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Preface 
Bio-inspired materials are becoming of increasing interest in many fields of practical 
applications. In contrast to man-made materials natural materials such as wood, bone and 
shell are composed of only limited number of basic components. They gain their diversity in 
mechanical properties by hierarchical structuring and functionalizing of surfaces and 
interfaces. This allows them to fulfill and to combine a variety of mechanical and additional 
functions e.g. combining high stiffness and toughness, benign fracture behavior, self-healing, 
self-adaptability, optical functions, etc. Due to the quickly advancing physical and chemical 
characterization techniques our knowledge of natural structures and materials has increased 
significantly in recent years and the secrets of form-structure-function relationships are slowly 
unveiled. New simulation and production methods allow for the first time to structure 
technical materials similar to the biological templates.  But combining the knowledge of 
natural materials with modern techniques of simulation and the fabrication of smart technical 
materials is still the exception due to the lack of communication between bio- and 
engineering- and material scientists.  

In order to close this gap, a COST Strategic Workshop, was believed to be the most suitable. 
High-ranking representatives of natural science, medicine and industry were invited to report 
on the latest state of knowledge and young researchers were asked to participate and present 
their own work in the form of poster. With this, the objectives of the workshop were defined 
as: 

• Researchers and decision makers from different disciplines, such as Biology, Physics, 
Chemistry, Materials Science, Medicine, Biomimetics and interdisciplinary fields, 
should discuss forefront topics, which can be used in the future development of bio-
inspired materials. 

• They should explore the state of knowledge and identify present lack of knowledge as 
well as demands on specified properties of new materials. They should identify new 
and promising technologies to develop new bio-inspired materials. 

• The Strategic Workshop should address needs for interdisciplinary research and try to 
establish and promote multidisciplinary scientific cooperation in these fields. 

 

The following forefront topics were identified: 

• What are the main topics of today´s research on bio-based materials in the different 
European countries and research groups? 

• Which demands on special properties of materials exist? Which developments seem 
promising using nature as a teacher and thus developing bio-inspired materials? 

• Which research institutions should cooperate and exchange knowledge, ideas, as well 
as equipment? 

 

As an outcome, the strategic workshop should  

• raise political awareness of the potential of bio-inspired materials 

• enhance cooperation at European level 

• contribute to COST Actions  

• promote research and cooperation in the field of bio-inspired materials in Europe. 



The workshop has been organized along four main themes: 
Overview on existing activities on bio-inspired materials 

• Properties and characterization of natural materials and strategies of nature 

• Man-made bio-inspired materials - abstraction and translation 

• Applications - optimized materials and structures and future demands 
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Bioinspired Adhesive Surfaces 

Eduard Arzt and Marleen Kamperman 
INM – Leibniz Institute for New Materialsand Saarland University, Saarbrücken, Germany 

 
Adhesion is a phenomenon that poses many fundamental, interdisciplinary questions. At 
the same time, it is prevalent in many branches of technology, such as microfabrication, 
biomedicine, construction industry, and even in everyday life, as in locomotion, sports 
equipment etc. Several materials strategies over the last years have been inspired by 
biological systems: the adhesion performance of flies, spiders and geckoes was 
investigated by nanomechanical techniques and traced back to a combination of van der 
Waals and capillary forces. A common feature is the miniaturisation of fibrillar contact 
elements, which in the case of the gecko reach nanoscopic dimensions (100 nm).  
 
This talk will summarize our work over the last years to identify the adhesion mechanisms 
occurring in nature and to produce bio-inspired artificial adhesion surfaces. Through 
systematic variation of the decisive microstructural parameters, coupled with theoretical 
calculations and simulations, a clearer understanding of the adhesion mechanisms is 
obtained. Key parameters are size, aspect ratio and contact shape of the fibrils as well as 
environmental parameters such as humidity. Our current structures already exhibit 
adhesion strengths approaching those of the gecko and will very likely lead to "smart" 
surfaces surpassing their biological counterparts. Recent developments with switchable 
gecko structures and their adhesion to living tissue will be described. Currently one of the 
greatest challenges in introducing practical applications of such structures is the need to 
demonstrate cost-effective fabricability on large areas. Our latest approaches to such 
feasibility studies will be reported. 
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Biologically Applied Physics in Sensory Organs: Spider Mechanoreceptors 

Friedrich G. Barth, Elisabeth Vogel, Clemens Schaber 
Department of Neurobiology, Center for Organismal Systems Biology,  

University of Vienna, Althanstr.14, 1090 Vienna; friedrich.g.barth@univie.ac.at 

 
The importance of sensory information for the guidance of animal behavior is reflected by 
a fascinating wealth of sensory organs. These exhibit an enormous variety which is a 
consequence of the different evolutionary potentials and needs of individual species. All 
these sensory organs and their corresponding neuronal pathways have to be tuned to the 
reception and perception of the biologically relevant spatio-temporal stimulus patterns as 
they occur in the respective habitat of a species. It is the invertebrate animals in particular, 
where one finds the most exotic sense organs and outstanding sensory capacities. Quite a 
few of these capacities are alien to us humans.  
 
The variation among sense organs serving the detection and analysis of stimuli belonging 
to the same modality (form of stimulus energy) is not so much due to differences at the 
level of the sensory cells themselves but to differences in the morphology and functional 
properties of the non-nervous structures responsible for the uptake of the stimulus and its 
transformation on its way to the sensory cell. Here we have a most impressive evolutionary 
playground and inventiveness for biologically applied physics.  
 
The purpose of the lecture is to illustrate this aspect using two examples taken from our 
own research on spider mechanoreceptors [1], [2]. Both examples will make it clear that 
none of the sense organs can be adequately understood unless we are aware of its 
biological significance, that is the role it plays in normal behavior under biologically 
relevant conditions. 
 
