions, to identify
go-to-market strategies, and to examine funding strategies. The cases came from seven industry
sectors: Energy, Water, Healthcare & Medical Devices, IT & Telecommunication, Built Environment,
Manufacturing, and Transportation. The cases can be referenced as biomimicry cases, as its underlying
methodology was used [56,57].

3. Results and Discussion

3.1. Innovation and Commercialization Process / Steps Toward Commercialization

Figure 3 shows the development of BID concepts and products in the years 1970–2012,
as summarized in the BioM Innovation Database [22]. As data about the year of development were
only available for a subset of the cases, 94 concepts were analyzed.
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that the underlying data cover only the first two years of the 2010s. Newly developed concepts and
products in the years 2013–2019 must be added once they are researched.

The development of BID concepts, based on data from 1970 to 2012 [22], had an increasing trend
over the last decades with the highest number of documented cases so far in the 2000s. It will be
interesting to see how this trend developed during this ending decade and how it will in the future.
As indicated for the scientific literature, the growth of knowledge in BID is still ongoing [1,2,4,7].
Moreover, various new fields of application for BID may arise, as the approach can be shifted to
systemic and organizational approaches, rather than products and processes alone [4]. In addition,
a stronger connection to other topics and disciplines, such as innovation management, circular economy,
regenerative design, cradle-to-cradle design, sustainability, or ecosystem services, may expand the
perspective of BID into the future.

From the products listed in the BioM Innovation Database [22], ~31% were commercially available,
~58% were in development (prototype phase), ~8% were unpatented concepts, and ~2% were
discontinued. Figure 4 summarizes the output of 95 cases from the BioM Innovation Database,
with regard to resulting patents.
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Figure 4. Number of patents per BID concept based on the BioM Innovation database [22]. As shown,
70 BID concepts led to a single patent (74%), 14 to two patents (15%), 3 to three patents (3%), and 8 to
five or more patents (8%).

As patents are only accepted if it is demonstrated that the concept is new, creative, and feasible,
the results support the notion that BID has the potential to lead to various kinds of innovation. Not only
incremental but also disruptive innovation is possible. As biological systems are not allowed to be
patented, patenting is also a way to standardize the biomimetic aspect of BID, because one must
abstract the biological principle and describe in detail its application to technology to obtain the patent.
In this context, some work still must be done to present BID as a well-structured methodology for
product development in companies. All aspects along the value chain for innovation, from the process
itself to its management and successful implementation, commercialization, and IP protection, can
potentially be revisited, in order to build the foundation for a clear approach. Some of these topics
are part of ongoing research, addressing for instance the relationship between inventions, patents,
and bio-inspiration.

The commercialization process is one of the key aspects of BID innovations. Figure 5 shows the
minimum, maximum, and median time that was needed to develop a prototype and then enter the
market, based on cases from the BioM Innovation Database [22], which provided full information
about the overall process. The analyzed 33 cases can be distinguished in accordance with their
fields of application [2], namely, (1) surfaces (n = 1); (2) evolutionary strategies & optimization
(n = 5); (3) communication & sensory systems (n = 2); (4) materials, structures & lightweight
(n = 19); (5) architecture & design (n = 5); and (6) fluid & aero dynamics (n = 1). Although the
development process in different industry sectors and application fields varies, requiring separate
analyses, we combined the cases, because the number of cases in various groups was too small to
provide meaningful results. In the future, it will be interesting to compare subsets of cases from
different fields of application to see whether there are sectors which have longer or shorter times of
development. In addition, it will be interesting to see whether and how BID development times differ
from those in standard innovation processes.

The overall commercialization process lasted 1–23 years in total, with an average duration of
approximately 6 years. Phase 1 (concept to prototype) had an average duration of approximately
1.9 years and phase 2 (prototype to market), of approximately 3.7 years. The analysis of the 14 business
case studies showed an average time-to-market of approximately 9 years.
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Figure 5. Duration of the commercialization of 33 BID products in years. Phase 1: concept to prototype;
phase 2: prototype to market.

The time for developments in BID varies with regard to the intensity of research that is necessary to
understand the biology in detail, to abstract the underlying principle of a biological phenomenon, and
to transfer it successfully to technology (phase 1). Furthermore, the development from a prototype to
a viable product (phase 2) is likely more time-consuming. The common problem of up-scaling may
be specifically demanding in BID, as seen for instance with the development of biologically inspired
hierarchical structures in material sciences [58]. In such cases, the development process may require
phases of reverse engineering and iterative loops. As each project in BID is unique, a deeper analysis of
more cases will be needed in the future to make more precise differentiations and comparisons.

