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Abstract: Biomimetics is a well-known approach for technical innovation. However, most of its
influence remains in the academic field. One option for increasing its application in the practice of
technical design is to enhance the use of the biomimetic process with a step-by-step standard, building
a bridge to common engineering procedures. This article presents the endeavor of an interdisciplinary
expert panel from the fields of biology, engineering science, and industry to develop a standard that
links biomimetics to the classical processes of product development and engineering design. This
new standard, VDI 6220 Part 2, proposes a process description that is compatible and connectable to
classical approaches in engineering design. The standard encompasses both the solution-based and
the problem-driven process of biomimetics. It is intended to be used in any product development
process for more biomimetic applications in the future.
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1. Introduction

Using nature as a model, biomimetics has the potential to optimize products, save
resources, or even lead to disruptive innovations that can induce a paradigm shift [1]. The
number of scientific publications in the field of biomimetics has significantly increased from
less than one hundred in the early 1990s to more than 2500 in 2017 [2,3]. In an unspecific
search using only the search term “biomimetics,” more than 10,000 documents can be
found in scientific databases and more than 100,000 in Google Scholar [4]. Success stories
are found from diverse fields, ranging from communication and sensory systems using
evolutionary strategies and optimization of materials, to architecture and design, as well
as fluid- and aerodynamics [1]. Additionally, due to the large number of species and their
morphological diversity, it is considered that “researchers pursuing biomimetic approaches
have barely scratched the surface of biological inspiration” [5], and the estimated potential
of biomimetics for innovation is high.
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However, the practice of biomimetics, i.e., product development based on a biological
model progressing up to market-ready products, is rarely carried out. According to the
BioM Innovation Database, when published in 2014, 86 commercially available products
met the criteria for being considered as biomimetic, meaning that they mimic a biological
function, its forms, processes, or interactions [6]. The criteria of the International Stan-
dardization Organization (ISO) in ISO 18458 might even be stricter [7]. Thus, the authors
assume that biomimetics, in the strict sense of ISO 18458 [7] has not yet established itself as
a recognized method for product development and engineering design in practice, espe-
cially in industrial procedures, due to the lack of (1) awareness, (2) an available process
description, and (3) a measurable and robust benefit for the company.

Based on the experience of the authors, biomimetics can offer solutions for industry
in three different ways: (1) Design principles and concrete ideas that are close to the
market, i.e., the biological function is clear, and its underlying working principle is easy
to implement; (2) Transformational ideas, of which the biological function is clear, but its
transfer and application is unclear, and (3) Research actions, in which a biological model is
not yet identified, or a technical application has yet to be found. In all three cases, a general
biomimetic process description is required that is adaptable and applicable to specific
research questions and development projects. Moreover, the biomimetic process still
exhibits various challenges in theory, research, and practice [8-10]. One of these challenges
is the clear understanding of what needs to be done and how this can be achieved during
the biomimetic process. In order to address this challenge, several research endeavors have
focused on process descriptions, e.g., the work of [11,12] and its improvements, the usage
of tools and methods to support industry adoption [13], or to consider the perspective of
practitioners [14].

Due to the large variety of applications, descriptions of biomimetic approaches are
often idealized and general, as seen in the international standard on biomimetics ISO
18458—terminology, concepts, and methodology [7]—or in the unified problem-driven
approach [12]. ISO 18458 even states that it was impossible to find one process description
that fits every project [7]. This aspect is in contrast to industrial practice, where various
methodologies are used to develop different technical products, such as the domain-
independent approaches, according to Pahl and Beitz [15]. In Germany, it is common to use
technical standards in engineering processes, such as those developed by the Association
of German Engineers (Verein Deutscher Ingenieure, VDI), like the standard VDI 2221,
for example, on the design of technical products and systems [16,17], or domain-specific
standards, such as VDI 2206, for the development of mechatronic products [18].