(i) The first example will address the Bauplan of mechanosensory hairs, the most 
common of all biological sensors.  It will contrast a tactile hair [3] and an airflow sensor 
[4] [5], showing how one can be converted into the other by attending to a few physical 
parameters only. Obviously, the properties of the materials involved and their adjustment 
to the particular measurement task are of prime importance. Whereas in case of the tactile 
hair a most relevant “design question” is how to combine sufficient mechanical sensitivity 
with the necessary mechanical robustness, it is the outstandingly high mechanical 
sensitivity in case of the flow sensors which attracts attention. 
 
(ii) The second example refers to slit sensilla, a type of sensor which in a way is the 
opposite of a hair [1]. Whereas the mechanosensitive hair sensillum can be classified as a 
movement detector (responding to the deflection of the hair shaft), slit sensilla are strain 
detectors embedded in the cuticular exoskeleton and responding to the slightest 
deformation due to loads caused by muscular activity, gravity, substrate vibrations etc. 
Among the several thousand slit sensilla monitoring strain in a spider exoskeleton the 
vibration detector located distally on the walking legs will receive particular attention. 
Again, material properties are highly relevant in determining functional properties. 
Recently, a small cuticular pad in front of the organ, a special stimulus transforming 
structure, has turned out to be the main cause of the organ´s high pass characteristic. Due 
to the pad’s viscoelastic properties energy loss of stimulus transmission is much reduced at 
high frequencies as compared to low frequency stimulation. The result is a biologically 
highly relevant selectivity of the organ for frequencies higher than about 10 Hz [2], [6]. 
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It is the area of stimulus transformation in particular where engineers can hope for bio-
inspiration and for cleverly simple and unconventional solutions of technically demanding 
problems.  
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Topological Interlocking as a Materials Design Concept 

Yuri Estrin 
Department of Materials Engineering, Monash University, Clayton, Vic 3800, Australia 

 
The concept of topological interlocking was introduced in 2001 [1] – at that time not 
inspired by biology, but rather by the mathematical beauty of the idea. It was recognised 
from the outset that this concept opens up a promising avenue for developing novel 
structures and materials with unusual mechanical properties. Further developments 
included geometries more akin to those of biological objects, particularly the osteomorphic 
shapes (Fig. 1). In this talk, I shall review the geometries of building blocks and their 
arrangements that permit topological interlocking, which we found so far. The properties 
of structures utilising topological interlocking, including stiffness, tolerance to local 
failures and damping will be discussed, followed by an outlook to areas of possible 
engineering applications. 
 
For brittle materials, there are obvious benefits of using fragmented, rather than monolithic 
structures. Fragmentation without loss of structural integrity can be achieved through the 
use of specific geometrical shapes and arrangements of the constituent blocks, which 
ensure their geometric, or topological interlocking [1-6]. According to this concept, an 
individual element is held in place by its neighbors kinematically, rather than through 
connectors or binder. The building blocks are identical in shape and size and are 
engineered to meet particular requirements. We have developed several types, or 
‘families’, of the geometrical shapes that permit interlocking. Unusual mechanical 
properties of prototype structures based on topological interlocking of their elements were 
found experinetally. In the talk I shall describe the possible interlocking geometries and 
present selected experimental results obtained with interlocked structures. An outlook to 
possible technological applications of this design principle will be given – hopefully 
through a discussion with the audience. 
 

 

Fig. 1:. Assembly of osteomorphic blocks to a planar (left) or a corner (right) structure.  
 
One of the greatest benefits of this design is an increased resistance of interlocked 
structures to crack propagation under concentrated load. While macrocracks lethal to a 
monolithic plate were observed in such conditions, only a few osteomorphic elements 
adjacent to the indenter failed in a segmented plate assembled from osteomorphic blocks 
[4]. When such a structure is exposed to multiple local loading events (e.g. projectile 
impacts) occurring at random, failure of individual elements is not lethal. It was shown by 
simulations [7] that nearly a quarter of the elements would have to fail before a percolation 
limit is reached leading to failure of the entire structure. Non-planar assemblies of 
osteomorphic blocks can provide protection to ground vehicles, aircraft, etc. It is possible 
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to provide such structures with responsive properties, and in designing them we can learn 
from Nature, as suggested in an excellent recent paper [8].  
 
A further benefit of the design principle proposed is the possibility to produce hybrid 
composites in which blocks made from various materials can be mixed in any desired 
proportion. A combination of different functions of a single structure can be achieved in 
this way.  
 
The two other ‘families’ of element geometries, which permit interlocking, are the platonic 
shapes (tetrahedron, octahedron, cube, dodecahedron and icosahedrons), Fig. 2, and 
tortuous tube elements, Fig. 3. The elements can be massive or hollow (as in Fig. 3), 
depending on the application in mind.  
 
 

 

Fig. 2:. Platonic bodies (cube, octahedron and dodecahedron) and a geometrical construction illustrating an 
interlocked arrangement. Interlocking is achieved if the hexagon-shaped middle sections of identical 
elements of any of he three kinds shown form a regular honeycomb tiling of the middle plane of the 

assembly. (See detail in Ref. [5].) 
 
 

 

Fig. 3:. Assembly of interlocked tubular elements produced by selective laser sintering, cf. e.g. [6]. 
 
The aforementioned advantages of topologically interlocked structures and possible 
directions of future work – which would benefit from lessons learned from living 
organisms – will be summarised in the concluding part of the talk. 
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Hierarchical nanocomposites and mechanical function – 
learning from nature’s materials 
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A large variety of natural materials with outstanding mechanical properties have appeared 
in the course of evolution. This includes wood, grasses, bone, sea shells or glass sponges. 
Biological materials are generally composites of different types of polymers and – 
sometimes – mineral. They are built in a hierarchical fashion, which allows the material to 
be optimized for its function at many different structural levels [1].  
 