However, the development times reflect certain barriers that are often raised by industry regarding
why BID may not be of interest to them. The time needed to develop a viable prototype or a final
product seems to be too long for projects in industry that need a solution to an existing problem.
This holds true especially for small- and medium-sized enterprises (SME) which often do not have
a specific innovation subunit with the budget and time for future developments. Of course, every
development takes time and needs money, and if solution-finding were easy, no creativity technique
or innovation management would be necessary. However, BID has specific challenges regarding its
process, as mentioned before, and the challenge “to use the paradigm to address increasing numbers of
real problems that translate into real products in the market” [6] requires much more work. Therefore,
BID could be used in various ways, for instance to generate new ideas, coming from a solution space
that had not yet been considered, so that first insights of its potential can be communicated to people of
interest and that first (sub) results are gained more quickly. In addition, the abstraction of the problem,
that must be solved, can be defined on various levels and therefore the abstraction offers chances to
estimate required efforts and time. Of course, once a phenomenon of nature is identified and must be
understood in detail, time is required to carry out the appropriate research. In this context, companies
must be well aware that BID is not a shortcut to ready-to-use solutions, but it can offer various benefits
for the company. As such, if a company is willing to invest time and money, BID offers the potential
for not only incremental, but also, potentially, disruptive innovation. In addition, new markets can
be entered once a phenomenon of nature is well understood and it becomes possible to transfer it
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to technology. This raises the question about how BID projects can be successfully integrated into
business models and how they can be managed effectively.

In order to find out which process of BID (solution-based or problem-driven) was used for the
development of BID products, we analyzed the BioM Innovation Database with regard to the time
needed to develop prototypes and to enter the market of the respective cases, as summarized in
Table 2. Most of the products, documented in the BioM innovation Database, were developed using
the solution-based approach in contrast to the problem-driven approach.

Table 2. Time to develop prototypes and products for commercialization, based on the two approaches
of BID.

Process Number of Cases Minimum
Duration (Years)

Maximum
Duration (Years)

Average
Duration (Years)

Phase 1: concept to prototype

problem-driven
(Design to Biology) 16 same year as

concept 10 1.6

solution-based
(Biology to Design) 29 same year as

concept 10 2.1

Phase 2: prototype to commercialization

problem-driven
(Design to Biology) 8 1 11 3.3

solution-based
(Biology to Design) 15 same year as

prototype 11 4

Phase: concept to commercialization

problem-driven
(Design to Biology) 8 1 13 5.5

solution-based
(Biology to Design) 15 1 23 6.8

The results about the duration of the development of a prototype or a product to enter the market
show that there is no significant difference. On average, both approaches needed approximately
1.9 years to develop a prototype, and an additional 3.6 years to enter the market. That there is no
significant difference between both approaches may be due to the fact that some of the individual steps
and tasks to be done in both development processes are similar, even though they have a different
order and intensity.

Once the process with its steps of BID is well described and available to practitioners, it can help
to increase the implementation and success rate, as it can be communicated clearly what BID projects
resemble, what is needed in order to succeed, and where the difficulties arise. Each BID project is
unique, but we were able to identify and analyze common challenges related to BID projects that were
communicated in the interviews.

3.2. Challenges of the Process and Barriers to Market Entry

The BioM Innovation Database case studies as well as the 14 business cases were analyzed with
regard to documented challenges. Based on these findings, we defined resulting effects and key factors
for success, shown in Table 3.

In the interviews resulting from the BioM Innovation Database, inventors were asked about
challenges arising from interdisciplinary teamwork in particular. Interdisciplinary teamwork refers
mainly to the collaboration of biologists and engineers from various disciplines (e.g., material
engineering and biomechanics). From the 56 interviews which provided information to this
question, 75% answered that there were no challenges arising, and they emphasized the benefit of
interdisciplinary work. However, they mentioned that common sense and open-mindedness are a
necessary foundation for collaboration. For the 25% who noticed challenges, it was mostly due
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to communication and translation across disciplines. This indicates that knowledge translation
and transfer (KTT) is a constant demand in BID that also requires an interdisciplinary language.
One interesting finding was that it could be very difficult to convince people of a new idea that was
inspired by nature as it might not fit into technology state-of-the-art. It might also be difficult to find
partners. In addition, the need to work with experts to acquire a deep understanding of biology was
emphasized. This indicates that several obstacles in BID may be due to its disruptive nature, which on
the other hand justifies the investment and endurance needed.

