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A B S T R A C T

The paper explores and presents results of an investigation handling design methodologies using the bio-
space and biological phenomena combined with the technical space for the development, design and
application of products, machine tools, processes and manufacturing systems carried out by a
multinational team including Fraunhofer and CIRP fellows. The main biological approach for designing
was bio-inspiration. However, links and examples implementing bio-integration and bio-intelligence
were also considered and analyzed during the investigation.
The paper describes a systematic design procedure starting from requirements and applications related

to manufacturing, using well-known theories and experience in engineering, however analyzing and
applying biological materials, properties, structures, phenomena and complete systems. Sustainability
aspects combined with the immense and ever growing capacity of ICT and digitization possibilities
provided new options for design methodologies.
A moveable and flexible machine tool was virtually used as a demonstrator to describe the new

methodology. It was proved that the ongoing process of learning from nature and applying biological
phenomena, structures and materials, together with new technologies such as Additive Manufacturing
(AM) can develop new ideas, processes, manufacturing systems, and products with benefits to
performance, productivity, efficiency and sustainability. Nature and biological domains can be integrated,
can inspire, be implemented or even applied as an intelligent system in the design procedure.

© 2020 CIRP.

Introduction - goals and challenges

Design topics were recently presented by authors of this paper
in the CIRP journal (2018) under the title “Biologicalisation:
Biological transformation in manufacturing”, discussing the inter
relations between nature and technology [1]. Bio-inspiration can
serve designers in two distinct ways: As a trigger for searching and
implementing a solution for an engineering problem or as a trigger
by using observation in the bio-space to be converted or adapted to
the technical space. The current paper is emphasizing new design

methodologies, describing systematical design procedures, using
examples from biology, (bottom up) and engineering (top down) as
well as IT technologies.

A broad survey on design methodologies used in industrial and
educational applications was published and presented as a keynote
paper in CIRP in 2009 [2].The overview of Design Theory and
Methodology (DTM) described here came to the conclusion that
design is based on mathematics and concrete goals, and on process
technologies. However, the methodologies that do not emphasize
innovative design are not very useful for advanced and complex
designs, or for improving a known design. Although fundamental
concepts and organized knowledge related to product develop-
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ment are well-known, achieving innovative design requires
data regarding complexity, multi-disciplinarily, integration of
ICT, globalization, virtual engineering, and collaboration with
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takeholders from different cultural and educational backgrounds.
he keynote paper did not discuss sustainability aspects combined
ith the use of biological resources, principles and bio-intelli-
ence, based on learning from nature and new technologies such as
M, but these aspects were introduced in few CIRP papers during
he last decade [3,4,5]. Bio-inspiration of surfaces and textures
re discussed in [6,7] and further publications [8,9] combine bio-
nspiration with topics such as DNA and Additive Manufacturing.
he growing need to include ever more sustainability issues in
esign increases the complexity of the design process and of
ts outcome (the designed item). Fortunately, the immense
nd ever-growing capacity of IT and digitization possibilities
rovide inspiring options for new, more effective design method-
logies.
In manufacturing, topics of bio-integration, bio-inspiration

nd bio-intelligence are not new, although design has been
acking a systematic approach. A scientifically based method for
apturing knowledge must be developed in order to achieve a
onsistent mapping of biological principles on design rules for the
reation of artefacts such as products, machine tools and
rocesses.
The bio-inspired paradigm of effectivity by redundancy is

nabled by digitization in the set-based design. The design is
ombined by considering sustainability as a major boundary
ondition (constraint) for the search space from the beginning. In
he classical approach of optimization this usually is one of the last
tems to be addressed. The following institutes and research topics
ere included in the multinational teamwork carrying out the

nvestigation on bio-based design methodologies for manufactur-
ng:

 A systematical computer-based synthesis/analysis was carried
out by the University of Twente in the Netherlands,

 A systematic analytical data collection method was carried out
by KU Leuven in Belgium

 Gathering information on the development of modern machine
tools and up-to-date manufacturing systems such as EDM was
carried out by Fraunhofer IWU, Germany,

 Up-to-date knowledge on investigations regarding biological
principles and materials, including coatings, was supplied by the
Tel Aviv University and Volcani Institute in Israel, respectively.

A moveable and flexible machine tool was used as a virtual
emonstrator to describe the new methodology. Several required
eatures and physical properties for the design of this machine tool
ere defined and a top down systematical biological procedure
as used. The multinational team analyzed and applied, for the
evelopment of the moveable and flexible machine tool, a
ystematic computer-based analysis, the experience and develop-
ent knowledge of modern machine tools, a statistical and
nalytical data collection, as well as new up-to-date biological
nowledge and investigation results.
The main goal of this investigation was to link bio-inspired

olution principles to constraint-based design support systems and
o prominently include sustainability issues: Eco footprint, energy
fficiency, lightweight components, de-materialization etc. This
ncludes extending the concept of industry 4.0 (Simulation: Digital
wins, agility, adaptability etc.) with principles from biology in
rder to support the design of products and machines with life-like
ehavior.

Design and application of bio-inspired surfaces, components,
machines and systems

Design of bio-inspired surfaces, components, machines and
systems for manufacturing and application is not new, but has
been developed and applied more frequently [1,4,5,8,9]. However,
bio-inspiration, including bio-integration in design, is lacking a
systematic approach, a scientific use of biological data and an
efficient use of ICT resources. A scientifically based method using
new data resources and new technologies for capturing knowledge
must be developed in order to achieve consistent mapping of
biological principles influencing design rules for the creation of
artefacts such as products, machine tools and processes.

