
Biological and Biomimetic adhesives (part 2)

Practicality and trends
Some of known natural adhesives impress with its exceptional properties, but cannot yet 
produced industrially. However, basic research has made tremendous progress in this area. 
While in the first part (see issue 3-12, p 44) the biological functions and the state of research 
were moved to the center, this paper addresses the practicality and technological trends.
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To be practicable, an adhesive sys-
tem must fulfil a wide range of 
criteria. While the technical ad-

hesion profile plays a significant role, it 
does not constitute a guarantee for com-
mercial success. Equally important cri-
teria include the availability of raw ma-
terials, reproducibility in production, 
and consistent quality, as well as the 
price/performance ratio in comparison 
with alternative technologies. In medi-
cal applications, toxicological and aller-
gy-relevant aspects must be considered 
as well.

The most likely biggest obstacle that 
a biological adhesive must overcome en 
route to commercialization is manufac-
turing cost. It is comparatively high be-
cause nature is extremely resource-ef-
ficient: it produces high-performance 
adhesives only in very small amounts 
and only at precisely determined points. 
This limits the extraction of larger quan-
tities. Moreover, such adhesives are ra-
rely pure substances; as a rule, they are 
complex reactive systems whose compo-
nents are not mixed by the organism un-
til they are applied. So obviously, given 
the state of the art in technology, pro-
duction via recombinant DNA would be 
arbitrarily complex, which is to say: ex-

pensive. There is a simple rule with re-
spect to the market potential of bioge-
nic adhesives: their benefits must jus-
tify the high cost.

Copy instead of original
Biomimetic adhesives do not necessari-
ly have to be composed of complex bio-
polymers. It can also be meaningful to 
merely glean the active components and 
functional principles from nature, which 
evolved in the biological selection pro-
cess across millions of years. In this re-
spect, the focus is on biological adhesi-
on, because the desired cohesive proper-
ties of the bonding materials can also be 
attained to a satisfactory degree with ar-
tificial systems, using the resources of 
adhesive technologies. In biological sys-
tems, there are three salient properties 
that are difficult to emulate with synthe-
tic systems:

 ● Reversibility and response, i.e. bon-
ding/debonding on demand

 ● Bonding underwater or on wet sub-
strates

 ● Adhesion to disparate substrates
Today, a number of commercially 

utilized joining systems can already be 
legitimately referred to as biomimetic. 
The probably best-known example is 
Velcro tape, in which microscopically 
small hooks get entangled in even tini-
er loops. A patent application was filed 
for this principle in 1951, and the pa-

tent was granted in 1954 (Swiss patent 
No. 2956389). The market expecting ge-
cko-inspired adhesives is considerable, 
taking into account that it is currently 
served by pressure sensitive adhesives 
with a global market volume estimated 
at 25 billion square meters.[1]

Occasionally, biological bonding 
structures combine principles of mecha-
nical interlocking, van der Waals inter-
actions, chemical bonds, viscous and ca-
pillary forces. This does not imply that 
these principles evolved simultaneous-
ly, but it does suggest that various com-
binations of these principles resulted in 
an evolutionary benefit for the respec-
tive organism. This approach is also 
being considered for commercial purpo-
ses (WO 2008 091 386).

Patents: Pointers to planned 
commercial applications
The path from scientific insights to com-
mercial feasibility is usually long and 
costly. Therefore, it is generally dotted 
with patent applications or even granted 
patents. The intention is to secure a cer-
tain degree of market sovereignty. Thus, 
the perusal of relevant patent literature 
is a good way to identify technological 
trends. However, there are two caveats: 
one is generic, the other relates to the to-
pic of “bionics”. In general, it must be con-
sidered that the disclosure of a patent ap-
plication does not occur until at least 18 
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months after it was submitted, so the last 
one and a half years are obscure. Further, 
terms like “bionics”, “biomimetics”, and 
others are neither protected nor clearly 
defined in the patent vocabulary. Therefo-
re, the presence or absence of these terms 
in patent applications does not necessari-
ly imply that the concept on which an in-
vention is based was inspired by observa-
tions of natural phenomena. Nonetheless, 
the study of patent literature is extremely 
useful because it not only describes the 
state of the art but also points to unmet 
market needs.