Concerning biomimetics, technical standards have been developed by the VDI for
terms and definitions, as well as on specific topics such as lightweight design and optimiza-
tion. These standards have become the foundation for the three international standards
on biomimetics [7,19,20], which indicates the importance of standardization work on a
national level. Interestingly, the standards of biomimetic methods have proven to facilitate
product developments. Both international standards and technical standards are already
used during biomimetic developments, as they are mentioned in three patents and in
49 scientific publications [4]. However, only a few approaches describe how biomimetic
methods fit in specific technical processes, e.g., in the context of structural optimization
processes in lightweight design [21] or for motion control in robotics [22]. A general linkage
of biomimetic methods and general engineering methodologies has only taken place as first
attempts [12,23]. Therefore, to increase the innovation potential of biomimetics, biomimetic
methods need to be considered in engineering design, independent of specific existing
development processes used in the respective companies.

The authors assume that the missing link between biomimetic and established, clas-
sical product development methodologies prevent engineers from diving deeper into
biomimetics and thus could also prevent the successful implementation of biomimetics
in the product development process. Additionally, a standard can help to increase the
plannability and estimate potential risks. Once these aspects become more predictable, the
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acceptance of biomimetics might increase [23,24]. Therefore, several strategies have been
identified to overcome these barriers and increase the number of market-ready products,
i.e., (1) to describe an approach that can be adapted to individual projects [12], (2) to sup-
port users with methods and tools [23,25,26], and (3) to link this approach to established
working procedures already used in industry.

In 2019, the VDI invited experts from various scientific disciplines and industry
to collaborate and focus on step 3, i.e., to develop a technical standard that explains
how to integrate biomimetics in classical product development processes, with step-by-
step guidance for industrial practice. Biomimetics is defined as the “interdisciplinary
cooperation of biology and technology or other fields of innovation with the goal of solving
practical problems [ ... ]” [7]. As such, it can be understood and performed in various
ways, e.g., focusing on technical functional improvements and/or considering efficiency
strategies for biological systems, leading to more sustainable products. Furthermore,
regarding the biomimetic process, there are similarities or links to other design approaches
or management activities, such as TRIZ, Design Thinking, or Circular Economy, which
could have also been linked to biomimetics.

In this article, a smaller group from this expert panel describes the workflow towards
the new VDI Standard, VDI 6220 Part 2—Biomimetic Development Process; Products and
Procedures -, which is available in German, but will soon be translated to English. The
aim of this article is to present the efforts to standardize a pragmatic approach within the
context of VDI standards. As such, it will help the scientific community to better under-
stand the outcome of this work, i.e., the technical standard, and for anyone interested in the
background information. It is the only article in the field that describes the standardization
process and that emphasizes the link to classic product development processes. There-
fore, the manuscript opens the scientific discussion in the field about the characteristics
of biomimetics and other approaches, leading to a foundation for future work and the
transformation of biomimetics.

The authors want to contribute to the development of a repeatable and robust method-
ology, which is considered to be a scientific challenge [27]. Since the standardization work
is not known in its entirety in the academic field, the general principles of standardization
work in the VDI, based on the VDI 1000—VDI Standardization Work—Principles and Pro-
cedures, are also explained here. The authors consider this background information to be of
value to the scientific community, as similar endeavors might take place in other countries.
Finally, the article presents the integration of biomimetic methods into existing product
development methodologies and facilitates access to biomimetic methods by practitioners
such as designers, engineers, industrial engineers, and product managers.

2. Materials and Methods
2.1. Expert Panel for VDI 6220 Part 2

According to VDI 1000, the expert panel for VDI 6220 Part 2 included all relevant
interested parties. Box 1 shows the main principles for developing a technical standard
and setting up the panel. The standard committee consisted of 21 members from science,
research, and industry, a secretary of the VDI, and one guest from a networking association,
all of whom combined their expertise to establish an approach for the development of
biomimetic products. Figure 1 shows the participants of the expert panel. According to their
employment, five members were assigned to industry and 16 to science and research. Based
on their field of expertise, eight belong to the engineering sciences, six have a background
in biology, and seven have expertise in interdisciplinary fields such as biomimetics itself, or
work between engineering sciences and natural sciences. Some of the members could be
allocated to more than one field of expertise, but only their primary interest was counted.
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Figure 1. Participants in the expert panel. B: biology; E: engineering; I: interdisciplinary. In total,
21 members, one guest, and one secretary collaborated on developing a process description for
biomimetics.