For many years, designers have been educated and trained to
consider the constraints of production processes as the most
important guidelines for their design decisions (DfX: Design for
Manufacturing, Design for Assembly, Design for Use, etc.). New
manufacturing techniques and new materials create much more
freedom for designers to combine complex geometries with
localized material behavior. New modeling techniques enable
better prediction of the behavior of products and production
systems. This opens up the possibility for a giant, transformational
leap to “Manufacturing for Design”, enabling more complex,
smaller and lightweight geometries and structures. It will even
improve the possibility to integrate sensors and actuators.

During the first industrial revolution, design was prominently a
discipline in the mechanical domain. That changed in the second
industrial revolution when electro-mechanical systems were
developed, and once again in the third industrial revolution when
computers were introduced. Software development became an
integral part of the design discipline. Another important change
comprised the extension of the designers’ responsibilities to the
subsequent phases of the product life cycle, including disassembly
and recycling. This way of thinking about life cycles of artefacts is
clearly inspired by biological life cycles: The paradigm shift from
cradle-to-grave to cradle-to-cradle is based on the idea that
sustainable production is also more economic. Consequently, the
designers’ tasks and the systems to be designed have become very
complex. In the past a products were not reused, repaired,
redesigned, reproduced, and today the design is taking into
account this. This improve sustainability, saves resources, material,
energy, and more. However it might be more complex and/or it
have to consider additional factors.

Design of bio-inspired surfaces using sensors and bio-integrated
materials

The surface structure and texture haves a significant influence
on the function and performance of components and machine
tools [1, 6, and 7], and more specifically, on the design of the small
mobile machine used here as the demonstrator. Investigation of
bio-inspired surface structures using sensors and the development
of bio-integrated layers are conducted at the Volcani center in
Israel. Layers or sensors adapted on components are able to protect
surfaces of the machine tools against environmental influences.
Active antimicrobial coatings (Fig. 1 b, c, d) and super-hydrophobic
coatings (Fig. 2) as well as surface texture (Fig. 1a) are of particular
interest for designing technical surfaces. Examples include the
structure of cats’ tongues with horn tooth for drinking water
(Fig. 1a), or the snakeskin inspiring texture through additive
The major challenge was to prove that an ongoing process of
earning from nature and using biological phenomena, structures
nd materials, together with new technologies, such as AM, can
rovide new ideas, processes, manufacturing systems, and
roducts with benefits to performance, productivity, efficiency,
nd sustainability.
4

manufacturing for mechanical traction [9]. Fig. 1b represents a
general idea of attaching antimicrobial compounds to the
material's surface in order to form contact-active antimicrobial
materials. Fig. 1c represents the detailed attachment procedure of
phenolic linker as an antimicrobial compound, added to the
surface of stainless steel components. In Fig. 1d, the antimicrobial
7
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compound of quaternary ammonium salt is covalently bound to
the previously attached phenolic linker, resulting in the contact-
active antimicrobial surfaces.

Durable and transparent super-hydrophobic coatings for
plastic, glass and metallic substrates have recently been developed
by Mechraz at Volcani center. The new technology for super-
hydrophobic coatings is based on Pickering emulsions, enabling
obtaining a unique combination of nano and micro scale roughness
that is required in order to exhibit behavior of super-hydropho-
bicity. Fig. 2 shows the waterdroplet motion on polypropylene (a)
and polycarbonate (b) sheets without wetting, demonstrating the
superhydrophobic behavior. The antimicrobial nano-coatings are

Bi-directional inspiration approach to design components, machine
tools and systems

Analyzing bio-based principles can help find a solution to an
existing engineering problem (top down), or it can trigger an idea
for a new product (bottom up). In the first case the problem
specification is the input for a systematic search after suitable
biological principles (problem driven, engineering pull), while in
the second case the goal is creating a useful implementation of a
biological principle for a new product (solution-driven biology
push) [1,13,14,15,16]. In the latter case, the goal is turning
observations of biological principles into equivalents that can be

Fig. 2. Polypropylene (a) and polycarbonate (b) sheets coated with transparent and durable superhydrophobic coatings developed by Mechraz at Volcani center.

Fig. 1. a. An antimicrobial surface b. schematic representation of active nano-coating. c. linker allowing to add active antimicrobials on stainless steel d. antimicrobial nano-
coatings.
strongly (covalently) attached to the surface and are very stable in
severe environmental conditions (acidity, temperature, chemical
reagents). This antimicrobial nano-coating can also protect inner
surfaces of machine tool components (such as tubes and hoses)
from clogging and damage. Durable and transparent anti-biofilms
coatings are also developed [10,11,12].
48
implemented in the artificial world.
R&D activities at the Mechanical Engineering Department of the

Braude College, Israel, together with the School of Zoology in Tel
Aviv University, were tailored towards the goals of the current
investigation. The activities are based on defined design require-
ments as well as on biological features and principles, included
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ngoing research and development to provide novel bio-inspired
nsights, mainly by studying and analyzing insect locomotion as a
odel for miniature (yet scalable), for optimized structures and for
daptable, dynamic robotics. Using the results of the growing
ange of available biological data, the up-to-date knowledge, IT and
ew technologies made it possible to develop new design ideas,
ew products and new manufacturing systems.
The design and investigation of the cylindrical and toroidal

ressure vessel, carried out by [15] and shown in Fig. 3a, is aiming
o reduce its weight while maintaining the load carrying capacity.
his could be obtained through geometrical changes based on FEA,
sing AM technologies and inspiration or implementation of
iological principles (top down approach). The optimization
rocedure, which started from a vessel similar to a “peanut”
hape, using finite element stress analysis, resulted in weight
avings of 26% compared to a domed cylindrical counterpart, and
3% for an asymmetrical torus compared to the symmetrical
aseline, both while keeping the internal volume and pressure, and
he allowable stresses. The non-mathematical optimization
rocedure implementing an original stronger ‘peanut” shape can
eplace cylindrical pressure vessels in weight-sensitive applica-
ions such as fuel cells in the automotive and aerospace industries.
n the production of prototypes and small quantities, conventional
anufacturing can be replaced by more efficient additively
anufactured parts.
The development of the jumping robot, which is shown in