Bone, for example, consists in about equal amounts of a collagen-rich matrix and calcium-
phosphate nano-particles [2]. These components are joined in a complex hierarchy of 
fibres and lamellar structures to a material with exceptional fracture resistance. Studying 
bone using methodologies borrowed from materials physics improves the basic 
understanding of its hierarchical structure and in relation to its properties and function, but 
it may also help in understanding the effect of diseases and therapies, e.g., in the context of 
osteoporosis or bone healing.  
 
Glass sponge skeletons are another example where a minimum amount of protein 
dramatically reduces the inherent brittleness of glass [3]. Plant cell walls, on the contrary, 
are almost fully polymeric composites which are able to generate considerable stresses and 
even complex movements with changing humidity [4]. These actuation capabilities are 
based on intricate cellulose fibre architectures and the water swelling of hemicelluloses [5]. 
Particularly interesting for the materials scientist is the fact that these structures, as well as 
other materials systems generated by organisms for mechano-sensing and actuation, do not 
require the metabolism of the biological system to function [6]. While they were 
synthesized by organism their function (such as actuation or filtering of a mechanical 
signal) depends solely on external stimuli, such as air humidity, for example, and their 
construction principles are, therefore, quite suitable for a transfer into an engineering 
context. Unravelling the structural principles of these unexpected material properties may 
help in the understanding of these biological systems but also indicate ways on how to 
develop new types of biomimetic materials with exceptional properties [7].  
 
Bio-inspiration is not just a consequence of an observation of naturally occurring 
structures. The reason is that Nature has a multitude of boundary conditions which we do 
not know a priori and which might all be important for the development of the structure 
observed. It is both the biological structure plus the set of problems that the structure is 
designed to solve that can bio-inspire. For example, if we consider the structure of our own 
femoral head to be a solution of a mechanical optimization problem, then there is still the 
question which mechanical property has been optimized (stiffness, toughness, defect 
tolerance) and what the possible influence of other boundary conditions is. This implies 
that we might be fooled, if we just take solutions found by Nature as optimal for a certain 
requirement which we hardy know. As a consequence, we have to study carefully the 
biological system and understand the structure-function relation of the biological material 
in the context of its physical and biological constraints [7]. There can be no biomimetic 
materials research without careful investigation of the biological system serving as a 
model. 
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Natural cellular materials, and the natural structural components made using them, often 
have exceptional performance on a weight basis.  Wood, with its uniform honeycomb-like 
structure and composite cell walls, is well known for its high stiffness, strength and 
toughness.  Monocotyledon leaves, such as irises, bulrushes and grasses, typically have a 
sandwich structure, with two outer faces, stiffened by dense sclerenchyma cells, separated 
by a core of low-density, foam-like parenchyma cells.  The separation of the stiff faces by 
the lightweight core increases the bending and buckling resistance of the leaf, with little 
increase in weight.  Palm has a radial density gradient so that the strength closely matches 
the internal stresses along a cross-section in bending, allowing it to efficiently withstand 
the extreme wind loads of hurricanes.  Bamboo culms are circular tubes with a radial 
density gradient in the tube wall; both the tubular structure and the density gradient 
contribute to its mechanical performance.  And many plant stems have what botanists refer 
to as a “core-rind” structure, with a nearly fully dense cylindrical shell, often with a high 
volume fraction of stiff sclerenchyma cells, supported by a compliant core of parenchyma 
cells that assists in resisting local buckling.  This talk reviews the way in which the 
microstructure of each of these plants contributes to their mechanical performance [1]. 
 
Wood has a honeycomb-like structure, with cell walls made up of a multi-layer composite 
of fibrous cellulose in a matrix of lignin and hemicellulose.  To a first order, for loading 
along the grain, the cell walls deform axially and fail by either end-cap fracture or wall 
yielding (and subsequent local plastic buckling).  Honeycomb models indicate that for 
loading along the grain, both the Young’s modulus and the compressive strength simply 
depend linearly on the volume fraction of solid or the relative density of the wood (the 
density of the wood divided by that of the solid cell wall).  The models give a good 
description of the measured moduli and strengths of wood.  In the tree, wood is loaded 
primarily in bending by the self-weight of the branches and by wind loads on the trunk; the 
normal stresses then act along the grain.  The performance indices E1/2 ρ  and σ 2 /3 ρ  
characterize the performance of a material in bending; those with the highest values of 
these performance indices give the lowest mass of a beam of a given stiffness or strength.  
The honeycomb-like structure of wood, and the associated linear dependence of the 
modulus and compressive strength on density, then gives rise to increased performance 
indices in bending relative to the solid cell wall material.  The honeycomb structure, 
combined with the relatively high values of specific modulus and strength of the composite 
cell wall, give values of E1/2 ρ  and σ 2 /3 ρ  for woods that are close to those for the best 
engineering materials in bending, carbon-fiber composites. 
 
Monocotyledon plants, such as irises, bulrushes and grasses, have long narrow leaves with 
parallel veins.  In the case of the iris and bulrush, the leaves grow directly out of the 
ground, rather than from a stem.  The leaf must provide its own structural support as well 
as a large surface area for photosynthesis.  The leaves of many monocotyledon plants 
achieve this with a sandwich-like structure, with stiff sclerenchyma cells in the outer 
surface of the leaf, separated by a lightweight core of parenchyma cells.  The separation of 
the stiff faces by the lightweight core increases the equivalent flexural rigidity, (EI )eq , of 
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the beam, increasing the resistance to bending and buckling.  Sandwich structures behave 
like the familiar I beams used in steel frames. The stiff outer faces of a sandwich carry the 
normal stresses (like the flanges of the I beam) while the more compliant core carries the 
shear stresses (like the web of the I beam).  The bending deflection of the sandwich is the 
sum of the bending deflection (largely determined by the face stiffness and geometry) and 
the shearing deflection (largely determined by the core stiffness and geometry).  For the 
iris leaf, the Young’s modulus of the face, Ef, can be estimated from data for the Young’s 
modulus of the cell walls of sclerenchyma, as well as measurements of the volume fraction 
of solid: Ef = 8.2 GPa.  The shear modulus of the core, Gc, can be estimated from data for 
fresh parenchyma: Gc = 2MPa.  These values, combined with information on the geometry 
of the leaf cross-section can then be used to calculate the leaf bending stiffness using 
standard results from sandwich beam theory.  The results are in good agreement with 
measurements on fresh iris leaves, suggesting that iris leaves behave mechanically as 
structural sandwich beams.  Similar results have been found for maize leaves [2].  
 