Table 3. Challenges, effects, and key factors of success based on reports from developers in BID projects.
KTT: knowledge translation and transfer; IP: intellectual property.

Challenges Effect Success Factor

Communication across disciplines Abandonment Misunderstandings
Constant KTT during project

duration; define communication
and boundaries

Involvement of multiple
disciplines, backgrounds, and

approaches
Misunderstandings Turn into a benefit by learning

from each other

Resistance to ideas No collaboration possible Build a network of experts willing
to collaborate

Duration of development phase Discouragement Assess the market properly;
ensure the product is scalable

Translation between fields No marketspace Find a market niche

Requirement of proof-of-concept Discouragement

Determination of channels for
production; pursuit of blue ocean

strategy; find appropriate
methods for validation

Duration of commercialization
phase Discouragement Appropriate marketing, assess the

market properly
Requirement to design new

processes of production
Opportunity for patents; increase

of time and costs
Procurement of sufficient funding;

patenting
Requirement to build up new

capacities Increase of costs Procurement of sufficient funding

Protection with patents Legal protection for IP
Keep potential competitors out of
the market; define IP of various

partners
Long wait for return on

investment Discouragement Procurement of sufficient funding

Clear research objective and specific goals, mandatory interdisciplinary thinking, open-mindedness,
commitment, flexibility, environment for collaboration, willingness to learn from each other, reciprocal respect,

endurance, deep understanding of biology, advising experts and impartial referees.1

1 Overarching topics and aspects that facilitate the BID process.

Table 3 summarizes the challenges of and the opportunities for BID projects, as reported by the
developers of BID concepts and products. The topics address a) the collaboration and communication
in interdisciplinary teams, b) the demands of the process, c) the production of viable prototypes, d) the
time needed, e) the intellectual property (IP), and f) the costs. Each of these topics is linked to several
research questions which must be addressed in further studies. For example, the role of team members
is of interest, as current literature indicates [59,60]. Additionally, an assessment of problems that can be
addressed with BID would be of help to fulfill the demands of the process, and strategies for patenting
and funding would help to support future users.

As indicated by the business cases, and as sources of funding, especially when it comes to the
establishment of a start-up based on a BID product, private savings/investments, governmental
funding, and angel investments are possible ways of procuring sufficient funding.
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BID developments can face specific challenges. In addition to the ones already discussed, such as
longer phases for a proof-of-concept due to the complexity of truly understanding the biology and
transferring it to engineering, technology and market validations are also challenging. As indicated
before, this includes the preparing of a problem statement, which is an essential step at the very
beginning of projects. The question of whether the problem identified is worth solving, especially
with BID, must be answered early. In doing so, assessing the potential market at the very beginning
is crucial, even though the assessment will be adapted once the development process progresses
and the BID solution becomes clear. In addition, once academia and industry collaborate, further
challenges arise which make knowledge transfer from research to application difficult. For example,
the transdisciplinary work in BID asks practitioners from industry to understand the fundamental
paradigm of BID, which encompasses the idea that an organism you may have never heard of holds
the answer to your specific technological problem. On the other hand, one interview mentioned that
they could not use research from the “ivory tower”, but instead they needed to work with people with
strong interdisciplinary capabilities. This raises the issue of teaching and training people involved in
BID, which is a research topic on its own.

Another aspect that is part of the commercialization process is the marketing. Especially in BID,
it is possible to develop a good marketing strategy, as nature has an inherently emotional aspect [8].
Therefore, once the product is valid, its value can be promoted effectively. However, marketing can
be misused and in this context it is even more important to consider the definition of biomimetics in
order to avoid weakening the concept [5].

4. Conclusions

With this article we aimed to increase the understanding of the overall BID process and to assist
designers in overcoming challenges described as the “valley of death”. We therefore addressed various
topics regarding the implementation of BID concepts and their market entry. It is a first business case
study based on the analysis of approximately 100 products, which gives insight into their development
processes and the experiences of the developers. This will help future users of BID to better understand
the process and characteristics of BID and to learn from derived success factors. By linking BID to
the traditional innovation management process and to the “valley of death”, we aimed to highlight
that BID must be market-oriented and take into account the needs and expectations of industry.
In combination with the success factors presented (Table 3), the challenges of the “valley of death” can
be dealt with early in projects so that they may be anticipated.