The so called theory of inventive 
problem solving is based on three main 
principles in engineering: (1) all patents 
are based on about 40 inventive princip-
les; (2) all technology trends are predic-
table; (3) important inventions come 

from outside the industry within which 
they are applied. Throughout evolution, 
nature has constantly been called upon 
to act as an engineer in solving adhesi-
on problems. Keeping this in mind an 
engineer can extend his pool of ideas by 
looking at biological adhesion principles.

Technology trend in 
biomimetic adhesives
Table 1 lists a selection of recent patents 
that involve “biomimetic adhesives”. It 
does not purport to be complete in the 
sense of an exhaustive patent search. 
Instead, a comparison of the conclusi-
ons stated in the patents suggests the 
following trends for the possible use of 
biomimetic adhesive systems:

Dry reversible adhesion: The ad-
vantage of “gecko-inspired” adhesive 

surfaces is that they are not tacky, do 
not require any adhesive fluid, and can 
be separated again without leaving any 
residue. A host of conceivable practical 
applications exists for such adhesive 
films. They can be useful in the develop-
ment of mobile robots that rely on them 
to move in three-dimensional space. Ad-
ditionally, they open new ways for de-
sign of novel manipulators and hand-
ling devices, and provide some potential 
for medical applications in dermatology 
and surgery. Potentially, they can repla-
ce PSA in some specific applications.

Underwater bonding: The bond 
profiles of adhesives used by marine 
organisms can hardly be matched by 
commercial adhesive systems. Dihyd-
roxyphenyl radicals can enhance an 
adhesive‘s properties in two ways: as a 

Patent number Application Functional principle

WO2003 0087 338 adhesive profile in the style of MAP 
(Mussel Adhesive Protein) 

DOPA/catechol residues attached to synthetic 
polypropylene/polyethylene oxide block-polymers

US2006 005 362 fasteners based on dry adhesion nano-structured surface

US2006 0029 997 foot adhesive protein of Mytilus edulis (Mussel) cloning and expression of recombinant DNA

EP 2 094 123 fasteners for textiles and foils 
based on dry adhesion

nano-structured surface

WO2008 091 386 adhesion in the style of biological systems nanostructured surface combined with a biomimetic 
adhesive mass containing dihydroxyphenyl residues

US2009 0093 610 anchoring of thin layers on surfaces catechol-functionalized polymers

EP 1 960 849 waterproof acrylic adhesive DOPA-functionalized poly-acrylate

US2010 0137 903 carrier material coated with adhesive 
for medicinal purposes

DHP (dihydroxyphenyl) modified backbone polymer

US2011 0015 759 adhesives for medicinal applications polyphenols in combination with water soluble 
polymers such as polysaccharides

US2011 0076 504 multifunctional antifouling coating DHP functionalized poly-electrolyte

US2011 0123 477 antifouling coating In-situ generated polymer in combination with reactive 
groups such as noradrenalin, DOPA, etc.

US2011 0171 239 gel from silk protein for medicinal use silk fibroin

US2011 0105 712 antifouling coating zwitterionic polymer with PHP function

US2011 1173 321 dry adhesion nano-structured surface from elastomers

CN 102 153 867 robot footpads setae made of silicon rubber

CN 101 774 528 dry adhesion nano-structured surface

US2012 0016 390 adhesives for medicinal applications 
antifouling coating 

dendrimers modified with DHP

US2012 0003 888 carrier material coated with adhesive 
for medicinal purposes

DOPA modified PEG (polyethylene glycol)

US2012 0078 296 Improved adhesion of adhesives and sealants DHP modified backbone polymer

Table 1: Patent activities involving biomimetic adhesives

RESE ARCH AND DE VELOPMENT

adhesion ADHESIVES & SEALANTS 4/201230



coupling agent and, when oxidized, as 
a crosslinker. The comparatively large 
number of patents devoted to this do-
main justifies the assumption that con-
siderable activity is ongoing in the field 
and that such adhesive systems can be 
expected in the marketplace in the ne-
ar future.