Arborescent palms can grow to heights of 20-40 meters, similar to dicotyledonous trees 
and conifers.  But since they lack a lateral cambium, they cannot add new cells to increase 
the diameter of the stem as they grow. Instead, they increase the thickness of the cell walls, 
so that over time, the stem produces a radial density gradient, with thicker walled, stiffer 
tissue towards the periphery and base of the stem [3-5], where the bending stresses from 
wind loads (e.g. hurricanes) are largest.  The Young’s modulus and bending strength of 
palm tissue increase with density raised to the powers 2.5 and 2, respectively.  The radial 
density gradient produces an increase in the flexural rigidity of the palm stem that is about 
a factor of 2 higher than that for a stem of equivalent uniform density.  The radial density 
gradient also gives rise to a radial variation in the strength of the palm tissue, which closely 
matches the variation in normal stress from bending, using the material efficiently. 
 
The stems of bamboo have a circular tubular structure, with more or less evenly spaces 
solid diaphragms at the nodes from which the leaves grow.  The wall of the tube has a 
radial density gradient, with a higher volume fraction of stiff, longitudinal fibers towards 
the periphery of the wall.  Both the tubular structure and the radial density gradient 
increase the bending stiffness of bamboo. When the mode of loading is bending and the 
direction of loading is unknown (as it is from wind loading), circular tubes are better than 
other shapes.  The shape factor, φ = 4π I A2 , characterizes the moment of inertia, I, of a 
cross-section per unit area, A.  Higher values of φ give higher bending stiffness for a given 
mass. For thin-walled tubes of radius, r, and wall thickness, t, φ = r t ; for bamboo, φ = 2-
6.  The radial density gradient increases the flexural rigidity of the tube, relative to one 
with an equivalent uniform density, by a factor of about 1.6.   
 
Plant stems have dense cylindrical outer shells, made up primarily of sclerenchyma cells, 
that are either partially or fully filled with foam-like cores of parenchyma cells. They are 
loaded in bending from the wind and from any flower or berries that the stem supports.  
The wind may also twist them, giving torsional loading.  The flexural rigidity of a hollow 
circular tube is maximized by increasing the shape factor, φ = r t , the ratio of the tube 
radius to wall thickness.  But at some point, with increasing r/t, the tube buckles locally, 
kinking like a bent drinking straw: for this reason, the maximum r/t in commercially 
available engineering alloy tubes is typically about 20.  Local buckling due to bending was 
analyzed in 4 plant stems with r/t ranging from roughly 20-60.  In those with r/t >50, the 
parenchyma core was found to act as an elastic foundation, increasing the local buckling 
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resistance by up to 37%, relative to a hollow circular tube of the same mass and diameter, 
without a compliant core [6].  
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In the field of biodegradable implant materials, magnesium has become the focus of 
increasing attention as a bioactive substance, which naturally degrades within the body. In 
contrast to polymers – another important class of degradable materials – magnesium 
exhibits a particularly attractive combination of mechanical, electrochemical and biological 
properties making it a promising implant substrate. Moreover, as the fourth most cation in 
the human body it is commonly well tolerated. Recent studies have indicated the potential 
of some Mg alloys particularly for implant applications in the fields of osteosynthesis [1] 
and vascular intervention (stents) [2,3]. In both areas temporary implants have the potential 
to overcome some of the restrictions of permanent devices. In osteosynthesis they offer the 
advantage that they need not to be removed in a second surgical intervention making them 
more convenient for the patient and more economical for the health care system. In 
vascular intervention they have been shown to prevent from long-term physical irritation 
and chronic inflammation, and to allow adapting to vessel growth making them interesting 
also for paediatric cases. 
 
The promising magnesium implants are, the clearly recent studies indicate that the 
properties of Mg alloys currently available need to be improved to better adapt to the 
physiological requirements. In the case of osteosynthesis, magnesium has the great 
advantage that it exhibits very similar elastic properties as bone; a fact which prevents 
from stress shielding and the associated loss of bone density. Here, however, the material 
also needs to be considerably tough to serve as ideal substrate. Moreover, the hydrogen gas 
naturally released upon degradation of the magnesium is particularly problematic in bony 
tissues because of their restricted vascularization and the associated limited gas transport. 
The hydrogen collects to gas pockets, which may deteriorate the already injured tissue and 
regularly require punctuation for gas release. Hence, a slow degradation rate is a 
prerequisite for a successful implant performance. This holds true not only for bone 
implants but also for stents, in particular if they are deployed in the tiny coronary arteries, 
which require especially filigree structure implants. Here, the problematic factor is not the 
gas formation itself but the limited implant dimension. Coronary stents exhibit a high 
surface to volume ratio. Fast degradation would therefore soon induce a loss in mechanical 
strength; exhibiting sufficient strength, however, is a stent’s major task and is especially 
important at the early stage after implantation. Beside adequate strength and a moderate 
degradation performance, particular requirements for Mg alloys to serve as ideal stent 
material also include high ductility. To access coronary arteries a Mg stent is crimped on a 
balloon catheter, delivered to the site of the blockage and opened by balloon inflation. This 
last step of stent placement requires considerable plastic deformation ability on the part of 
the material.  
 