Box 1. Procedure for developing a technical standard based on VDI 1000.

VDI 1000—VDI Standardisation Work—Principles and Procedure

Anyone can submit proposals for a new VDI guideline.

Based on specified criteria it is checked whether an initiation of standardisation work is justified,
ie,

(a) whether there is a current demand, (b) whether the topic is already covered, and (c) whether
enough people from interested parties are willing to participate on a voluntary basis and contribute
with their expertise.

VDI standardization work serves society as a whole and is not intended to provide individuals
an economic advantage.

Individual members represent their personal expert perspective or reflect the perspective of an
interested party.

Appointing committee members is done carefully to ensure that all relevant interested parties
are represented adequately.

Committees develop preliminary, internal working papers for the purpose of preparing the
manuscript oft he guideline.

Decisions should be made by consensus; if this is not possible, a vote must be taken. Consensus
means: “general agreement, characterized by the absence of sustained opposition to substantial
issues by any important part of the concerned interests and by a process that involves seeking to
take into account the views of all parties concerned and to reconcile any conflicting arguments [DIN
EN 45020, 1.7]”. Whereby “Consensus need not imply unanimity. [DIN EN 45020, 1.7]".

With the publication of the draft, the general public can exert influence during the public inquiry
procedure.

Objections of the public are processed in the committee and, decisions are made by consensus
or resolution and are documented.

The guideline is then published and replaces the draft.

The committee was founded on 16 May 2019 in Diisseldorf, Germany. Overall, eleven
meetings have led to a consensus concerning a general biomimetic development process
description, and the group adopted the VDI standard draft on 21 September 2021. This VDI
standard draft describes the methodological procedure recommended for a biomimetic
development process. With the publication of the draft, the public can comment and advise
on the public inquiry procedure. A draft is not considered a generally recognized rule for
engineering workflows, but it can show trends of future technical progress. The public
inquiry procedure starts with the publication of the draft (expected June 2022) and runs for
four months. The received objections are reviewed by the committee and, in accordance
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with the principles of VDI standardization work, decisions are made by consensus or
resolution and are then documented. The standard is then published, replacing the draft.

2.2. Standardization Work

In addition to the panel’s expertise and their knowledge of the state of the art, the
new standard could draw on all previously published VDI standards on biomimetics (see
http:/ /www.vdi.de/bionik; accessed on 23 February 2022) and incorporate the experience
gained from these drafting processes. Furthermore, some panel members are also active
on other standardization committees dealing with biomimetics, such as DIN (Deutsches
Institut fiir Normung, the German Institute for Standardization) and ISO (the International
Standardization Organization). Thus, experience from the international committees and
participating communities could also be incorporated into the development of VDI 6220
Part 2. Figure 2 summarizes the standardization working process.

State of Framework according to VDI 1000*
the art oo

< T
l Expert \?

I panel I

VDI
6220-2

Existing
standards

*described in Box 1

Figure 2. Flow diagram of the working process that led to VDI 6220 Part 2.

From the beginning of the work on VDI 6220 Part 2, special emphasis was placed on
the fact that biomimetics should be understood as an addition to existing development
processes; thus, it addresses engineers and practitioners who use technical standards. In
German-speaking countries, VDI 2221 Part 1 is a proven standard used in many develop-
ment processes. Hence, it was selected to develop a linkage to VDI 6220 Part 2. However,
complementary conceptualizations in the context of biomimetics and product development
have also been discussed and considered [18,23,25,26,28,29].