ig. 3b and designated TAUB, is based on zoology knowledge
aptured by Ayali from the Tel Aviv University [17,18,19] and
nvestigated by Ben-Hanan at the Ort-Braude College [16]. Among
ifferent motion gaits, jumping is a quick and efficient locomo-
ion for advancing in rough, uneven or unpredicted terrains, used
y a variety of animals. The observed and applied biological
henomenon and dynamic principles can be considered as bio-

inspiration but also as bio-intelligence. As the muscle power
generation is proportional to its cross-sectional area, small-scale
jumpers suffer from power limitation in their tiny muscles. To
overcome this barrier, nature created special mechanisms inside
these jumpers, enabling them to be propelled for very impressive
ranges with respect to their own size. The governing principle
comprises loading energy into elastic elements, and at the right
time, releasing it as quickly as possible. Researchers designing
miniature artificial jumping mechanisms for improving the
mobility of small-scale robots face similar power limitations of
motors and batteries. The very same principles used by small-
scale jumpers are implemented in the bio-inspired artificial
mechanisms, and are utilized in the jumping robot. Inspired by
the desert locust, the focus lies on the main bio-mechanical
principles of the locust’s jump rather than attempting to produce
an exact imitation of its body and morphology in order to create a
simple yet effective jumping mechanism. The demonstrated
mechanism is closer to nature’s design and could be considered as
“bio-intelligent”.

Mobility investigations by [20] used a 2D simulation, which
mimics caterpillar locomotion using Assur tensegrity structures
with a set of elements always under compression and a set of
elements always under tension. The biological caterpillar can
inspire mobility controlled mechanical structures. Together with
the suggested control scheme, the unique engineering properties
of Assur tensegrity structures provide the model with a
controllable degree of softness so that each segment can be either
soft or rigid.

Based on existing and the bi-directional biologically based
design procedures, the emerging technologies of Industry 4.0 (I4.0)
such as digitalization, digital twins and the Internet of Things (IoT)
enable bio-enhanced design methods, the development of new
products and advanced manufacturing systems.
Fig. 3. Conceptual design of biologically inspired components and systems [15,16,17,18,19].
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The biologically based design methodologies for advanced
manufacturing

Design for sustainability using artificial intelligence and AM

New design methodologies of products, processes, machines
and systems combine biological principles with sustainability
considerations such as higher resource and energy efficiency, use
of lightweight components, integration of multiple functions and
social conditions, and respecting environment issues [21,22]. The
development of new technologies such as Additive Manufacturing
(AM) and the application of digitization and new computing
methods, simulation, Artificial Intelligence (AI) and modeling
methods enables the design, development and implementation of
up-to-date products as shown, for example, in Fig. 4.

An approach to identify the optimal design is the use of the
Generative Design method in the CAD software. After defining the
desired properties of the components and the essential boundary
conditions such as material, mass, maximum loads and cost, the
software compiles a multitude of designs using algorithms and
logical calculations to analyze the given requirements. Based on
these versions the designer refines the specification and restarts
the calculation. Using AI leads to completely new designs with
reduced development time.

The application of topological optimization and Artificial
Intelligence-based design methods for Additive Manufacturing
made it possible to optimize the machine gripper finger shown in
Fig. 4 with benefits to efficiency, material saving, and sustainabili-
ty. The transformation of biological principles into the design of the
gripper demonstrator reduces the weight from 312 g to only 50 g.
Even in the case of a moderate weight reduction to 132 g, the
embodied energy demand is reduced by 40% compared to the
reference design.

Main advantages of AM comprise the compact, lightweight, and
customized design of components and the manufacturing of
geometrically complex parts, thus reducing assembling efforts.
Optimized geometries are often inspired by bionic structures
[23,24]. Integration of sensors, for example motivated by cat’s

be to print sensors directly into the component during the AM
process. However, this is an ongoing research work.

Computational design synthesis

Fig. 5 illustrates the evolutionary design approach incorporat-
ing the process of synthesis, analysis, evaluation, and adjustment
required in CDS - Computational Design Synthesis. This design
approach makes the implementation of CDS relatively straightfor-
ward.

The research program on Computational Design Synthesis at
the University of Twente has been inspired by the idea that the
presently available computational power can be used to generate
large numbers of design solutions that all adhere to specified
constraint sets instead of trying to optimize a single solution to fit a
set of requirements. The latter usually induces numerous
iterations. Similar to biology, if the resources are abundant,
effectivity is a more viable goal than efficiency.

Evolutionary approaches in CDS are based on the principles of
biological evolution, and encompass a broad range of search
techniques, among which the most prevalent are genetic
algorithms, evolutionary programming and evolution strategies
[25–31]. The search algorithms of evolutionary approaches are
based on genetic adaptive operators, namely, mutation and
recombination. The selection is based on Darwinian selection, or
selection of the fittest. A characteristic of these methods is that

Fig. 4. Process of bio-inspired design of additively manufactured lightweight gripper fingers with integrated sensor (in this case strain gauge to monitor gripping pressure).
Fig. 5. Computational Design Synthesis (CDS), survival of the fittest.
whiskers, into the additively manufactured structure presented in
Fig. 4 can upgrade components, machine tools or systems to bio-
intelligent or “living” products. Manually inserting the sensor into
a pre-fabricated cavity and the subsequent finishing of the
component by AM enables the integration of commercially
available sensors. A more elegant and automatable strategy could
50
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hey employ sets of solutions (populations) represented by
ectors. The structure of the program is fixed with the parameters
eing the ones allowed to change. Evolutionary programming
ses vectors of real numbers for the representation of solutions.
he selected solution has the characteristic that the results of
utations are considered in future generations only if they fit
etter than other solutions found. Evolutionary approaches
ncorporate the processes of synthesis, analysis, evaluation and
djustment required in CDS as shown in Fig. 5. This characteristic
akes the implementations of such approaches relatively
traightforward for CDS.