In our work we aim at optimizing the property profile of Mg alloys – amongst other things 
by various alloy development approaches of which we present two aspects here. In the first 
part we focus on alloy design considerations for achieving crystalline Mg alloys suitable 
for coronary stent applications. In the second part we present amorphous Mg alloys as a, in 
this context, new class of biomaterials that exhibit very interesting characteristics for 
temporary bone implants. 
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Obtaining sufficient ductility at ambient temperature is a challenging task because of 
magnesium’s rather brittle nature (caused by its hexagonal crystal structure and the 
associated limited number of independent deformation modes), which limits its 
deformation potential in this temperature range. Fine-grained magnesium, however, has 
been shown to offer improved ductility [4,5]. For this reason the development approaches 
focus on the grain-growth-restricting influence of alloying additions during solidification 
(making use of the solvents’ solute drag on the mobility of the solid-liquid interface) and 
forming (via the formation of grain-boundary-pinning particles) [6]. To enhance efficiency 
the design concept draws upon a microalloying concept and takes the alloying elements’ 
influence on the material’s stability into account [7]. Naturally, the potential effect of 
alloying additions on both electrochemical and biological properties is also considered [7]. 
Many metals are much nobler than Mg and would actively dissolve it on contact, which 
could generate increased corrosion rates or inhomogeneous degradation – features that 
both have to be avoided. Regarding ‘industrial-scale’ implant fabrication the applicability 
of the design concept to conventional processing routes was also a prerequisite for 
successful implementation of the new development. The overall performance of the Mg–
Y–Zn alloys developed in this context is considered very promising for temporary 
coronary stent applications. The alloys exhibit high room-temperature ductility at 
reasonable strength levels and degrade slowly and homogeneously in vitro and in vivo [8]. 
Moreover, their microstructure is only weakly textured and particularly stable, which is 
especially advantageous for stent fabrication and deployment. Overall, the design 
approaches deployed in developing the new Mg alloys proved to be very efficient and are 
considered attractive tools for tailoring the property profile of Mg alloys in general. 
Because of their versatile applicability they may be adapted also to other alloying systems 
and different application fields. 
 
The absence of a crystal structure in amorphous metals (metallic glasses) opens up 
completely new possibilities for applications in biomedicine. The lack of crystal defects 
induces mechanical and electrochemical behaviour fundamentally different from those of 
crystalline metals (see, e.g., [9]). Metallic glasses exhibit strengths and elastic limits at 
room temperature that are significantly higher than those observed for their crystalline 
counterparts – at very limited plasticity, however. From an electrochemical point of view 
and particularly with respect to implant applications metallic glasses generally offer two 
advantages over crystalline metals: they usually exhibit a homogeneous single-phase 
structure without the occurrence of intergranular corrosion, and they are capable of solving 
much higher amounts of alloying elements which inhibits galvanic corrosion. Overall these 
factors enable homogeneous degradation processes and allow modifying the corrosion 
resistance of magnesium by much less restricted addition of nobler elements. Naturally, 
also here the influence of alloying elements on biological characteristics has to be 
considered. Nevertheless, to scope with gas evolution upon degradation of the Mg glass 
remains a challenge for application in osteosynthesis. This aspect was particularly 
addressed in a recent alloy design approach, which resulted in MgZnCa glasses without 
clinically observable hydrogen evolution [10]. Above a particular Zn concentration a Zn- 
and oxygen-rich passivating layer forms on the alloy surface changing the degradation 
behaviour of the material and drastically reducing hydrogen gas formation. A model based 
on the calculated Pourbaix diagram of Zn in physiological solution explains this behaviour 
[10]. Preliminary animal studies confirm the significant reduction in hydrogen evolution 
and reveal the same good tissue compatibility as seen for crystalline Mg implants. These 
MgZnCa glasses show great potential for deployment in a new generation of biodegradable 
implants by making use of their attractive mechanical, electrochemical and biological 
properties. 
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In conclusion, Mg alloys in the crystalline or amorphous state are promising materials for 
temporary implant applications. By using suitable design concepts the property profiles of 
these materials can (at least to some extent) be tailored and optimized for better adapting to 
specific physiological conditions. In comparison to permanent implants deployed in the 
same application degradable implants are supportive to the adjacent tissue only for a 
limited time, which promotes positive remodelling and accelerates the healing process and 
uptake of the tissue’s physiological functionality. For this reason interest in and demand 
for such degradable Mg devices is expected to increase considerably in the future. 
 
