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Abstract: Bio-inspired design is an increasingly popular creativity and innovation method.
Using bio-inspired design, designers tap nature with its almost unlimited pool of inspirations
for technical solutions. A challenge of bio-inspired design is finding promising biological
systems and identifying analogies which can be transferred to solve a technical problem. For
these challenges, the profound understanding of the biological system is necessary. This can
require further research. To understand the current focus of bio-inspired design research, we
analyse journal publications from 2015/16 and 2006. The analysis provides an overview of the
biological systems and organization levels currently in focus. Moreover, we regard the
technical products resulting from the bio-inspired designs. The results show designers which
biological systems and organization levels have been researched for bio-inspired design so
that knowledge on them can directly be used for further technical developments. The blank
spots of research are identified which can provide unexplored biological inspirations.
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1. Introduction

Bio-inspired design - taking nature as inspiration for the development of technical products is an
increasingly used innovation approach (Lepora et al. 2012). But bio-inspired design does not mean
copying a detail or function of an organism. The designer has to understand the biological system and
learn from biology's methods and principles before transferring an analogy from nature (Nachtigall,
2002, p.3). The pool of biological systems is vast and largely unexplored for bio-inspired design.
Therefore, research plays an important role for bio-inspired design and bio-inspired products are often
the result of bi-disciplinary research. As such, accounts of research and development of bio-inspired
products are regularly published on conferences or in journals (Lepora et al., 2012). To understand
which part of the vast pool of possible biological systems have already been explored for bio-inspired
design, these publications can provide useful information. Therefore, in this work which is based on
Domke (2016), we analyse publications on bio-inspired design from two journals. Our aim is to
understand which biological systems have been explored in detail for bio-inspired design and which
types of technical products have been developed. Moreover, we regard the focus of research ten years
ago and compare it to today's focus to understand if there is an emerging trend of research.



2. Background

Although bio-inspired design is often regarded as a new approach, regarding the historical
development of bio-inspired design shows that human inventions have been inspired and influenced
by nature since the Stone Age. If we report about the history of bio-inspired design, we can begin with
Leonardo da Vinci (1452-1519). As a historical pioneer, the Italian inventor presented a model of a
flying machine based on the flight of birds. Leonardo da Vinci tried to understand the flight of birds
and to transfer their principles to an aircraft made of willow-weaved ropes and linen-lined flaps for
humans (Nachtigall, 2002, p. 39f). In 1576, the Englishman Matthew Baker (1530- 1613) began to
design a novel vessel on the order of John Hawkins. The aim was a type of galleon, which should be
characterized by low water resistance, high speed and good maneuverability. Fast swimming fish like
the codfish or mackerel served as a biological inspiration for the underwater hull (Nachtigall et al.,
2013, p.4). The first German patent in bio-inspired design was registered by Raoul Heinrich France
(1874- 1943) for a "new shaker" development. The aim of his invention was to develop a shaker
which spreads its content uniformly in all directions. He used the poppy head as a biological system
for this bio-inspired design (Nachtigall et al., 2013, p.18). In 1948, the famous Velcro® closure was
invented inspired by burs. Burs grow, for example, on thistles (Carduus spec.), horse thistles (Cirsium
spec.) as well as on agrimonies (Agrimonia eupatoria). After a forest walk, the Swiss Georges de
Mestral (1907- 1990), examined the burs that stuck in his dog’s fur and was inspired to design the
Velcro® closure (Nachtigall et al., 2013, p.46). Other designers did not regard specific biological
systems, but general natural strategies: For example, Rechenberg (1994) regarded evolution and its
four parameters mutation, recombination, isolation and selection. He analysed the evolutionary
strategy of articulated plates under different environmental conditions. His research shows that the
evolutionary strategy optimization actually leads to the expected theoretically foreseeable optimum
(Rechenberg, 1994).

Reviewing the history of bio-inspired design reveals that a multitude of biological systems have
served as inspiration and that different technical systems have been developed. At a first glance, there
seem to be no tendencies regarding the type of biological systems used as inspiration or the type of
technical systems that were developed. In this work, we therefore analyse the focus and trends of bio-
inspired design today to detect the well explored areas and the blank spots of bio-inspired design
research.