ombination of the CDS with ontology based data

However, it is a labor-intensive procedure to compile these
iological principles by hand and to place them in an ontology. By
ombining CDS with the method of linking engineering and
iology, described in chapter 4, it will become possible to
mplement bio-inspired design in a more systematic and scalable
ay. The biologically inspired design cycle presented in Fig. 6 is

nvestigated on a mobile machine tool used as a demonstrator
uring this investigation. The demonstration cycle is described by
arious functional, bio-inspired surfaces for different applications
uch as tool and die making for micro-injection molding, forming
rocesses and others [25,26,27,28]. This may lead to more effective
ools for design support. Generating numerous candidate design
olutions and reducing the population by specifying additional
onstraints finally leads to a set of design alternatives that are
equally good”. When the set becomes small enough, the
emaining solutions can be further elaborated in the classical
ay by human intervention [25–32].

ystematically finding biological principles for a given design
roblem

The methodology of biology-based design cycles described in
hapter 3 is using relevant biological principles in the design and
ptimization of new products. Furthermore, this methodology
pplies new ideas in the manufacturing chain. However, retrieving
elevant principles from biology for a given design problem is
urrently a manual time-consuming step. The following chapters
etail the automated systematic search process applied in this
nvestigation. In a future stage, the systematic search method can
e combined with CDS to create an end-to-end solution. Chapter
.2 presents systematic investigation results of biological princi-
les to comply with a given design problem.

Systematically matching biological principles to a given problem

To create bio-inspired designs, engineers need access to
relevant biological knowledge during concept generation. Previous
research has shown that it is hard to identify a relevant biological
strategy for a given design problem and to extract the underlying
working principles [33]. Abstracting the working principle requires
a deep understanding of the biological strategy before any
analogies can be created between biology and engineering.
Furthermore, engineers often lack biological training [34], causing
most current bio-inspired designs to have relied on a chance
observation of a biological phenomenon to obtain the relevant
biological principles on which they are built [35]. Another difficulty
of using natural language as a source of biological knowledge for
engineering is the different vocabulary used in both domains [35].
Recognizing the need to provide a systematic method of accessing
bio-inspiration, researchers developed several initiatives, with the
Ask Nature database being the most prominent one. However,
these initiatives suffer from scalability issues [14]: every biological
principle must be manually prepared before it can be added to the
database.

A large wealth of biological knowledge is contained in natural
language format in biological publications. In [36], the authors
proposed a natural language approach that finds and extracts
relevant biological strategies based on a functional query.
However, the amount of biological knowledge captured is limited
as the source material of this proposed search method only
comprised a single introductory biology book.

Starting from the biological knowledge captured in biological
articles, Vandevenne et al. proposed the strategy illustrated in
Fig. 7 [37,38]. Latent semantic analysis reveals the set of aspects
that are recurring throughout biological literature. These aspects
consist of a set of concepts, detected via word co-occurrences in the
documents [37]. For example, in the biology literature the
organism aspect related to flying might capture vocabulary related
to flying and gliding as well as vocabulary related to wings. A very
similar approach has been applied to patents, yielding so-called
product aspects [38]. These aspects capture the functionality in
terms of the vocabulary used in their respective domains. A
mapping between the organism aspects in the biology domain and
the product aspects links the aspects that deal with similar
functions/concepts, taking into account the difference in vocabu-
lary between both domains. This allows bridging the gap between
engineering and biology by converting the engineering formula-
tion of the design problem into product aspects and by retrieving
the linked organism aspects via the mapping. Finally the organism
Fig. 6. The new design methodology with the biologically inspired design cycle and CDS.
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aspects lead to the most relevant biological publications for the
given problem description in the engineering domain.

The current investigation required changing the input method of
the engineering problem. By asking the engineer to abstract the
problem statement into the essential function that is required, a
functional query is formed, which is then translated into corre-
sponding organism aspects. This essential function is an application
independent formulation of the required functionality [39].

The natural language method aids in identifying the articles
that contain the relevant biological principles. However, the
engineer will still have to extract these principles and apply them
to the final solution via an analogical transfer. Shu (2010) and
Helms et al. (2009) highlight several pitfalls during this process:
oversimplification of biological functions, directly copying of the
biological strategy due to poor understanding of the underlying
principles and fixation on the first encountered strategy [13,40].

The goal of bio-inspired design, in contrast to biomimicry, is not
to copy the strategy exactly but to extract the underlying principle
and apply this to create a solution in engineering.

During the abstraction of the working principle, a possible
influence of the environment has to be taken into account.
However, the innovative principle is not bound to the biological
environment and can be generalized in engineering. For example
the shape of the beak of the kingfisher (used in water) is also useful
for the difference between the density of the air in and outside of a

railway tunnel as successfully applied on the Shinkansen High
speed train.

Systematic investigation of biological principles to comply with a
given design problem

The new methodologies require systematical investigations of
biological principles and biological phenomena to solve problems
and to develop products by combining experts in IT, biology and
engineering. In spite of great advances in the field of bio-inspired
technology, natural systems still retain significant advantages over
engineered systems in numerous aspects, including size, and
mostly, adaptability and versatility. Insects, in particular, exhibit an
unmatched ability to content with a range of perturbations,
maintaining control and stability while navigating through a wide
variety of environments.

In several research programs at the school of Zoology of Tel Aviv
University the locomotion principles of animals and insects have
been studied in order to identify principles that may successfully
be applied to engineering problems and to the design of products
[17–20,41–46].