Dry/wet systems: The combinati-
on of specially structured surfaces and 
specific fluids, such as mucus (tree frog 
pads), lipids (insect pads) or proteins-li-
pid mixtures observed in various species 
also characterizes biomimetic systems.

Antifouling: At first sight, one could 
surmise that antifouling coatings are 
the antithesis of adhesives. However, it 
should be considered that such coatings 
must adhere to the substrate better than 
the unwanted organisms. It appears as 
if the adhesion principles of mussel pro-
teins are at the focus of R&D strategies 
for such applications as well.

Hydrogels for medical applica-
tions: The first phase in biological adhe-
sion processes often involves the secreti-
on of gel-like substances into the adhe-
sive joint. Subsequently, the gel matrix 
is crosslinked to create a durable bond. 
Protein gelling agents (such as silk fibro-
in) or polysaccharides are recommended 
as thickeners for medical applications. 
Sometimes the crosslinked substances 
within the joint form a foam-like mate-
rial, which prevents crack propagation 
through the adhesive joint. 

Mechanisms for application of mi-
nute amounts of glue: Biological adhe-
sives provide interesting ideas in design 
of microdispensive systems capable of 
applying small droplets of glues to the 
surface or rapid generation of ultrathin 
adhesive films on the surface.

Outlook
The above-mentioned adhesion the-
mes (reversibility, underwater adhesi-
on, dry bonds, etc.) are far from being 
mastered on an industrial scale. On 
the other hand, fundamental research 

COST Action TD0906 “Biological 
and bioinspired Adhesives”
The objective and focus of current academic research into biological adhesives is 

to identify the principles that enable nature's formidable adhesion capabilities (see 

Table 2 for an overview on the European research groups working in this area). The 

task of applied research and development is to evolve these principles with ade-

quate means to make them commercially viable. Under the supervision of Pro-

fessor Patrick Flammang (University of Mons), the COST Action TD0906 program 

was established to promote knowledge sharing among the various experts invol-

ved. It includes yearly scientific workshops, short-term scientific missions, training 

schools and discussion meetings. Scientific and industrial partners have joined the 

Action and benefit from these resources. The Action is an open framework and any 

person actively working in this field is encouraged to join.

Focal points in research
The joint activities in academic and industrial research on biological adhesives 

can be subdivided into four distinctive fields, which also describe the aims of the 

Working Groups I-IV:

 z Chemical characterization

 z Structural characterization

 z Mechanical characterization and theory

 z Production of biological and biomimetic adhesive systems

The first question that emerges in the examination of adhesion phenomena relates 

to the underlying mechanisms. Are the bonds adhesive, friction-fit, form-locking, or a 

combination of these? If an adhesive bond is involved, considerable attention will be 

devoted to the chemical nature of the adhesive. The complexity of biological polymers 

and the often minimal substance quantities available for analysis impose formidable 

challenges on chemical and biochemical analyses. The key issues are to understand the 

framework structures, identify the functional groups that participate in the adhesion 

process, and recognize their spatial configurations. The biogenesis of these substances 

and the responsible cellular structures are of interest from the biological standpoint.

In the structural characterization, the priority is on understanding the mechanical 

fundamentals of biological adhesion. The very latest methods of characterizing sur-

faces are applied in this field. The insights gained are then adopted by theoretical 

analyses, where they are used as reference data sets or to verify theoretical models.