3. Research approach

To examine the focus of bio-inspired design research, we analysed publications in two journals. This
section describes the research approach, i.e. the research questions (3.1), the selection of journals
(3.2) and the analysis approach (3.3)

3.1. Research questions

Nature offers an enormous pool of inspirations for the development of technical products. Research in
bio-inspired design is conducted increasingly and the amount of scientific publications is growing
(Lepora et al. 2012). Bio-inspired design is defined as the application of knowledge about biological
systems in research and development for solving technical problems and developing technical
inventions and innovations (VDI 6220, 2012). In this work, we therefore only analyse publications
that describe concrete technical inventions. We do not consider publications on biological research or
on the improvement of previously developed bio-inspired products. To put a figure on the portion of
bio-inspired transfer in publications, we pose the first question:

1. How many publications describe a concrete bio-inspired design?

We classify biological systems according to biological systematics (kingdoms, classes, families, and
species). The initial point of this work was the question of diversity of biological systems already
considered as well as technical solutions based on them. Therefore, we pose the following questions:
2a. Which animals and plants are in focus in bio-inspired design research?

2b. Which are the trends regarding kingdoms or classes considering the last decade?



Bio-inspired design grows to become a research field that creates many successful bio-inspired
technical systems (VDI 6220, 2012). However, it has not been researched which fields of industry
already use bio-inspired design approaches. Therefore, we pose the following questions:

3a. Which technical systems are the result of bio-inspired design research?

3b. Which are the trends regarding bio-inspired technical systems regarding the last decade?

Often, a designer searches for a partial solution for a single function of a complex technical system.
Accordingly, research for bio-inspired design has to focus on a part of a biological system, such as a
biological process, the material, the structure, an organ or a specific function. To identify the focus
with regards to biological levels of organization we pose the following questions:

4a. Which levels of organization are in focus in bio-inspired design research?

4b. Which are the trends of organization levels used for bio-inspired design regarding the last decade?

3.2. Selection of publications

Considering 18.000 publications on the topic of bio-inspired design covering the years 1995- 2011,
57 percent were published in journals and 43 percent on conferences. For this paper, we decided to
analyse publications of the two journals "Bioinspiration and Biomimetics" and "Journal of Bionic
Engineering”. These two journals belong to the 12 journals with the highest numbers of publications
per year and deal with a wide diversity of technical bio-inspired design in contrast to other journals
such as biomaterials (Lepora et al., 2012). For this investigation, publications from the latest editions
of the journals in 2015 and 2016 ("Journal of Bionic Engineering™: Vol. 12, Issue No. 3 and 4, Vol. 13
Issue No. 1; "Bioinspiration and Biomimetics": VVol. 10 Issue No. 4-6, Vol. 11 Issue No. 1 and 2) were
considered. They represent recent bio-inspired transfer in research and industry. To compare the
recent tendencies of bio-inspired design with those in the past, publications of the year 2006 were
analysed ("Journal of Bionic Engineering": Vol. 3 Issue No. 1-4; "Bioinspiration and Biomimetics™:
Vol. 1 Issue No. 1-4)

3.3. Analysis approach

For research question 1, we asserted whether a publication describes a bio-inspired transfer that
results in a technical invention. All other papers were not considered for the further analysis (research
questions 2 to 4). As to research question 2, the biological systems described in the remaining
publications were categorized according to biological systematics. These include "kingdom",
"phylum"”, "class", "order", "family", "genus" and "species". In this work, we focused on the
categories "kingdom", "class", "family". The level of species was not analysed because many
publications do not name the species explicitly. Regarding research question 3, a possibility to
classify the bio-inspired technical system was necessary. BIOKON, an international network of
experts, universities and other people involved in bio-inspired design, defined the technical areas:

"light construction & materials", "surfaces”, "fluid dynamics, swim & fly", "biomechatronic &
robotics", "communication & sensors", "optimization" and "architecture & design" (BIOKON 2016).
In this work, the classification areas "optimization™ and "architecture & design" were waived, as they
can be integrated into the other technical areas.

For research question 4, bio-inspired design was classified according to different levels of
organization. Levels of organization characterize life from microscopic scale, such as molecule and
cell, up to the global scale of the whole planet. Every natural phenomenon contains all biological
levels of organization (Campbell, 2008). The 10 levels used here are: "molecule”, "organelle”, “cell",
“tissue”, "organ/ organ system", "organism", "population”, "biocoenosis", "ecosystem" and
"biosphere". From molecule started, the focus regarding the organism and his environment gets wider
from level to level and the complexity increases (Campbell, 2008 and Hacco, 2002).

For research questions 2, 3 and 4, we differ between "very frequent application”, "frequent
application™ and "infrequent application". "Very frequent applications™ describes all levels or systems
with a percentage share of more than 20 percent of all publications on bio-inspired design. "Frequent
application” describes all levels or systems with a percentage share of 10 to 20 percent and

"infrequent application” describes all levels or systems under 10 percent.
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4. Results

To answer the first research question, we analysed all 151 publications of the latest editions of the
journals in 2015 and 2016 (until June 2016) from the journals "Bioinspiration and Biomimetics" and
"Journal of Bionic Engineering”. As to research question 1, the analysis showed that only 74
publications describe a bio-inspired transfer resulting in a technical invention. On the other hand,
about half of the publications are related to bio-inspired design only in broader sense without
describing a concrete bio-inspired transfer. Those publications describe basic research, support of
biological research or the optimization of previously developed bio-inspired inventions. The 74
publications treating bio-inspired design were used for the further analysis.