The production process, i.e., the discursive preparation of a standard draft, is compara-
ble to an open review process in which all members read and correct the texts, if necessary.
As soon as the working papers have reached a certain level of maturity, they are further
edited so that the finished manuscript corresponds to the consensus found by the commit-
tee, thus complying with the state of the art after the public inquiry procedure. The content
of a standard can therefore no longer be traced back to specific authors, and all content
and working documents are to be treated confidentially until the draft stage. In addition, a
standard must be formulated as a very compact and practicable recommendation for action.
The production process, in particular the discussions that led to the result of a technical
standard and thus to the state of the art, eludes scientific scrutiny, and only the condensed
result is reported.

2.3. Common Language for the Biomimetic Approaches

A general recommendation in standardization work is to agree on a common language
accepted by all panel members. Therefore, a significant amount of committee work was
devoted to selecting and defining technical terms that are used accurately in the standard.
In this case, knowledge and experience from the use of the already established VDI 2221
Part 1 and Part 2, VDI 2206, and VDI 6220 Part 1 have been incorporated.
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As part of the initial definitions, the introduction to VDI 6220 Part 2 defines specific
biomimetic terms based on the expert panel’s knowledge and the state of the art. To
achieve a common language understandable between biomimetics and classical product
development, terms and definitions from, e.g., VDI 2221 and VDI 6220-1 were used for
the description of the biomimetic development process. As such, readers will be familiar
with the wording and the explanation of the different steps of the biomimetic development
process is clear and easy to follow.

3. Results

The main achievement of the interdisciplinary work of the VDI 6220 Part 2 committee
is the linking of biomimetics with the classical product development process. Figure 3
shows the general structure of this interconnection. Further details can be found in VDI
6220 Part 2 (draft 2022), as copyright issues do not allow reprinting content of a standard.
The standard introduces biomimetics as an iterative, 9-step process and offers utilization
methods in different phases of the research and development process.

Problem
I
4 g Pr?duct . h Iterative
evelopmen biomimetic
process approach

Concept VDI 6220-2
Development

Implementation in

Design
Elaboration in detail:
VDI-6220-2

v

Solution

Figure 3. The biomimetic process of VDI 6220 Part 2 linked to the classical product development, for
example, as in VDI 2221 Part 1 and Part 2.

Different options were discussed in the expert panel to illustrate the biomimetic
approaches of problem-driven and solution-based methods, ranging from simplifying
sequential representations, to using a clock model or a spiral, [24], e.g., in VDI 2221 Part 1
and VDI 2221 Part 2. While sequential representations are often easier to understand, they
lack a distinct illustration of the iterative and parallel work in practice that is common for
biomimetic working processes. Complex representations illustrate iterative and parallel
work, but users might not know where to start and what exactly needs to be done. In
favor of a low threshold for users with different backgrounds, the expert panel decided to
use a spiral to represent the biomimetic approaches, with additional remarks in the text
pointing to the possibility of parallel and iterative work during the process. The spiral is
presented to emphasize iterations similar to the V-Model in VDI 2206, where a subsequent
process begins with insights from the previous process [18]. Thus, and in contrast to
existing biomimetic process representations, the chosen representation of the process is
both detailed and formalized.

The biomimetic spiral is split into four sections with continuous transitions. Each sec-
tion represents a phase in the biomimetic approaches and contains phase-specific activities.
The phases are: arrange (I), analyze (II), abstract (I1I), and apply (IV) and are similar to other
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process descriptions of biomimetics [12]. The spiral encompasses both the solution-based
and the problem-driven approach of biomimetics. When beginning a problem-driven
approach, the starting point is at the top of the product development process, with the link
to biomimetic methods at the end of the planning, concept development, and design phase.
The starting point for the solution-based approach is in the center of the biomimetic spiral.

The Classical Product Development Process and Its Link with the Biomimetic Approach

The development process according to VDI 2221 Part 1, with the division into the four
product development phases (planning, concept development, implementation in design,
and elaboration) as introduced by Pahl and Beitz, was chosen intentionally for the classical
product development process [15,16]. This choice is because this methodology is well
established in industry, and the development process is generic so that it can be applied to a
wide range of products (including processes), regardless of the domain. According to VDI
2221, the general product development process is to go through a problem-solving process
from a problem to a possible solution. An essential part of developing technical products
is the search for solutions, which is mainly carried out in the concept development phase.
In the context of the classical product development process, several methods (for finding
solutions in the concept development phase) are already provided to support engineers,
e.g., morphological boxes and classification schemes [30,31].

