Biomimetics — Learning from Nature
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Biomimetics is a new interdisciplinary field thdentifies potential
useful processes and mechanisms in biological sgséad organisms
and imitates them in engineering systems. A bnigbduction is given to
biomimetics, followed by a case study involving pagential use of
locomotion systems from marine worms in self-movemgloscopes.

Ever since the earliest days of tool-making, man hastwieditate the skills
of nature. In pre-historic times this ranged from wearinddikeep warm to the
actual development of bone- and stone-tools to emulate tegitlaavs of animals.
However, the ingenuity of man was not limited to blindly copyiature and soon
human technology started to diverge from nature’s. The most consisi example of
this is, of course, the invention of the axle and the wheethatis no counterparts in
nature. Nature, however, continued to inspire either by supplgiggev/concepts or in
some cases even providing a full design. A case of the isttee early unsuccessful
attempt at building flying machines. In as early as 1488 Leordaddéinci designed a
flying machine based on bats and 400 years later Otto Llhihébuilt gliders based on
avian design. Although the first successful aeroplane, built byiight brothers in
1903, involved a radical new design, it was based on the pioneasmkglone by
Lilienthal. It is, furthermore, likely that humans would nevavérhad the
determination and conviction of eventual success, if they cmildee from animals
in nature that flying is possible.

In the first half of the ZDcentury the idea that biological studies could
provide inspiration for developing new technology was slowly gainingngtauthe
scientific community. In the late 50s the word bionics wasl @isetechnological
designs and ideas learned from nature, but this word is now nsm@aed with the
replacement of body parts with artificial electronic desj@though it retains its
original meaning in the German speaking countries. The woochibietics’ made its
first appearance in the title of a paper in 1969 and wasdadlin Webster's

dictionary in 1974. The exact definition of biomimetics (or bimnery as it is also



sometimes called) has been broadened since and can now e nsay contexts,

which involves the transfer of skills or information from bigtdg applied science.
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Publications containing words with the root biomtinén the title, abstract or in keywords. The data
is obtained from searching the I1SI Web of Sciemtalthse (SCI-EXPANDED) writing the term
biomimetic* in the topic field. The bars show thenber of publications found in the database forheac
year and the line represents the percentage ofipatisins found out of the total number of
publications in the database for each year.

The most famous example of the biomimetic approach is the iovewiti
Velcro. In the late 1940s a Swiss engineer, George de &llastas taking his dog for
a walk, when he noticed cockleburs sticking to both his cla@hdshe dog’s fur.
Upon returning home he examined the burs and discovered the smalkimatoks
enables the seed-bearing bur to be transported to newBydasl and error
experiments he could, in 1955, patent Velcro, an artificisigiiebased on the
cockleburs. Velcro is a unique two-sided fastener, one sithestiff hooks like the

burs and the other side with soft loops like the fabric of hisspant

The inspiration to Velcro and its technological tation. From left to right. The hooks of the burkloc
seed and the artificial hooks. The wool from a gheed the artificial loops.



A recent and promising example of the power of the biomimetgadoach is
the Lotus Effect. This effect was discovered by the bot&vilstelm Barthlott during
a systematic scanning electron microscopy study of theueaice of some 10.000
plant species. Barthlott and one of his students observedtwés with a smooth
leaf surfaces always had to be cleaned before examinatiie, thhose with a rougher
and more irregular surface were almost completely freefamination. From
further studies and experiment they discovered that smaltvwyatals covered the
surface of the rough leaves. Water droplets are balancitigedop of these crystals
with only little surface contact to the leaf and will thire roll off easily. The
adhesion between dirt particles and crystals is sipifamimised, so the particle is
attracted to the larger surface of the passing watgletrand with that removed from
the leaf surface. They called this the Lotus-Effectrdfte leaves of the sacred lotus
or sacred water lily, which give a particular impressleenonstration of this effect.
The Lotus-Effect has great potential for commercialisatrahaurrently a house-
paint is distributed under the name Lotusan. A further potentiaihative application
is to manufacture a self-cleaning paint for cars.

Biomaterials and structures is one of the main areas winetgomimetical
approach is expected to be profitable. One of the best éesmphat of producing
artificial spider silk. Silk is a biopolymer consistingakeratin like protein called
fibroin. Spider silk is an interesting material from a caanoial perspective due to its
high tensile strength (1100 MPa for radial threads of the cpidsrscompared with
around 500 MPa for steel) and its strong viscoelastic effdotsever, despite the
huge research effort into spider silk, large problemsestifits before any products are
ready for the market. The main problem is that not only isxhetestructure of the
silk important for its physical properties, but these in also depend on the complex
weaving pathway through the ducts and spinnerets of the spideg thiesilk is
changed from a liquid soup of proteins to solid threads. Shdéamost promising
candidate is BioSteel developed by Nexia Biotechnologies. hiodysome genes
from the spider and incorporated them into the milk glandsatsg Milk from the
resulting transgenic goats then contained water-solublersitkins, which by
spinning can be turned into silk fibres, although with inferior meciaproperties
compared to the original spider silk. The company aimsigl@y BioSteel in the
manufacture of fishing lines and bullet-proof vests. Howevejomadstacles still lay

ahead, not least the question of durability. In nature the spidéinuously produce



new silk since it is affected by changes in temperatotemoisture. Inspiration from
biological materials is also thought to be useful in developnfergw composite
materials, such as artificial wood and ceramics basetore, a natural composite
found in the hard shell of molluscs.