References 
[1] - F. Witte, V. Kaese, H. Haferkamp, E. Switzer, A. Meyer-Lindenberg, C.J. Wirth, H. Windhagen, In vivo 
corrosion of four magnesium alloys and the associated bone response, Biomater, 26, 3557, (2005) 
[2] - R. Erbel, C. Di Mario, J. Bartunek, J. Bonnier, B. de Bruyne, F.R. Eberli, P. Erne, M. Haude, 
B.Heublein, M. Horrigan, C. Ilsley, D. Bose, J. Koolen, T.F. Luscher, N. Weissman, R. Waksman,Temporary 
scaffolding of coronary arteries with bioabsorbable magnesium stents: a prospective, non-randomised 
multicentre trial, Lancet, 369, 1869, (2007) 
[3] - B. Heublein, R. Rohde, V. Kaese, M. Niemeyer, W. Hartung, A. Haverich, Biocorrosion of magnesium 
alloys: a new principle in catdiovascular implant technology?, Heart, 89, 651, (2003) 
[4] - J.A. Chapman, D.U. Wilson, The room-temperature ductility of fine-grain magnesium, J Inst Met, 91, 
39, (1962) 
[5] - A. Yamashita, Z. Horita, T.G. Langdon, Improving the mechanical properties of magnesium and a 
magnesium alloy through severe plastic deformation, Mater Sci Eng A, 300, 142, (2001) 
[6] - A.C. Hänzi, F.H. Dalla Torre, A.S. Sologubenko, P. Gunde, R. Schmid-Fetzer, M. Kuehlein, J.F. 
Löffler, P.J. Uggowitzer, Design strategy for microalloyed ultra-ductile magnesium alloys, Phil Mag Lett, 
89, 377, (2009) 
[7] - A.C. Hänzi, A.S. Sologubenko, P.J. Uggowitzer, Design strategy for new biodegradable Mg–Y–Zn 
alloys for medical applications, Int J Mater Res, 100, 1127, (2009) 
[8] - A.C. Hänzi, I. Gerber, M. Schinhammer, J.F. Löffler, P.J. Uggowitzer, On the in vitro and in vivo 
degradation performance and biological response of new biodegradable Mg–Y–Zn alloys, Acta Biomater, 
doi: 10.1016/j.actbio.2009.10.008 
[9] - J. F. Löffler, Bulk metallic glasses, Intermetallics, 11, 529, (2003) 
[10] - B. Zberg, P.J. Uggowitzer, J.F. Löffler, MgZnCa glasses without clinically observable hydrogen 
evolution for biodegradable implants, Nature Mater, 8, 887, (2009) 



31 
 

Are natural materials better than man made ones? 

Helmut Kirchner 
INM – Leibniz Institute for New Materials 

Campus D22, D 66123 Saarbruecken, Germany 

 
“Nature achieves with a minimum of material expenditure the efficient design” (Culmann, 
1821-1881), and “Nature builds bones as the engineer designs bridges” (Wolff, 1836-
1902). Those were the statements of the pioneers of biological design, but, though flora 
and fauna are beautiful, their shapes and forms are not optimal. Evolution is about survival, 
not about maxing out. It did not proceed purposefully but haphazardly.  
 
As for materials, Ashby’s maps for man-made and natural materials cover similar ranges, 
because both types of materials rely on the same chemical bonds. 
 
As for structures, Wolff was the first to realize that the femur follows the Culmann-
Maxwell theorems for space frames, later generalized by Michell. 
 
As for production  and maintenance of these structures, Wolff rejected the Hueter-
Volkmann pressure theory of original force sensitive growth and proposed his force 
assisted remodeling. 
 
To illustrate the material-design dichotomy, the contrast between the puffin (fratercula 
arctica) and the peacock (pavo crestatus) will be discussed; as well as nano friction in 
knotted proteins compared with macroscopic friction in metal contacts. 
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Gold nanoparticles (GNPs) have recently gained increasing interest as innovative nano-
materials with unique physicochemical properties because of their quantum-size effects. 
Surface modification of GNPs is essential for their functional design, and methodological 
studies on synthesis of GNPs and conjugation with various ligands, especially with bio-
molecules, e.g. DNA and oligopeptide, have been carried out actively. Of the diverse 
candidates for the surface functionalization of GNPs, carbohydrates have become a major 
target due to their specific molecular characteristics and actions in all living systems. 
 
Cellulose, a β-1,4-linked D-glucopyranose polymer that is the major constituent of plant 
cell walls, is a typical structural polysaccharide; however it has not occupied attention for 
the GNP applications. Cellulosic repeating units have unique amphipathic and self-
assembling properties via the formation of regular intra and intermolecular hydrogen 
bonds. Thus, we have expected that such molecular features and nano-architectures possess 
a high potential, e.g. for clustering the functional sugar moieties on the GNP surfaces. 
 
In this work, we present the first preparation of GNPs and in situ conjugation with cello-
oligomers and other sugars in N-methylmorpholine-N-oxide (NMMO)/H2O solution, 
which is a well-known good solvent for structural polysaccharides. Conventional two-step 
approach, GNP synthesis by citrate-reduction method and then conjugation with water-
soluble bio-molecules in aqueous media, was not allowed to apply for water-insoluble 
cellulose. However, we fortunately found out that GNPs are immediately formed in a hot 
NMMO solution without any reductant by an extraordinary redox procedure [1], which is 
the focus of the present study. GNP synthesis and glyco-conjugation are outlined below: 
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Scheme 1 Synthesis and in situ glyco-conjugation of GNPs in aqueous NMMO/HAuCl4 system. 
 