Many biological adhesives involve surfaces of micro- and nanoscopic dimensi-

ons. Accordingly, the local forces are minimal as well. It is very challenging for 

experimental technologists to measure and model such types of interaction at 

the local and global scale. Conversely, examinations of this kind afford in-depth 

insights into adhesive bonding phenomena, so they are of great interest not only 

in the context of biological systems.

Ultimately, the objective is to leverage the insights gained from academic re-

search to develop commercial applications. An innovative thrust is needed to 

factor cost-effectiveness into the equation. As pointed out earlier, it will be tech-

nically and economically difficult to utilize natural materials. The more viable ap-

proach will be to emulate the functionality of biological systems with the me-

thods offered by materials science. This will make it possible to develop highly 

specialized adhesives with an interesting price/performance ratio.
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Research Topic University, Institution or Company Contact Person, Web site
Biological adhesion of flatworms 
and meiofaunal organsims

Institute of Zoology
University of Innsbruck, AT

Peter Ladurner http://www.uibk.ac.at/
zoology/staff/ladurner/index.html.en

Stickness and structure of 
eggs (fish and amphibiens)

Department of Organismic biology
University of Salzburg, AT

Franz Lahnsteiner, Florian A. Kunz 
www.aqua-reserearch.at

Protein-based adhesion mechanisms 
developed by marine invertebrates

Biology of Marine Organisms and Biomimetics
University of Mons, BE

Patrick Flammang http://portail.umons.ac.be/FR/universite/
facultes/fs/services/institut_bio/biologie_marine/

Mechanical properties of biomimetic 
adhesives at the nanoscale

Service de Chimie des Materiaux Nouveaux
University of Mons, BE

Philippe Leclère
http://morris.umh.ac.be/

Biomechanics and biomimetics of 
permanent attachment in plants

University of Freiburg, DE Thomas Speck
www.botanischer-garten.uni-freiburg.de/

Adhesive mechanisms of insects Institute of Evolution and Ecology
University of Tübingen, DE

Oliver Betz
http://www.uni-tuebingen.de//uni/bzm/

Plant and insect adhesives Institut für Botanik
Technische Universität Dresden, DE

Dagmar Voigt
http://tu-dresden.de

Chemical synthesis of adhesives INNOVENT e.V, DE Matthias Schnabelrauch 
www.innovent-jena.de

Biomimicry of the adhesive organs 
of stick insects (Carausius morosus)

Institute for Biology II
RWTH Aachen, DE 

W. Baumgartner
http://www.znb.rwth-aachen.de/

Medical (bio)adhesives, 
peptide/ protein chemistry

Fraunhofer-Institute for Manufacturing
Technology and Advanced Materials, DE

Ingo Grunwald, Klaus Rischka
http://www.ifam.fraunhofer.de/index.php?seite=&lang=en

Fabrication of gecko-like adhesives Institute of Microstructure Technology
Karlsruhe Institute of Technology, DE

Hendrik Hölscher, Michael Röhrig
http://www.imt.kit.edu/

Bioinspired reversible adhesives 
for dry and wet conditions

Max-Planck-Institut für Polymerforschung
DE

Aránzazu del Campo
www.mpip-mainz.mpg.de/groups/campo

Bioadhesion, biomimetics, tribology University of Kiel, DE Stanislav N. Gorb
http://www.uni-kiel.de/zoologie/gorb/

Mussel-inspired adhesives & 
adhesion in Anomia (bivalve)

Department of Chemistry & iNANO 
Aarhus University, DK

Henrik Birkedal http://chem.au.dk/en/research/
research-areas/inorganicchemistrymaterialschemistry/ 