By linking the classical product development process with the biomimetic approaches,
the classical development process receives a further branch, represented by the bridge in
Figure 3, and connected with the methods and contents from VDI 6220-2. The linkage of
the product development process with the problem-driven biomimetic approach begins
after the planning phase and ends at the end of the concept development phase (or at
the start of the implementation in design phase). This extension of the classical develop-
ment process to a separate but related biomimetic process allows for the expansion of the
solution space through the biological-biomimetic domain, subsequently increasing the
successful implementation of these found solutions. Both the classical process and the
iterative biomimetic approach benefit from the knowledge of the other, e.g., new insights
during the product development process might require another iteration in the biomimetic
spiral, while insights during this iteration might trigger additional activities in the product
development process.

One prerequisite to begin the overall process of the biomimetic approaches is the
willingness to dive into biology, to have a basis of biological know-how [8] or at least to
collaborate. Several efforts have already been made to systematize the search for biological
solutions. Ontologies and keyword finders help to make the search more precise, as well
as databases and programs on the World Wide Web, some of which are freely available,
to find suitable models. A listing can be found in VDI 6220 Part 2, Beismann 2018 [23] or
Wanieck et al., 2017 [26]. However, all previous approaches have their limitations, either
due to the abundance of possible solutions in nature or due to the lack of knowledge
about the biological models. The expert panel did not choose specific tools, databases, or
methods to include during the process, but they are mentioned in the technical standard.
Therefore, it might be necessary to conduct additional biological investigations during the
process. This should be encouraged so that the transfer and interdisciplinary technological
implementation process is further supported. However, VDI 6220-2 does not provide
biological methods to improve the knowledge on the biological system, but primarily
proposes methods to transfer existing biological knowledge to engineering problems
with interdisciplinary teams—one core step in the biomimetic approach. VDI 6220 Part
2 is composed so that anyone interested in the topic can explore the approaches and
its outcomes. The biomimetic approaches clearly benefit from interdisciplinarity and
teamwork. Sometimes, bioinspiration comes from unexpected domains that cannot be
planned, but which require an open-minded team to be recognized.
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In the case of a solution-based approach, the product development process starts
from within the spiral. This process is mainly initiated by biologists that collaborate with
engineers when entering the product development process.

4. Discussion

The new standard VDI 6220 Part 2 links biomimetics to the classical product develop-
ment process commonly used by engineers. For this purpose, the expert panel agreed that
biomimetics, in this case, is understood primarily as a supplement to existing development
processes to enable its linkage into already established processes, instead of introducing a
new, stand-alone process. This aspect might help reduce inhibitions and increase the usage
of biomimetics in technical fields of industry with engineers as the primary users of VDI
standards. Hence, it is an addition to the product development process, such as VDI 2221.

Nevertheless, the intensive work that needs to be done during a biomimetic devel-
opment process remains, along with some of its challenges. Some of these challenges are:
(1) Product designs are based on human-made decisions, whereas biological solutions
result from evolution. Thus, structural and functional solutions in organisms have design
constraints, such as phylogenetic, functional, morphogenetic, and environmental limita-
tions [32]. (2) During the biomimetic working process, the transferability and scalability of
the biological model have to be analyzed [33,34]. A body shape that might be advantageous
at high Reynolds numbers might not be as efficient at low Reynolds numbers, given that
here, viscous forces instead of inertial forces are dominating [32]. (3) Multifunctionality in
biological systems might hinder the extraction of a single desired working principle [24], or
biological principles might lose their functionality when applied to different scale dimen-
sions [32]. (4) On the technical side, feasibility might be limited through the current state
of manufacturing processes, such as the production of hierarchically organized materials
or dynamic, sensor-integrated systems. Finally, (5) biomimetic developments might take
longer than classical ones, with an average development time of 6-9 years [1].