Even though further research is necessary and will contribute to a deeper understanding of
several aspects, we can make some recommendations for:

• implementing BID in product development,
• facilitating commercialization, and
• supporting existing and new industries (start-up community).

In this context, it is still necessary to analyze whether BID should be considered a unique way of
problem solving or whether it will benefit from merging it with traditional development and innovation
management processes. Research on that topic is ongoing.

As a result of our findings, we suggest that (a) a first assessment to identify which problems
and projects can and cannot be addressed with BID should be performed. Research on that topic
is ongoing and therefore is not presented here. In addition, (b) a customer and market analysis
(product/market fit) and the identification of viable market segments are suggested, especially when
it comes to early-stage startup ventures. We conclude that (c) a business and financial framework for
commercialization is necessary, which includes critical questions about what the startup should do and
not do in order to find a repeatable, scalable, and profitable business model. The framework makes
these integrated choices to create a sustainable advantage within its market relative to rival startups and
market incumbents. It additionally could help industries become more sustainable and competitive by
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adopting BID solutions that can radically transform an industry through the increased efficient use of
natural resources, thereby mitigating environmental impacts. (d) The use of due diligence tools to better
analyze and assess investments for BID is recommended. This means developing effective screening
mechanisms to better identify, validate, and support early-stage biomimetic ventures. (e) Establishing
business models/processes to accelerate the commercialization of BID solutions is recommended.
These models could be based on the lean startup approach or regenerative design. The lean startup
provides a scientific approach to creating and managing startups and getting a desired product to
customers’ hands more quickly. The lean startup model has as a premise that every startup is a grand
experiment that attempts to answer a question. The question is not “Can this product be built?”; instead
it should be “Should this product be built?”. The regenerative approach uses the study of ecological
systems to find solutions to human problems, to model patterns for industry, agriculture, and human
habitats. They are in line with the BID approach to encourage the development of innovative solutions
that address specific needs, pains, and/or desires of a particular target user or customer. Successful
entrepreneurs have to understand their customer needs, especially how the customers experience a
particular problem and why (and how much) it matters to them.

Lastly, BID can benefit from integrating with tools and methods from other disciplines, such as
project and innovation management. As a benefit, those methods may already exist in the company or
the team which allows BID to build upon existing expertise. Therefore, we assume that further research
will focus on analyzing how existing tools and methods can be used and eventually be adapted for the
BID process.

Author Contributions: Conceptualization, J.C., K.W., and P.-E.F.; Data curation, K.W., C.Z., and S.J.; Formal
analysis, K.W., C.Z., and S.J.; Investigation, J.C., K.W., and S.J.; Methodology, J.C. and K.W.; Resources, J.C., P.-E.F.,
and S.J.; Supervision, C.Z. and S.J.; Visualization, K.W. and S.J.; Writing – original draft, J.C. and K.W.; Writing –
review and editing, P.-E.F., C.Z., and S.J.

Funding: This work was supported by the German Research Foundation (DFG) and the Technical University of
Munich (TUM) in the framework of the Open Access Publishing Program.

Acknowledgments: The authors wish to thank the students from the University of California, San Diego, for their
help with the market analyses and case studies. Special thanks go to Norbert Hoeller, who shared his thoughts
and highly appreciated expertise to improve the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lepora, N.F.; Verschure, P.; Prescott, T.J. The state of the art in biomimetics. Bioinspir. Biomim. 2013, 8, 013001.
[CrossRef] [PubMed]

2. von Gleich, A. (Ed.) Potentials and Trends in Biomimetics; Springer: Heidelberg, Germany, 2010;
ISBN 978-3-642-05246-0.

3. Vincent, J.F.V. Biomimetics—A review. Proc. Inst. Mech. Eng. Part H J. Eng. Med. 2009, 223, 919–939.
[CrossRef] [PubMed]

4. Ferdinand, J.-P.; Petschow, U.; von von Gleich, A.; Seipold, P. (Eds.) Literaturstudie Bionik: Analyse Aktueller
Entwicklungen und Tendenzen im Bereich der Wirtschaftsbionik; Schriftenreihe des IÖW: Berlin, Germany, 2012;
ISBN 978-3-940920-04-1.