A dilute solution of tetrachloroauric acid (HAuCl4) was added dropwise to an 80% 
NMMO/20% H2O mixture that was stirred at 100°C. The solution immediately changed 
from a light-yellow to a reddish-purple color, without any particular treatment. The UV/vis 
spectrum showed a surface plasmon resonance band around 520-530 nm. This is a strong 
indication that GNPs (Au0) are directly formed from the ionic AuIII species in the hot 
NMMO/H2O solution, without addition of reducing reagents. TEM analysis confirmed that 
the formation and partial aggregation of GNPs with the size of ca. 10-20 nm in diameter. 
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Amine-N-oxides such as NMMO are frequently used in organic chemistry as oxidants due 
to their strong N–O dipoles. Nevertheless, in the present study, AuIII ions were reduced to 
metallic Au0 in the oxidative NMMO system. Such unusual, exotic mechanism for the 
redox process was consistent with coordinated chloride being oxidized to chlorate via the 
intermediate hypochlorite, while both AuIII and NMMO were reduced in turn (Scheme 1). 
Besides, the particle size and distribution of GNPs could be controlled by using reverse 
(water-in-oil) micelles of an NMMO/water pool stabilized with Aerosol-OT in dodecane. 
We have previously reported the successful formation of cellulose nanolayers from 
cellulose thiosemicarbazones (cellulose-TSCs) in an NMMO/H2O solution through self-
assembling S–Au chemisorption on a gold plate [2]. The combination of two approaches, 
NMMO-mediated GNP synthesis and immobilization of sugar reducing ends to Au0 
matrix, allowed us to design a diverse array of carbohydrate–GNP conjugates by tailoring 
the functional sugars, e.g. cellulose with various DPs, chitin, chitosan, maltose and lactose. 
The GNPs were synthesized in the presence of cellulose-TSCs, and simultaneously 
conjugated with each other (Figure 1). TEM images show a unique morpohogy, depending 
on the chain lengths. Specific assembly and entanglement of the cellulose chains may be 
attributed to their restrictive terminal immobilization by S–Au bonds on the GNP surfaces. 
Quartz crystal microbalance analysis implied that, in a model case, cellohexaose-TSCs 
could be densely chemisorbed with a coverage value of 0.79 chains nm–2. Bio-conjugated 
GNPs can be designed in a similar manner using various TSC-derivatized carbohydrates. 
In particular, lactose-conjugated GNPs that have bioactive galactose residues at the non-
reducing ends of the ligand enabled the visualization of cell morphology by a specific 
adsorption to rat liver cells, on which asialoglycoprotein receptor that can recognize 
galactose residues were present. As-synthesized chitohexaose–GNPs also interacted with 
HepG2 cells. Furthermore, silver NPs were synthesized in a similar manner, which could 
potentially have wide applications for various carbohydrate-conjugated metal NP 
materials. 
The discovery of a facile, direct synthesis of GNPs in an aqueous NMMO/HAuCl4 system 
and the achievement of a one-pot, one-step preparation of carbohydrate–GNP conjugates 
have been presented. This novel and simple protocol for preparation and glyco-conjugation 
of GNPs is expected to find novel applications in designing unique structural 
carbohydrate–GNP conjugates in nano-materials and bio-engineering fields. 
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reducing ends TSC
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Figure 1 Synthesis, nano-morphology and bio-applications of glyco-conjugated GNPs. 
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Biorobotics is a new scientific-technological area with deeply interdisciplinary features, 
building its methodological fundamentals mainly from the sectors of Robotics and 
Biomedical Engineering, but widening its cultural and application scope towards the many 
sectors of engineering and towards basic and applied science. Biorobotics aims at 
increasing the knowledge on how biological systems work, from a “biomechatronic” point 
of view, and at exploiting such knowledge to develop innovative methodologies and 
technologies, both for designing and building highly performant bioinspired/biomimetic 
machines and systems (at the macro, micro and nano scale) and for developing devices for 
biomedical applications. 
Biologically-inspired approaches have been traditionally widely adopted in robotics 0-0. In 
these approaches, biology represents an inspiration source, which can help develop robots 
that are more suitable for unstructured environments 00. Actually, mimicking animals 
requires in many cases new components, as well, like new materials, mechanisms, sensors, 
actuators, and control schemes 0-0. 
At the same time, the advances of robotics technology, related in part to the adoption of 
such bio-inspired approaches in robot design, are opening new opportunities for the 
application of robotics in biological research 00. The development of biomimetic robotic 
systems and anthropomorphic robots (or humanoids) undoubtedly provides insight into the 
animals they are inspired from, but biomimetic robotics can also represent today a 
powerful tool for experimental investigation of the sophisticated mechanisms and amazing 
sensory-motor performance that many living organisms show 0-0.  
In robotics and AI, it has been widely recognized that developing intelligence requires a 
body. This principle is called “embodiment” and it has shifted robotics research away from 
the traditional view which reduces adaptive behaviour to control and computation. Instead, 
this approach is fundamentally based on the observation in Nature that adaptive behaviour 
emerges from the complex and dynamic interaction between the robot’s morphology, 
sensory-motor control, and environment 0. This principle of “embodied intelligence” has 
been adopted in a wide range of current approaches to the development of intelligent 
artefacts 0. Many tasks become much easier if embodiment is taken into account and 
Nature gives in fact wide demonstrations of this. In simpler animals, the process of the 
information acquired from the world is more largely initially assigned to physical reactions 
of the body, as well as it is done for low-level sensory-motor reflexes in more complex 
animals 0. 
The octopus can be considered as a paradigm of embodied intelligence, and specifically of 
how effective behaviour in the real world is tightly related to the morphology of the body. 
The octopus is a marine invertebrate (a mollusc) with amazing motor capabilities and 
intelligent behaviour. Most recognized theories explain that these enhanced behaviour and 
capabilities for interaction with the environment are due to the special morphology of the 
octopus body, and especially to the high dexterity attributed to the form and materials of 
the arms and their efficient neural control mechanisms.  
One of the main features of the octopus is that its arms are composed almost entirely of 
tightly packed obliquely-striated muscle cells, which are organised into transverse, 
longitudinal, and obliquely orientated groups 0. This special muscular organization forms 
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structures called muscular hydrostats 0. The main property of such structures is that their 
volume is constant during muscle contractions. The result is that if the diameter of a 
muscular hydrostat increases, its length decreases, and vice versa. Figure 1 (a) shows the 
octopus arm muscular structure. The transverse and longitudinal muscles can be considered 
to have a reciprocal antagonistic action, enabling the muscular system to serve as a 
modifiable skeleton, essential for the transformation of force into movement.  
Applying the basic principles of this smart muscles arrangement to build an artificial 
muscular hydrostat is one of the key aspects of the design of the octopus-like arm in the 
research carried out by the authors 0. The main advantage is that the complexity of 
developing mechanisms and actuators for achieving the same dexterity of the octopus arm 
is simplified by this smart muscular structure, as some of the muscle deformations are in 
fact passive. On the other hand, materials have a functional role in the design of the 
octopus body, as they must show the active and passive mechanical properties of the 
octopus arm tissue. 
In the design of the robotic arm, we specifically take into consideration the longitudinal 
muscles and the transverse muscles, as well as their reciprocal actions. We design the 
longitudinal muscles as cylindrical muscles running all along the arm length (Figure 1 (b)), 
and we design the transverse muscles as 4 quarters of arcs, arranged on a same plane and 
perpendicular to the longitudinal muscles, as shown in Figure 1 (c). Therefore, the robotic 
arm consists of 4 longitudinal muscles and a number of transverse muscles in parallel, 
whose number depends upon the total arm length (see Figure 1 (d)). Like the biological 
arm, the central part does not contain muscles (in the octopus, it contains nervous fibres). 
We know from biology that the octopus muscular hydrostat does not change its volume 
during contractions. The relation between the diameter of a cylinder and its length, with 
constant volume, is shown in Figure 2: when L is greater than D, then small reductions of 
D correspond to large increases of L. In the geometry of the octopus tentacle, usually L/D > 
1 and typically L/D > 10. This is very important, because small contractions of the 
transverse muscles can produce great elongations, passively. In the animal, elongations to 
nearly the double of the length at rest have been measured 0. This affects the requirements 
for the muscles, which need to be highly compliant, passive elongation, and do not need to 
perform large contractions.  
 