Even though biomimetics has been described as an additional method for an engi-
neering process within the new VDI standard, it can also be described as an individual
field of research. It is still possible to follow the biomimetic process on its own as an
essential method for solution-finding, especially with the solution-based approach. Even if
the difference of how to use biomimetics may seem to be slight, using biomimetics as an
integral part of product engineering may remove obstacles for the uptake of biomimetics in
general, as it relies on existing well-known design processes.

In biomimetics, communication across disciplines has been discussed several times as
a challenge which must be overcome [1,25]. The expert panel needed to find a common
language within the committee itself and especially for the description of the biomimetic
approaches in the technical standard. Therefore, it was also decided to use and integrate
definitions and terms from classical engineering design for the biomimetic process. Specific
biomimetic definitions were defined by consensus of the expert panel, while common
technical terms were adapted from the existing standards. As such, the biomimetic develop-
ment process adjusts to the engineering process, and this might further remove inhibitions.
In the past, the motivation for describing biomimetics was meant first, to raise awareness so
that users are motivated to consider this approach at all, and second, to simplify the various
steps which need to be performed to make it easier to understand. This simplification led
to a lack of preciseness concerning the usage of specific terms, while in contrast, classical
product development reflects a clear terminology and understanding of its procedures.
Therefore, using a common language is assumed to make the biomimetic process easier,
possibly increase its usage. The definitions of the terms bionics and biomimetics, which are
strictly used in the VDI standards, may be discussed anew, in the future, because these two
terms are increasingly being used synonymously.

The work of the VDI 6220-2 committee was an inter- and transdisciplinary endeavor,
including academics and practitioners from industry. The aim was to achieve a consensus
in understanding the process itself and to describe a process that is oriented towards
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industrial uptake and application. This occurred by taking the needs and expectations of
the industry into consideration, since their representatives were part of the panel.

Having such a large and diverse expert panel may cause problems. Despite careful
selection of the interested parties, stakeholders may join the committee later during the
working process of developing a standard. In the early phase of the development process,
new ideas or even fundamental decisions are introduced and discussed. The introduction
of new ideas in the later phases of standard development often impedes the process and
should therefore be avoided by involving all interested parties from the beginning, or
considering these new ideas again during the objection phase.

For this reason, it often makes sense to start the standardization work towards a
technical standard at the national level and to introduce the result into international
discussions as a national consensus. The general development process in Germany is
highly influenced by the engineering sciences, and the focus of biomimetics is mainly on
technical innovation. In other countries, the focus of biomimetics or its usage may differ;
for instance, the focus might be primarily towards sustainable development. It would
be interesting to see how other countries would set up such a standard and encourage
international discussions that might be considered in future revisions of the presented
VDI standard.

An advantage of a standard compared to a scientific publication is that its content
is based on consensus. However, the development of a new standard requires at least
three years of work before publication, and often more. Therefore, even if the state of
the art is defined by a standard, it often lags behind the latest developments. Therefore,
a standard must be checked regularly to ensure that it is up to date and, if necessary, it
requires revision. At the VD], revision happens every five years to ensure that the standard
is adapted to the latest developments [35].

5. Conclusions

The main objective of the interdisciplinary expert panel developing the new standard
VDI 6220 Part 2 was to provide engineers who are familiar with the classical product
development standards with support for the development of biomimetic products. As
usual for new standards, there is not yet an experience of how the VDI 6220 Part 2 has
been received. The assumption that VDI 6220 Part 2 contributes to improvement must
be evaluated in practice. Therefore, subsequent work will need to study how engineers
and/or biologists are able to work with this new standard and whether there is an increase
in marketable biomimetic products. Research on the acceptance of the new VDI Standard
in the classical technical product development process, as well as its application in the
development of new biomimetic products, will therefore be carried out in follow-up
studies. If an international standard on the methodology of biomimetics is established in
the future, VDI 6220 Part 2 will be discussed internationally, and further approaches could
be incorporated in an ensuing revised version.
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