5. ISO/TC 266—Biomimetics; ISO 18458:2015; International Organization for Standardization: Geneva,
Switzerland, 2015.

6. Goel, A.K.; McAdams, D.A.; Stone, R.B. (Eds.) Biologically Inspired Design: Computational Methods and Tools;
Springer: London, UK; New York, NY, USA, 2014; ISBN 978-1-4471-5247-7.

7. Lenau, T.A.; Metze, A.-L.; Hesselberg, T. Paradigms for Biologically Inspired Design. Proc. SPIE 2018.
[CrossRef]

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

http://dx.doi.org/10.1088/1748-3182/8/1/013001
http://www.ncbi.nlm.nih.gov/pubmed/23302259
http://dx.doi.org/10.1243/09544119JEIM561
http://www.ncbi.nlm.nih.gov/pubmed/20092091
http://dx.doi.org/10.1117/12.2296560
http://dx.doi.org/10.1088/1748-3190/12/1/011004
http://www.ncbi.nlm.nih.gov/pubmed/28118154


Appl. Sci. 2019, 9, 650 14 of 16

9. Zollfrank, C.; Scheibel, T.; Seitz, H.; Travitzky, N. Bioinspired Materials Engineering. In Ullmann’s
Encyclopedia of Industrial Chemistry; Wiley-VCH Verlag GmbH & Co. KGaA, Ed.; Wiley-VCH Verlag GmbH &
Co. KGaA: Weinheim, Germany, 2014; pp. 1–22. ISBN 978-3-527-30673-2.

10. Benyus, J.M. Biomimicry: Innovation Inspired by Nature; Repr.; Harper Perennial: New York, NY, USA, 2008;
ISBN 978-0-06-053322-9.

11. Fayemi, P.E.; Wanieck, K.; Zollfrank, C.; Maranzana, N.; Aoussat, A. Biomimetics: Process, tools and practice.
Bioinspir. Biomim. 2017, 12, 011002. [CrossRef] [PubMed]

12. Mayser, M.J.; Bohn, H.F.; Reker, M.; Barthlott, W. Measuring air layer volumes retained by submerged
floating-ferns Salvinia and biomimetic superhydrophobic surfaces. Beilstein J. Nanotechnol. 2014, 5, 812–821.
[CrossRef] [PubMed]

13. Helfman Cohen, Y.; Reich, Y. Biomimetic Design Method for Innovation and Sustainability; Springer: Cham,
Switzerland, 2016; ISBN 978-3-319-33996-2.

14. Antony, F.; Grießhammer, R.; Speck, T.; Speck, O. Sustainability assessment of a lightweight biomimetic
ceiling structure. Bioinspir. Biomim. 2014, 9, 016013. [CrossRef] [PubMed]

15. Antony, F.; Grießhammer, R.; Speck, T.; Speck, O. The cleaner, the greener? Product sustainability
assessment of the biomimetic façade paint Lotusan® in comparison to the conventional façade paint
Jumbosil®. Beilstein J. Nanotechnol. 2016, 7, 2100–2115. [CrossRef] [PubMed]

16. Fish, F.E.; Beneski, J.T. Evolution and Bio-Inspired Design: Natural Limitations. In Biologically Inspired
Design; Goel, A.K., McAdams, D.A., Stone, R.B., Eds.; Springer: London, UK, 2014; pp. 287–312.
ISBN 978-1-4471-5247-7.

17. Wanieck, K.; Fayemi, P.-E.; Maranzana, N.; Zollfrank, C.; Jacobs, S. Biomimetics and its tools. Bioinspir.
Biomater. Biomater. 2017, 6, 53–66. [CrossRef]

18. VELCRO®Brand Fasteners and Hook and Loop. Available online: https://www.velcro.com/ (accessed on
24 September 2018).

19. Sharklet Technologies, Inc. Available online: https://www.sharklet.com/ (accessed on 24 September 2018).
20. Vincent, J.F.V.; Bogatyreva, O.A.; Bogatyrev, N.R.; Bowyer, A.; Pahl, A.-K. Biomimetics: its practice and

theory. J. R. Soc. Interface 2006, 3, 471–482. [CrossRef]
21. Barthlott, W.; Neinhuis, C. Purity of the sacred lotus, or escape from contamination in biological surfaces.