Fig. 8 illustrates several unique features of animals and insects,
which can inspire investigations and possible implementation in
manufacturing. Fig. 8a shows a cockroach leg with mechanor-
eceptors having a role in load sensing and serving as major

Fig. 7. Schematic representation based on the method proposed by Vandevenne [37,38]. The mapping between product aspects and organism aspects links the problem
description with relevant biological articles [14].
Fig. 8. Biological features inspiring engineering solutions a. cockroach sensors [42], b. nanoscale fibrillar structures in animals with varying hair density [41], c. insects with
varying body plans for mobility and flexibility.
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roprioceptors utilized in different locomotion-related tasks
41,42]. Examples for Fig. 8b comprise recent publications in the
ast two years, describing gecko adhesion phenomena [47],
ntegrative biology of gecko adhesion and biological understanding
f the phenomena, [48] as well as the gecko-inspired adhesive
aterials and application [49]. [50–52] present examples for

nspiration and optimization from social insect behavior and
ature-inspired algorithms for optimization as well as swarm
ntelligence. These features are used in biologically inspired
olutions that can lead to the development of sensors and control
ystems to be applied in machine tools.
A novel research direction has been initiated, as described in

hapter 2, testing the feasibility and functionality of hybrid bio-
echnology systems. Specifically, testing the utility of biological
ensors (i.e. insect sense organs such as ears and antennae)
ounted on and incorporated into mobile machines (robots) for

he construction of a combined organic-synthetic system. Fig. 8b
hows the nanoscale fibrillar structures in animals with hairy
ttachment pads. The density of surface hairs increases with the
ody weight of animals and can inspire engineering solutions for
roblems such as clamping, surfaces or adherence, or mobility for
etter adherence. Fig. 8c presents few examples of insects with
our and six legs to ensure flexibility, stability and mobility.

However, it is not obvious which configurations and combina-
ion of features perform better. In addition, under the theme of bio-
ntegration and bio-intelligence, investigations are currently
arried out to reveal the rules and algorithms utilized in the
eneration of collective-coordinated motion in insect swarms. The
im is to apply these in a mixed swarm of insect and miniature
obile robots. Successful incorporation of robots in the biological
warm will open the way to bio-inspired “living” swarm robotics.

Parallel kinematic mobile machine tool used as demonstrator
for the new design methodology

A parallel kinematic small, mobile and flexible machine tool
was selected as the demonstrator [15,53,54]. The investigation was
carried out according to the new design methodology based on the
bio-inspired design cycle described in Fig. 6 (chapter 3 and 4).
Establishing and analyzing a list of challenges and requirements is
discussed in chapter 5.2. Chapter 6 describes ontology based data
structure for ideas inspired by biology and analyses of relevant
biological principles. Chapter 7 presents conclusions and ideas for
the implementation of the biologically inspired design cycle
methodology, including the use of Computerized Design Synthesis
(CDS), related to structure, mobility, flexibility, clamping possibili-
ties and surface features.

Application, structure and features of a mobile machine tool as
demonstrator

The development and investigation on new mobile, flexible and
small machine tools is a promising and suitable area to apply these
novel insights in the design of surfaces, components, machine tool
structures and systems with required functions, mobility and
flexibility. Fraunhofer IWU in Chemnitz has ample experience in
designing, developing and testing of mobile machine tools, and
more specifically regarding parallel kinematic (PK) machines as
shown in Fig. 9. The research has been conducted on mobile
machine tools that are relatively small compared to the workpiece
[53–58]. The machine design allows for milling, drilling and similar
operations in various directions and positions.

“Biological small machines “, shown in Fig. 10, can be an
inspiration for the design of machine tools with different levels of
mobility and complexity, ranging from simple manual positioning,
to supported structures, to automated enablers (robots) or to
autonomous systems. This type of machines and machine
components should be able to position, move, clamp and secure
themselves with respect to the workpiece and be able to safely
execute the manufacturing process within the required accuracy
[15,53–57].

Requirements and challenges regarding a parallel kinematic mobile
machine

The analysis of the requirements and challenges for the selected
demonstrator was conducted, as an example, on the typical
application of the tool and die-making domain, producing large
components. The investigation focused on conventional machining
processes where mobile solutions can be useful. This is still a wide
application field with different materials, part dimensions, and

Fig. 9. Miniaturized parallel kinematic machine tool at Fraunhofer IWU.
Fig. 10. “Biological small machines” and machine tools or systems with different levels of mobility and complexity.
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machining processes. The first step is the identification of options
for process chain optimization and flexible technology integration
in mobile and flexible machine tools. The following variants of
flexibilization are imaginable: a machining unit with various
adaptable processing heads for flexible technological integration,
or a mobile machining unit that can be clamped onto the
workpiece for machining within a production line.

In general, small mobile machine tools have to machine large
workpieces incrementally. For this reason, re-arrangement of the
machine on the workpiece will be necessary and has to be carried
out quickly (Fig. 11). There are approaches to use support systems
(e.g. robots) to automatically position mobile machines on large
workpieces. In this case, manual interfaces would not be practical.
The additional function would be to enable the machine tool to
move to and to clamp autonomously onto the workpiece.

The machines must be able to move or be moved over a surface
up to an accurately defined position, clamp themselves to the
surface and deliver the required stiffness. The surfaces may have
quite different properties in terms of materials, shapes and
roughness. Sustainability aspects, including saving of resources
and energy, environmental issues and social considerations are
included in the desired specifications. Although the basic design
principles are known, the most promising configurations must be
investigated. By using CDS, a population of candidate solutions can
be generated and systematically reduced by specifying additional
constraints.

Fig. 12 presents a list of features, requirements and challenges
for the mobile machine tool to be investigated with the new design

methodology, including the bio-inspired CDS. The features
indicated in green are analyzed and discussed in this paper.