4.1. Biological systems

To answer research question 2, we classified the biological systems described in the publications in
the biological systematics of Ernst Mayr. We focused on the categories "kingdom", "classes" or
"families". As we analysed the biological kingdom, we found a difference between the focus on the
two kingdoms "plants” and "animals": In 92 percent of all 74 publications, the described biological
systems are animals, only 5 percent described plants. Three percent described "others" which includes
for example raw materials of the earth. In the next step, we evaluated the share of the biological
classes and families. The analysis for the kingdom of plants is negligible as only four different plant
species are described in the analysed research publications. In the following diagram, Figure 1 on the
left side, we show the percentage distribution of the different classes. Insects and mammals come off
with the highest portions of 30 and 25 percent. When considering these two classes separately, it is
possible to identify tendencies of biological families used for bio-inspired design. In the class of
mammals, we identified four different families. One specific biological family is often in focus for
bio-inspired research: the family of humans. The family of humans and the family of dolphins can be
arranged in the cluster of "very frequent application”. The other two mammal families "dog" and
"mole™ were investigated only for special problems and we classified these families in the cluster of
"infrequent application”. In the world of insects, it is not possible to find such clear trends: Although
the insects are the most frequent biological system, no accumulation of a special family used for bio-
inspired design can be identified. However, we identified the families of grasshoppers, butterflies,
ants and cockroaches as families with "frequent application™. The class of fishes is used in 12 percent
of 74 publications - it is the third-strongest class. In contrast to these three classes, birds as well as
reptiles amount to only 9 percent of the publications and fall in category "infrequent application™.
Regarding these classes in detail, one family of reptiles stands out. In the research area of adhesion,
the focus is on the family of geckos. Therefore, this family can be considered as "very frequent
application™.
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Figure 1. Portion and comparison of biological systems

To sum up, the families of humans, dolphins and geckos were clustered as "very frequent application™
for bio-inspired design. Grasshoppers, butterflies, ants and cockroaches constitute a cluster of
"frequent application” and all other animal families could be placed in a third cluster "infrequent
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application™. To answer the research question 2b the right diagram of Figure 1 shows a comparison
between the years 2006 and 2015/16. The top bar of the three years indicates the percentage of
publications with bio-inspired transfer: Comparing 2006 to 2015/16, the portion of publications
describing a bio-inspired transfer increased. The other two bars show the share of the two kingdoms
per year: In the year 2006 the share of plants for bio-inspired design was zero percent and of animals
93 percent. In the years 2015/ 2016 the percentage of plants was 7 percent and of animals it was 90
percent.

4.2. Bio-inspired technical systems

The bio-inspired technical systems were classified according to the five technical classification areas
"lightweight and materials”, "surfaces and interfaces”, "fluid dynamics, swim and fly",
"biomechatronic and robotics" and "communication and sensor", as described in section 3.3. On the
left diagram of 2, all the five technical areas are shown with their share of bio-inspired design.
"Biomechatronic & robotics” make up the biggest portion with 59%. All inventions of robots,
vehicles, medical technology and other machines count to this area. The bio-inspired technical
systems of the fields of "lightweight and materials” and "fluid dynamics, swim and fly" form the
cluster "frequent application™ for bio-inspired design. We identified a share of 15 percent for each
area. The two areas “communication & sensor” and “surface/ interface” together represent only 11
percent.
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Figure 2. Portion and development of technical systems

As the comparative analysis for the biological systems over the years, we analysed the trends
regarding bio-inspired technical systems to answer research question 3b. Presented in Figure 2 on the
right diagram, we used a comparative analysis for all technical areas described in the publications
between the year 2006, shown by the first pillar, and the years 2015/ 2016, shown by the second
pillar. For the technical areas “biomechatronic and robotics” as well as “lightweight design &
materials”, a rise of bio-inspired design is visible. This shows that not only the development of these
technical areas becomes more popular and more important but also the transfer of analogies from
biological systems as a development approach. In contrast to this, we identified a decrease of bio-
inspired development regarding the technical areas “surfaces/ interface”, “fluid dynamics, swim &
fly” and “communications”.