Planta 1997, 202, 1–8. [CrossRef]
22. Jacobs, S.R.; Nichol, E.C.; Helms, M.E. “Where Are We Now and Where Are We Going?” The BioM Innovation

Database. J. Mech. Des. 2014, 136, 111101. [CrossRef]
23. Snell-Rood, E. Interdisciplinarity: Bring biologists into biomimetics. Nature 2016, 529, 277–278. [CrossRef]

[PubMed]
24. Yen, J.; Helms, M.; Goel, A.; Tovey, C.; Weissburg, M. Adaptive Evolution of Teaching Practices in Biologically

Inspired Design. In Biologically Inspired Design; Goel, A.K., McAdams, D.A., Stone, R.B., Eds.; Springer:
London, UK, 2014; pp. 153–199. ISBN 978-1-4471-5247-7.

25. Hartschen, M.; Scherer, J.; Brügger, C. Innovationsmanagement: Die 6 Phasen von der Idee zur Umsetzung; 3.
Aufl.; Gabal: Offenbach am Main, Germany, 2015; ISBN 978-3-86936-015-7.

26. Bertling, J. Bionik als Innovationsstrategie. In Innovationen Durch Wissenstransfer; Herstatt, C., Kalogerakis, K.,
Schulthess, M., Eds.; Springer: Wiesbaden, Germany, 2014; pp. 139–182. ISBN 978-3-658-01565-7.

27. Gaubinger, K.; Rabl, M.; Swan, S.; Werani, T. Innovation and Product Management; Springer Texts in Business
and Economics; Springer: Berlin/Heidelberg, Germany, 2015; ISBN 978-3-642-54375-3.

28. Fayemi, P.E.; Maranzana, N.; Aoussat, A.; Bersano, G. Bio-inspired design characterisation and its links with
problem solving tools. In Proceedings of the 13th International Design Conference-DESIGN, Dubrovnik,
Croatia, 19–22 May 2014.

29. Töre Yargin, G.; Crilly, N. Information and interaction requirements for software tools supporting analogical
design. Artif. Intell. Eng. Des. Anal. Manuf. 2015, 29, 203–214. [CrossRef]

30. Linsey, J.S.; Tseng, I.; Fu, K.; Cagan, J.; Wood, K.L.; Schunn, C. A Study of Design Fixation, Its Mitigation and
Perception in Engineering Design Faculty. J. Mech. Des. 2010, 132, 041003. [CrossRef]

31. Nagel, J.K. Enhancing the Pedagogy of Bio-inspired Design in an Engineering Curriculum. Paper ID #14867.
In Proceedings of the ASEE’s 123rd Annual Conference & Exposition, New Orleans, LA, USA, 26–29 June
2016.

http://dx.doi.org/10.1088/1748-3190/12/1/011002
http://www.ncbi.nlm.nih.gov/pubmed/28114108
http://dx.doi.org/10.3762/bjnano.5.93
http://www.ncbi.nlm.nih.gov/pubmed/24991518
http://dx.doi.org/10.1088/1748-3182/9/1/016013
http://www.ncbi.nlm.nih.gov/pubmed/24503487
http://dx.doi.org/10.3762/bjnano.7.200
http://www.ncbi.nlm.nih.gov/pubmed/28144557
http://dx.doi.org/10.1680/jbibn.16.00010
https://www.velcro.com/
https://www.sharklet.com/
http://dx.doi.org/10.1098/rsif.2006.0127
http://dx.doi.org/10.1007/s004250050096
http://dx.doi.org/10.1115/1.4028171
http://dx.doi.org/10.1038/529277a
http://www.ncbi.nlm.nih.gov/pubmed/26791704
http://dx.doi.org/10.1017/S0890060415000074
http://dx.doi.org/10.1115/1.4001110


Appl. Sci. 2019, 9, 650 15 of 16

32. Linsey, J.S.; Viswanathan, V.K. Overcoming Cognitive Challenges in Bioinspired Design and Analogy.
In Biologically Inspired Design; Goel, A.K., McAdams, D.A., Stone, R.B., Eds.; Springer: London, UK, 2014;
pp. 221–244. ISBN 978-1-4471-5247-7.

33. Mead, T.L. Biologically-Inspired Management Innovations. In Proceedings of the 2014 ISPIM Conference,
Dublin, Ireland, 8–11 June 2014; p. 1.