The following main issues have to be addressed depending on
the level of mobility, flexibility, durability and sustainability:

� Intelligent kinematic structures
� Adaptive interface devices enabling machines to adhere to or to
be clamped onto various workpiece surfaces and geometries

� Miniaturization and lightweight design to ensure dynamic
movement of the machine, even in case of fragile structures

� Smart self-calibration and self-orientation to navigate within the
work environment

� Self-awareness in terms of system capabilities in a changing
work environment

Such a machine must attach and secure itself to the workpiece
and move to spots where operation is needed. While accuracy
traditionally comes from the rigidity of the machine frame,
movable machines need to obtain their accuracy in another way,
depending on the type of manufacturing process.

One of the main purposes of the demonstrator was to find
solutions for positioning and clamping, or mounting of those
devices. The clamping interface must be very adaptable towards
different conditions, but it must provide high stiffness when
secured (Fig. 13).

� Machine orientation: horizontal and tilted are top priorities;
vertical and upside-down are also relevant (e.g. on aircraft

Fig. 11. Features, requirements and challenges regarding the mobile machine tool.
Fig. 12. Challenges and requirements for mobile machines.
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structures this application implies higher requirements/chal-
lenges due to the machine weight).

 Clamping surface shape: all shapes are possible and important;
shapes can differ between different clamping positions.

 Material: steel/aluminum and composites are most relevant.
 Mobile machine function: using clamped workpiece with fixed
machining station in a production line or mobile machine with
adaptable processing heads.

nvestigation of biological data and biological principles for the
obile machine tool

Following the requirements and challenges presented in
hapter 5, a systematic search was carried out regarding biological
ata, and an investigation of biological principles was performed.
hapter 6.1 presents the biological strategies and principles
etrieved by KU Leuven using the natural language approach
etailed in chapter 4.1 to search for relevant bio-inspiration for a

clamping interface for the mobile machining unit. Chapter 6.2
includes some relevant results of biological principles and
phenomena investigated at the Tel Aviv University. The work is
a top down searching procedure based on ontology based data
structure looking for ideas inspired by biology, and for the
biological research of relevant principles discussed in chapter 4.

To create a bio-based design of the mobile machine, engineers
are using the biological knowledge, presented as an example for
clamping and positioning in chapters 6.1 and 6.2, as a part of the
new design methodology shown in chapter 3.3 and in Fig. 6.

Search results of the systematic bio-inspiration search for the
clamping interface between machine tool and workpiece

Using the natural language approach detailed in chapter 4.1, a
systematic search was performed for bio-inspiration for the
clamping interface between the mobile machine tool and the
workpiece. The starting point of this search is the essential
function, which has to be abstracted from the detailed problem

Fig. 13. Constraints for the mounting and clamping conditions.
ig. 14. Hierarchical adhesive structures of geckos, (a-d) [62] and relationship between contact density (NA) of hairy pads and body mass for animals from a variety of taxa (e)
1].
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statement described in chapter 5. Abstracting the design problem
leads to the required method of ‘reversible attachment’, possibly to
a ‘slippery surface’. This functional query has been used in the
natural language system to retrieve a ranked list of biological
articles.

The retrieved articles were interactively processed to extract
the biological strategies that can be applied to the current
investigation. After a quick analysis by a mechanical engineer
without a formal biology background, it was noted that the most
prevalent species were geckos and ants. Biological strategies
present comprise suction pads, used for example by remora fish
(e.g. [59]), wet (e.g. [60]) and dry adhesive pads (e.g. [61,62]) and a
combination of these pads with mechanical claws (e.g. [63]). All
these examples can be used as bio-inspiration for designing
mounting, adhesion and clamping solutions.

Fig. 14 contains a sample of the images and a summary of their
captions that were manually extracted from the relevant papers
about the biological strategy that uses adhesive dry pads to provide
reversible attachment. In [62], the authors explain how geckos use
a hierarchical adhesive system with each branch becoming finer,
allowing them to use the van der Waals interaction for attachment
(Fig. 14 a, b, c). In [61], the authors investigated the relationship
between the contact density of the finest points of the adhesion
systems of different organisms using different types of adhesive
pads (Fig. 14 d). This figure stems from an identified reviewed
paper of the relevant literature, which is especially interesting for
designers performing a bio-inspiration exercise since it facilitates
comparison of different strategies. This sample serves as an
ambassador for the potential of knowledge that is contained in
biological articles.

Systematic investigation of biological principles related to the mobile
machine

The biological investigations at Tel Aviv University were
based on the challenges and requirements of the mobile
machine tool as defined in chapters 5.1 and 5.2. As shown
schematically in Fig. 15, the ongoing bio-inspired research is
investigating biological organisms, animals and mainly insects.
It was aimed at providing novel bio-inspired insights and
principles related to the structure, stability and mobility,
clamping, adhesion and mounting, as well as sensors and
control systems of mobile machine tools.

In particular, this investigation comprised legged machines
(Fig. 15 a), biological sensors (Fig. 15 b), and possibilities for
mounting or adhering on the workpiece (Fig. 15c). Insect
locomotion and the relative advantages of feedforward vs.
feedback-based control were studied as a model for miniature
(yet scalable), adaptable dynamic robotics. In addition, the
initiated novel research directions included studies concerning
feasibility and functionality of hybrid bio-technology systems for
biological sensors mounted on and incorporated in mobile
machines (robots) for the construction of combined organic-
synthetic systems (Fig. 15 c).

Bio-inspiration from various insects and animals as biological
models for mounting and adhesion of is mentioned in chapter 4.2
(Fig. 8) and in chapter 6.1 (Fig. 14). The nanoscale fibrillar
structures with varying hair density and the hierarchical adhesive
structure of geckos allow them to move fast and safely on any
surface. Their toes contains hundreds of thousands of setae (ST),
and each branch (BR) of seta contains hundreds of spatulae (SP), as
shown in Fig. 14 a. The scanning electron micrographs shows rows
of setae at different magnifications (Fig.14 b) and the spatulae with
the finest terminal branches of setae (Fig. 14 c).