The area of robotics has in recent years turned some attemtiosn
advantages of a biomimetic approach. An imitation of theouarforms of animal
locomotion will be especially useful for robots required to movaore structural
complex and tortuous environments, where the standard enginedritigrsof
wheeled locomotion may not be applicable. In the Biomimetiddywater Robot
Program at Northeastern University — USA, a robot wasldped by reverse
engineering from the American lobster. The autonomous robot usesnseayey
alloys for emulating muscles, where electrical current geges the heat necessary for
a phase transformation, and it copies the sensor systemlob#ters detect water
flow and obstacles. This and other similar studies, althouglsistiple in their
robotic design, successfully show the potential of the biomimetmaioach. Another
area that has received considerable attention, especatiytiie military, is the
development of micro air vehicles (MAVs). The aim is teate small reconnaissance
drones based on the principles of flight in insects. Howehertechnical difficulties
to overcome in order to recreate these complex and not fyetifiderstood flight
mechanisms are substantial and, despite massive fundingldeddr this line of
research, significant progress remains to be seen. Robgtiteers are not restricted
to studying biomechanics if they want to be inspired by nailme.neurobiology of
invertebrates is now so well understand that robot models caassiully replicate
aspects of the behaviour of real animals. Especiallygation strategies in insects
have with some success been applied to robot navigation.

As is hopefully clear from the above current researdiidmimetics cover a
very wide range of disciplines. And then | have not eventimeed the more exotic
approaches of combining natural processes with creative thinkihg ambitious
project of linking biology to the TRIZ (the theory of inventive perhlsolving)
method with the aim of facilitating a systematic haradéshe knowledge of nature.
Although, the biomimetical approach, with the exception of \éelstill lacks
spectacular success stories then it is my belief thall iplay an increasing role in
improving our technology in the coming decades. However, befenencritically

attempt to copy the ways of nature some caution is requigethefbiologist Steven



Vogel points outs, natural technology has evolved under several coajstraints,
which should not limit our technology. Nature, for instance, osésa very limited
number of materials, where our technology, which is not constrainedganic
environments, has a far greater variety of materialsateil Furthermore, designs in
nature are usually not optimised for any single function, wmtiéad have multiple
functions. For example, the spider web’s primary function detain prey long
enough for the spider to catch it. However, it also functisres @mmunication
channel during courtship behaviour and in camouflage by blurring thireoaflthe
spider. Therefore uncritical copying of biological structurdsafien not give useful
results. Instead a careful analysis and assessmentfahtti®ns in nature is required
before potential aspects can be identified and attempts imadéate them. This will
often be a complex process and it is here that cooperativediebiologists and

engineers is of vital importance for a successful outcome.

An example of a biomimetical project is the BIOLOCH (BliDmatic
structures for LOComotion in the Human body), which is funded bitinepean
Commision and consists of an interdisciplinary consortiumxoEaropean
institutions (University of Bath, Ukngineering/biology- SSSA and University of
Pisa, Italyengineering FORTH, Greeceomputer science Steinbeis University and
University of Tubingen, Germargurgery. The main objective of the project is to
design and fabricate biologically inspired micro-robots able tagagein tortuous
and slippery environments, in particular inside the human bdudy.idea originates
from the medical need to develop more mobile and autonomous diarices
endoscopy. After a preliminary survey of locomotion systerowel animal forms
two animals were identified to serve as models for thentmtion unit in the robotic
endoscope. The earthworm (segmented worm in the class oligacimeing by
sending longitudinal waves along the body) and the ragworm (segineatm in the
class polychaeta, moving by sending sinusoid waves along the bodygnmAs
personally involved in research on the latter a more thoroughijptést of the
ragworm follows below. Promising prototypes, using recent techruabgdvances
such as smart memory alloys for actuation, have beenogedebased on both
models. However, all prototypes currently either moves too staave too large for

endoscopy, but once problems with generating sufficient thrustiatidrf have been



overcome, biologically inspired robots potentially offer a Besaging and painful

alternative to current endoscopes.

The three most advanced prototypes yet developdte®OLOCH consortium. From left to right. A
robot based on the earthworm type of locomotiongishape memory alloys as actuators. A robot
based on the rag worm type of locomotion using elmpmory alloys as actuators. A more
traditionally mechanical robot based on the ragwdspe of locomotion.

The ragwormNereis diversicolgrwas identified as a suitable model organism
partly because it inhabits sandy and muddy environments in shallowemvaters
and estuaries and partly because it shows a diverseahlugemotion methods. It is
capable of burrowing through the substrate, slow and fast crawtireveubstrate and
swim in the open water. During fast crawling and swimmingid body waves
aids the movement of the lateral appendages on each sggasamodia), which in
the former acts as legs and in the latter as paddlesestingly the body waves in
these worms move from the tail towards the head. This is @posvhat is found in
other animals, such as snakes and eels, which move using sibadpidiaves that
travels from the head towards the tail. This is possibtearragworm because the
main thrust is not generated by the body wave itself but blgatlewvard movement

of the parapodia.

A ragworm (Nereis diversicolor) swimming by segdiimusoid waves from the tail towards the head.



At the distal end of the parapodium bundles of fine hair (sptatude. A
seta consists of a serrated blade that is joined to g shaftat restricted movement of
the blade relative to the shaft is possible. This movememitiely passive as no
muscles or nerves are found in the seta. The main functitwe seta is probably to
generate friction between the worm and the substrate dudmgiiog, but other
functions include anchoring in burrows and thrust generation during swgnfrom
a biomimetic perspective these passive setae offersitosodf how to generate
friction between the robotic endoscope and the mucous lined fuBwiathe
locomotion system in the ragworm also offers wider bioeticnpotential. For
instance a possible application would be for underwater multipeigaqsoration
robots which are required to swim in the open water, crawh@iottom and burrow

in the substrate.

/'

Scanning electron microscopy photos of the parapodind seta of the ragworfrom left to right.
The parapodium with the three seta-bundles highdighA single seta. Above the serrated blade and
below the joint between the blade and the shaft.
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