34. Bachmann, T.; Wagner, H. The three-dimensional shape of serrations at barn owl wings: Towards a typical
natural serration as a role model for biomimetic applications: Three-dimensional shape of serrations at barn
owl wings. J. Anat. 2011, 219, 192–202. [CrossRef] [PubMed]

35. Gao, J.; Chu, J.; Shang, H.; Guan, L. Vibration attenuation performance of long-eared owl plumage. Bioinspir.
Biomater. Biomater. 2015, 4, 187–198.

36. Arzt, E. Biological and artificial attachment devices: Lessons for materials scientists from flies and geckos.
Mater. Sci. Eng. C 2006, 26, 1245–1250. [CrossRef]

37. Altshuller, G. The Innovation Algorithm: TRIZ, Systematic Innovation and Technical Creativity; 1. ed., 2. print.;
Technical Innovation Center: Worcester, MA, USA, 2000; ISBN 978-0-9640740-4-0.

38. Herb, R.; Herb, T.; Kohnhauser, V. TRIZ: Der Systematische Weg zur Innovation; Werkzeuge, Praxisbeispiele,
Schritt-für-Schritt-Anleitungen; mi, Verl. Moderne Industrie: Landsberg am Lech, Germany, 2000;
ISBN 978-3-478-91980-7.

39. Souchkov, V. The 5 Levels of Solutions Explained. Triz J. 2007. Available online: https://triz-journal.com/
differentiating-among-the-five-levels-of-solutions/ (accessed on 27 February 2019).

40. Zlotin, B.; Zusman, A. Levels of Invention. In Encyclopedia of Creativity, Invention, Innovation
and Entrepreneurship; Carayannis, E.G., Ed.; Springer: New York, NY, USA, 2013; pp. 1199–1205.
ISBN 978-1-4614-3857-1.

41. Home|AMSilk. Available online: https://www.amsilk.com/home/ (accessed on 27 September 2018).
42. Kaiser, M.K.; Hashemi Farzaneh, H.; Lindemann, U. Bioscrabble—The role of different types of search terms

when searching for biological inspiration in biological research articles. In Proceedings of the DESIGN 2014
13th International Design Conference, Dubrovnik, Croatia, 19–22 May 2014.

43. StoColor Dryonic®. Available online: www.sto.de/de/unternehmen/innovationen/stocolor_dryonic/
stocolor-dryonic.html (accessed on 6 February 2019).

44. ZIEHL-ABEGG Deutschland—Bionische Konzepte. Available online: www.ziehl-abegg.com/de/
de/unternehmen/technologiekompetenz/forschung-entwicklung/bionische-konzepte/ (accessed on
6 February 2019).

45. Bionic Learning Network | Festo Corporate. Available online: www.festo.com/group/en/cms/10156.htm
(accessed on 8 February 2019).

46. Bhushan, B. Perspective: Science and technology policy—What is at stake and why should scientists
participate? Sci. Public Policy 2015, 42, 887–900. [CrossRef]

47. United States Government Accountability Office. Nanomanufacturing—Emergence and Implications for U.S.
Competitiveness, the Environment, and Human Health; United States Government Accountability Office:
Washington, DC, USA, 2014.

48. Gebeshuber, I.C.; Gruber, P.; Drack, M. A gaze into the crystal ball: Biomimetics in the year 2059. Proc. Inst.
Mech. Eng. Part C J. Mech. Eng. Sci. 2009, 223, 2899–2918. [CrossRef]

49. Christensen, C.M.; Anthony, S.D.; Berstell, G.; Nitterhouse, D. Finding the Right Job for Your Product. MIT
Sloan Manag. Rev. 2007, 48, 12.

50. Simon, R. New product development and forecasting challenges. J. Bus. Forecast. 2009, 28, 19–21.
51. Clarenc, P.; Kremp, E.; Lhomme, Y. L’innovation Technologique Dans L’industrie Entre 1998 et 2000: Résultats

De L’enquête Européenne; Ministère de L’économie des Finances et de L’industrie, Service Des Études et Des
Statistiques Industrielles (SESSI): Paris, France, 2004.

52. Vattam, S.; Helms, M.E.; Goel, A.K. Biologically-Inspired Innovation in Engineering Design: A Cognitive Study;
Technical Report; GVU Center, Georgia Institute of Technology GIT: Atlanta, GA, USA, 2007.

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