The biological suction function of the northern clingfish,
Gobiesox maeandricus, as shown in Fig. 16, can be implemented
for higher loads and mounting forces [64]. The fish is able to adhere
equally well to slippery, fouled and irregular surfaces in the marine
intertidal environment, with a broad range of surface roughness
from Ra =15 mm, corresponding to finishing textures up to a rough
surface with Ra =269 mm. The fish outperforms fabricated suction
cups, which only adhere to the smoothest surfaces. The adhesive
forces of clingfish correspond to pressures of 0.2–0.5 atm below
ambient temperature and correspond to 80–230 times the body
weight of the fish. The tenacity appears to be related to
hierarchically structured microvilli around the edges of the
adhesive disk, which are similar in size and aspect ratio to the
setae found on the feet of geckoes, spiders and other insects
(Fig. 14). This very interesting feature points towards a possible
bio-inspired solution to the problem of mounting and reversibly
adhering to irregular, submerged surfaces of mechanical compo-
nents.

The systematic biological search (top down) related to mobile
machine tools was carried out using the defined requirements,
challenges and features looking for bio-inspiration regarding
mobility, positioning, adhesion and clamping. Designers can apply
Fig. 15. Insect-based bio-inspiration for the mobile machine tool, a) stability and mobility, b) sensors and control system, c) mounting and adhesion.
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hese results during concept generation mainly as bio-inspiration,
ut also for bio-integration and for bio-intelligence of the
anufacturing system.

onclusions and recommendations for the implementation of
he new design methodologies

The joint work showed that bio-inspiration can serve designers
n two distinct ways: as a trigger for searching and implementing a
olution for an engineering problem (top down), or as a trigger by
n observation in the bio-space to be converted or adapted to the
echnical space (bottom up).

The virtual systematic design method was proved; however, an
perational design cycle cannot be demonstrated yet. This paper
resents examples for using the new design methodology for
ifferent machine elements while fulfilling requirements and
hallenges. Chapters 7.1, 7.2, 7.3 & 7.4 present possibilities of
mplementing the new biology-based design methodology in
eneral, and provide more details for the implementation in the
esign of a small mobile parallel kinematic machine tool as a
ypical demonstrator.

An approach and data structure were defined for systematic
ollection and storage/retrieval of bio-inspired design principles as
n input for set-based design.
The collaboration between engineers, biologists and ICT teams

esulted in valuable conclusions, recommendations and real
pplications. The combination and integration of biologically
ased principles with engineering topics carried out by the
ifferent institutes in Leuven (Belgium), Twente, (Netherlands),
hemnitz,(Germany), Tel Aviv and the Volcani Biological Institute
Israel), contributed to the multi-disciplinary design of future
fficient and sustainable manufacturing systems.
Investigations regarding the viability of set-based design

pproach were carried out as an example for the indicated
pplications. Development of real-time simulation tools and their
ubsequent investigation can be used in a set-based design platform.
From the biological investigations, it could be concluded that

egged locomotion (bio-inspired) is the most advantageous means
f locomotion. Six-legged locomotion excels especially on uneven,
nexpected terrain and surfaces. Nature provides innumerable
xamples for the development of sophisticated sensors in a large
ariety of modalities. Superb sensory-motor perception and
ecision-making is also ubiquitous in natural systems. Bio-inspired
rinciples can serve in devising solutions for mounting and

be bio-inspired. Possible design directions are demonstrated and
solutions are suggested for a selected demonstrator, dealing with
problems such as machine structures and mobility, surface
protection, and adaptive clamping devices. However, it is not
obvious which configurations perform better, thus actual testing is
required.

The benefits of bio-inspiration in manufacturing can be
substantially increased by applying systematic mapping of
scientific publications of the two domains– the biological-, and
the technical one.

The biological principle of effectiveness in achieving goals by
means of redundancy can be mimicked by applying methods of
Computational Design Synthesis enabled by (massive) digitaliza-
tion.

The combination of new technologies such as Additive
Manufacturing and bio-inspired shape optimization enables
lighter, functionally optimized/integrated parts.

The basic biological approach for designing is bio-inspiration,
(bio-mimicry). However, applications such as the use of biological
protecting layers and biological fluids are primarily considered as
bio-integration topics. The design and use of active sensors,
Artificial Intelligence (AI) and machine learning (ML) methods can
be considered as bio-intelligent processes, products, machine
tools, and automated or autonomous “living” manufacturing
systems.

Using the new methodology to design biology-based products,
machine tools, and manufacturing systems

The results, conclusions and ideas were very useful for
implementing the methodology, including the use of the Computer-
ized Design Synthesis (CDS) for future development of the mobile
machine. They provided new ideas for the design of mobility,
flexibility, stability, strength and dimensions of components such as
clamping and mounting devices, machine elements, and structures
or surface modifications of products, machines, and systems.
Fraunhofer IWU Chemnitz has experience in designing, manufactur-
ing and rating of microstructured and functionalized surfaces for
various applications as shown in Fig. 17 [21,22,65,66–68].

Fig. 17 also shows some examples of using the new design
methodology, described in Fig. 6, for different elements of mobile
machine tools, fulfilling the requirements and challenges de-
scribed in chapter 5.