4.3. Levels of organization

For research question 4, we analysed the levels of organization of the biological systems described in
the publications. Six out of 11 levels of organization were used in 74 publications with bio-inspired
design. According to the three criteria, the levels of organ systems, organs and tissue make up the
cluster of "very frequent application". A possible explanation for this is that these levels of
organization allow designers an investigation of the aspect of the biological system to be transmitted



with bare eye. The biological levels of organization "population”, "cell" and "molecule” form a cluster
of infrequent application. To answer the research question 4b, we conducted a comparative analysis
regarding the levels of organization 2006 and 2015/16. Looking at the right diagram in Figure 3, a
minimal increase of the lower levels of organization like “molecule”, “cell”, "tissue" and “organ” can
be identified.
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Figure 3. Portion and development of levels of organization

5. Discussion

The analysis described in this work shows a number of results: As both journals, according to their
description, report about bio-inspired design, a large portion of bio-inspired designs was expected.
The result of the analysis yielded a share of only 49 percent of bio-inspired transfer in all 151
publications. Frequently, articles on topics such as the support of biology through technical aids, or
the optimization of an already existing bio-inspired product are published. The question arises to what
extent it is useful to link so many different research areas to bio-inspired design. The analysis shows
that although there is a diversity of biological systems, the publications describe especially biological
inspirations from the animal kingdom. The classes of mammals and insects are notably frequently
used. This raises the question why the focus is placed on animals and especially these animal classes.
One possible explication is the currently strongly growing development in the areas of robotics and
industry 4.0. The development of a robot is often connected to the consideration of nature. The degree
of familiarity of the living being and the at least superficial similarity between living beings and
robots influence the designer's choice. Moreover, another behavior can explain the frequent use of the
same animal classes: even though only the partial solution for a sub-function or property of the robot
is needed, in a number of cases several characteristics of the selected biological system are
transferred. For example, engineers find a solution for a movement problem in geckos and copies the
shape of the legs, the feet as well as the function of adhere at vertical walls without considering if
there is a more suitable shape for each function (M. Carlo, 2006, Journal of Bionic Engineering, see
Appendix). Thus, a copy of a biological system is created without questioning individual analogies.

6. Conclusion and outlook

The aim of this work was to analyse the focus of bio-inspired design research: which biological
systems have been explored in detail for bio-inspired design and which types of technical systems
have been developed? An analysis of the status of bio-inspired research and development was carried
out based on the presented basics of bio-inspired design. We considered publications from two bio-
inspired design journals of the years 2006, 2015 and 2016 for this analysis. Only 49 percent of the
analysed publications describe bio-inspired transfer (research question 1). The analysis described in
this work allows to identify specific areas that are mainly used for bio-inspired design. The biological
systems were investigated down to the classification levels of the biological family. Particularly
noteworthy is the animal kingdom with the classes of mammals and insects as very frequently used
biological systems. In addition to the classification levels, we categorized the biological systems
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described in the publications with regards to biological organization levels. A trend towards the levels
tissue, organ and organ system can be identified. Furthermore, as to the bio-inspired technical
systems, in the area of biomechatronic and robotics bio-inspired design was very frequently applied
compared to other areas. Table 1 summarizes the results:

Table 1. Summary of results

Very frequent Frequent Infrequent
applications applications applications
Biological kingdom animals plants
Biological system Biological class insects, mammals fishes birds, reptiles
(research question 2a) 2 . s humans. dolphins, locusts, butterflies, bees, mosquitos, stag
Biological family B
geckos ants, cockroaches beetles, and others

Technical system communication &

(research question 3a) Technical classification blome-chat_romc & Tigh t_wetght_: fluid » sensor, surface &
robotics dynamics, swim & fly S
- interface
Levels of organisation Livels tissue, organ, organ cell, population,
(research question 4a) system molecule

The comparison between the year 2006 and years 2015/16 shows a growth in use of bio-inspired
design. Over the years, the consideration of the plant kingdom started from zero in 2006, but grew
slightly (research question 2b). In the technical categories (research question 3b) only the "lightweight
design & materials" and "biomechatronic & robotics” were more in focus in the years 2015/16 than
before. What do those results mean for the future of bio-inspired research and development? For the
research of bio-inspired design applications, this work can serve as a foundation. It offers the
possibility of a further more detailed analysis for the identification of clusters as well as the
comparison of different years. Future research into the "white spots" of bio-inspired design could
explore the plant kingdom or other animals which have not yet been explored for bio-inspired design.
Mostly designers focus on already known animals such as humans, dolphins or geckos but there are
other animals that can provide solutions. In this work, we have identified a preference of the animal
kingdom but we are sure that the nature offers some solutions for technical problems in the plant
kingdom, too. Designers should widen their search for biological inspirations, if possible in
collaboration with by biologists.
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