Fungal adhesives: Hydrophobins VTT Technical Research 
Centre of Finland, FI

Markus Linder http://www.vtt.fi/research/
technology/nanobiotechnology.jsp

Renewable bio-based adhesives for 
the production of wood-based panels

Chimar Hellas SA, GR Eleftheria Athanassiadou
www.chimar-hellas.com

Nanomechanical properties of 
amyloid-based natural adhesives

University College Dublin, IE Anika Mostaert
www.nanofunction.org/anika-mostaert

Morphology and secretion 
pathways of gooseneck barnacles

Ryan Institute for Marine Research
National University of Ireland, IE

Anne Marie Power
http://www.nuigalway.ie/zoology/power/

Characterization of 
bioadhesives, muciadhesion

Department of Chemical Engineering
Technion , IL 

Havazelet Bianco-Peled
http://chemeng.technion.ac.il/person_page.php?id=15

Mucoadhesive film strips 
for oral drug delivery

Biota Ltd, IL Meir Haber
www.algawish.com

Surface microstructure for 
enhanced adhesion and friction

Technion, IL Michael Varenberg
http://meeng.technion.ac.il/Michael_Varenberg.htm

Production of bioadhesives by 
head glands of fish parasites

University of Milano Bicocca, IT Paolo Galli

Gecko adhesion, muliple peeling, 
antiadhesive behaviour

Politecnico di Torino, IT Nicola Pugno
http://areeweb.polito.it/ricerca/bionanomech/

Octopus suckers adhesion 
mechanisms

Center for Micro-BioRobotics
Instituto Italiano di Tecnologia, IT

Barbara Mazzolai
http://mbr.iit.it/

Evaluation of bioinspired antifouling 
and anticorrosive materials

Institute of Marine science, IT Massimo Vassalli http://www.ismar.cnr.it/research/
technology/materials-and-environment/ 

Bio-inspired synthesis of polymers 
and microfabricated adhesives

Physical Chemistry and Colloid Science
Wageningen University, NL

Marleen Kamperman
www.pcc.wur.nl

Materials with adhesive 
properties from microalgae

Feyecon D&I BV, NL Nieves Gonzalez, Andreas Weber
www.feyecon.com

Bioadhesives for biomedical 
applications

3B‘s Research Group
University of Minho, PT

João F. Mano,
www.3bs.uminho.pt

Recombinant sea urchin adhesive 
proteins for dental adhesion

School of Dentistry
University of Lisbon, PT

Romana Santos
http://sites.google.com/site/uicobpt/home

Bone cement, dental adhesives Babes-Bolyai University, RO Gabriel Furtos
Urethane monomers for 
dental applications

Institute of Macromolecular Chemistry
Romania, RO

Tinca Buruiana
www.fotochimie.ro

Adhesion of marine organisms, 
interfacial characterization

Division of Molecular Physics
Linköping University, SE

Thomas Ederth
http://www.ifm.liu.se/applphys/molphys/

Preparation and synthesis 
biomimetic and biorelated materials

Polymer Institute
Slovak Academy of Sciences, SK

Peter Kasak
www.polymer.sav.sk

Bioactive Exopolysaccharides 
from Extremophiles

Department of Bioengineering
Marmara University, TR

Ebru Toksoy Oner
http://ibsb.marmara.edu.tr

Biomechanics of insect surface 
adhesion and insect-plant interactions

Department of Zoology
University of Cambridge, UK

Walter Federle
http://www.zoo.cam.ac.uk/zoostaff/federle/Home.html

Marine invertebrates and 
development of antifouling coatings

School of Marine Science and Technology
Newcastle University, UK

Nick Aldred, Tony Clare
http://www.ncl.ac.uk/marine/staff/profile/nicholas.aldred

Adhesion in tree and torrent frogs University of Glasgow, UK Jon Barnes
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in the field of biological and biomime-
tic bonding has made enormous pro-
gress. The European Community has 
recognized the potential of this cons-
tellation and has established a know-
ledge-exchange and networking plat-
form for the bio-adhesion scientific 
community and the adhesives indus-
try to accelerate scientific and techno-
logical progress in Europe. The COST 
Action TD0906 launched in 2010 un-
der the heading “Biological Adhesives 
– From Biology to Biomimetics” (see 
box) is an ideal platform for the ex-
change of know-how related to such 
systems. This will certainly result in 
new bonding technology systems. ¢
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