For instance, observation of insects’ features and behavior

Fig. 16. The clingfish with natural suction cups providing high adhesive forces [64].
dhesion. Different mechanisms can be selected in a weight-
ependent and surface-dependent context. Insects can serve as
ood inspiration for innovation related to miniaturization, stiffness
nd lightweight.
The numerous biological examples presented in this paper

how how the design of products, machine tools, and systems can
5

(Fig. 15) leads to the conclusion to investigate mobile machine
tools with six legs enabling improved mobility, stability, and
flexibility. The idea has already been implemented in mobile robots
and moon vehicles. Biological data presented in chapter 3 and 6
regarding animal mobility and movement, including adhesion to
smooth surfaces, for example existing in geckos and insects,
7
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provided bio-inspired ideas for possible solutions such as clamping
and mounting of the small and mobile machine tool and robots.

Biological phenomena such as the natural suction cups of the
clingfish providing high adhesive forces (Fig. 15) can inspire the
design of mobile robots or mobile machine tools moving to a
planned position on rough and complex surfaces to carry out
operations such as drilling, milling, deburring, cleaning or
finishing.

Design of structures, such as the lightweight gripper, is inspired
by biological principles, uses AM technologies, and improves
sustainability.

Sustainability and environmental requirements

Sustainability requirements and environmental aspects influ-
ence the design of products, processes, components, machine tools
and the complete manufacturing chain. By following the bio-
inspired paradigm of effectivity by redundancy enabled by
digitization in set-based design, it becomes possible to consider
sustainability as a major boundary condition (constraint) for the
search space from the beginning, while in the classical approach of
optimization this is usually one of the last items to address.

The UN defined 17 sustainable interconnected development
goals also influencing the manufacturing world. Some of these
goals such as health and well-being, industry, innovation and
infrastructure, responsible consumption of resources and produc-
tion, and environmental issues have substantial impact on the
structural design, use of resources, wear and maintainability of
machine tools.

Using structured surfaces and protecting coatings on machine
parts, reducing component weight by AM, saving energy and

reducing pollution are only few examples discussed in this paper.
Replacing expensive, rare and hazardous materials during the
design process can fulfil the demand for better sustainability.

Bio-integrated and bio-inspired surface modification

Chapter 2.1 described some biological examples of surface
modifications that can inspire the design process. In addition, the
use of bio-integrated layer solutions was also described. Machine
tools used under severe environmental conditions can be
protected by effective biological layers, which can prevent
pollution, corrosion, excessive wear and damage. In addition to
the sustainability problems, biological and chemical surface
treatments can protect the machine against any type of fluids,
including new microbial-based fluids.

The Volcani Institute has contributed numerous examples and
ample evidence proving that nano-bio coatings can protect various
material surfaces. Fig. 18 illustrates the surfaces of preliminary
tests of the bio-integrated active nano-coating on stainless steel,
plastic materials and glass.

Bio-intelligent and “living” manufacturing systems

The proposed definition in the paper “Towards High Perfor-
mance Living Manufacturing Systems – A new Convergence
between Biology and Engineering “by Byrne et.al., published in
this same JMST issue, states that “bio-intelligence manufacturing is
realized through merging artificial intelligence with bio-inspired and/
or bio-integrated manufacturing solutions, incorporating information
channels, sensors and actuator systems. A special form of bio-
intelligent manufacturing occurs when co-existence, mutual

Fig. 17. The new methodology to design mobile machine tools including examples of optimized component structures and functionalized surfaces.
Fig. 18. Contact-active coatings - results on various materials.
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teractions and co-evolution of technical, informational and
iological elements take place, with the potential of converging
owards living systems”.

Will it be correct to define the new design methodology and the
esulted developments, based on this definition, as biologically
iving and intelligent systems?

In chapter 3.1 and Fig. 4, the use of Artificial Intelligence (AI)
uring the design process provided optimal and lightweight
hapes of components. Today in many other cases AI, ML, DL and
iological transformations are used. Chapter 2.1 and Fig. 1
llustrated sensors integrated into the coating, which can provide
on-line” information on performance and environmental con-
itions. In up-to-date machine tools and production systems
ensors are used to control “on-line” numerous parameters such
s temperature, movements, deformations and other parameters.
The design and use of sensors, control systems, AI and ML can be

lassified as bio-intelligent processes or as “living” products,
rocesses, machines or systems.
The large amount and versatile types of sensors identified in

nsects and other organisms could lead to the next generation of
io-inspired or bio-intelligent products, machines and systems.
he biological sensors on a cockroach for various functions
chapter 4.2) and the discussed options in Fig. 15 can be used
or future design procedures according to the new methodology.

Will it be possible to use biological sensors as bio-intelligent
lements in manufacturing? Can AI, ML and sensors in products,
achines, components and manufacturing systems using similar
living and learning features”, be considered to be bio-intelligent?

ecommendations and future activities

Recommendations for future research activities include:

 Extending topological optimization with (embedded) actuated
structural elements that can change part/system properties in
real time.

 Studying the interaction between microbial cutting fluids and
anti-microbial nano-coatings to protect machine elements from
pollution and wear.

 Further extending the potential of bio-inspired computational
design synthesis.

 Initiating follow-up projects or programs using a working
demonstrator including physical and virtual functions.

It is recommended to investigate structural design of parts
roduced by Additive Manufacturing respecting sustainability and
ife-like behavior using artificial muscles, sensors and nerves.

ummary

This paper presents results of an investigation dealing with
esign methodologies using biological phenomena and data for the
evelopment and application of products, machine tools, process-
s and manufacturing systems. The main biological approach for
esigning is bio-inspiration. However, links and examples imple-
enting bio-integration and bio-intelligence have also been
onsidered and analyzed during the investigation.
This work describes a systematical design procedure mainly

ased on a top down approach, starting from requirements and
pplications related to manufacturing, using well-known theories

ever-growing capacity of ICT and digitization possibilities provide
inspiring options for new, more effective design methodologies.
Nature and biological domains can be integrated, can inspire and
can be implemented or even applied as intelligent systems in the
design procedure.
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