 

(a)   (b)   (c)   (d) 

Figure 1: (a) Arrangement of the hydrostatic muscles in the octopus arm: the longitudinal muscles (L) extend 
along the whole arm length; the transversal muscles (T) connect the external tissues and, when contracted, 
make the arm diameter reduce and the length increase. The external oblique muscles (O) around the whole 
arm allow torsion. The central axis of the arm is occupied by the axial nerve cord (N), which includes both 
nerve cell bodies and axons, and it is wrapped by medial oblique muscles. Design of the muscular elements 

of the robotic arm: longitudinal muscles (b), transverse muscles (c), and integration in an arm (d). 
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(a)    (b)   (c) 

Figure 2: (a) Mathematical relation between the diameter D and the length L of 
a cylinder of constant volume. (b) Graphical representation of the relation 
between D and L for a cylinder with a volume of 94,200 mm3. The straight lines 
indicate the constant ratios between the length and the diameter of 1 and 10. (c) 
Relative increase of length as a function of the relative reduction of the 
diameter. We can see that a 5% contraction of the transverse muscles gives an 
elongation of 10% of the longitudinal muscles, while a 10% contraction of the 
transverse muscles gives an elongation of 23.5%. Due to this, the speed of elongation is also higher than the 
speed of contraction of the transverse muscles. 
 
We analysed many different technologies for developing an actuator to embed in our 
transverse muscles and we developed prototypes 0 by using an electro-active polymer 
(EAP) 0 (see Figure 3 (a) to (c)) 0, based on dielectric elastomers [24], and SMA springs 
(see Figure 3 (d)). 
 

    

(a)    (b)   (c)   (d) 

Figure 3: (a) The geometry of the proposed EAP, built by sputtering two layers of gold onto the two surfaces 
of a thin layer of silicone and by folding the strip. (b) Picture of a detail of thin gold film (90 nm) onto the 

silicone film (300 μm). (c) View of the top of the EAP prototype, showing the folding. (d) Preliminary tests 
with SMA springs. 

 
Before selecting the materials for the artificial muscular structure, we carried out a 
characterization of tissue of the octopus arm 0 on samples of Octopus vulgaris arms by 
passive tension and compression tests. All the tests were performed a short time after the 
death of the animal, in order to keep the mechanical proprieties of the arm unaltered. The 
octopus arm includes a layer of connective tissue, which wraps the longitudinal, transverse 
and oblique fibers, and an external layer of epithelial tissue (Figure 4 (a)). Two sessions of 
experiments were carried out, with and without the external connective and epithelial 
tissues. Several tests were conducted during each session: tension tests and compression 
tests. Figure 4 (b) shows a CAD model of the octopus arm samples, with the different 
biological tissues and with an indication of the markers used to measure the sample 
deformation. During the second set of trials, each sample was treated in order to remove 
the external connective and epithelial tissues obtaining only the muscular fibers. 
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The values of the data obtained from both the experimental sessions highlight, as expected, 
that the stress-stretch curves of the samples are very similar to those showed by 
hyperelastic materials, in which for increasing stretch, the stress increases in a non-linear 
way (see Figure 5).  
 

  

(a)    (b) 

Figure 4: (a) Image of a natural octopus arm partially deprived of connective and epithelial tissues. (b) CAD 
model of the tissues subjected to measurement during the first experimental session. The two black lines are 

the markers tracked by the video camera to measure the deformation. 
 
The most suitable material for the robotic muscular hydrostat has been chosen on the basis 
of mechanical and workability parameters. In particular, tensile/compression tests were 
carried out and the resulting stress-stretch curves were acquired, on different types of 
commercially available silicones, in order to investigate the best trade-off between 
elasticity and handling features. The stress-stretch curves obtained are reported in Figure 5, 
where the measures found on the sample of the Octopus vulgaris arm 0 are also reported, 
to offer a dimensional reference for the silicone measurements. 

0.5 0.6 0.7 0.8 0.9 1
-0.25

-0.2

-0.15

-0.1

-0.05

0

stretch (mm/mm)

st
re

ss
 (M

P
a)

 

 

00-30 1
00-30 2
DRAGON SKIN 1
DRAGON SKIN 2
GLS50 1
GLS50 2
octopus arm

 

Figure 5: Stress-stretch curves of different types of silicones and of samples of Octopus vulgaris arm. 
 
As highlighted by the superimposition of the octopus arm curve on the silicone “DRAGON 
SKINTM Platinum Cure Silicone Rubber”, produced by SMOOTH-ON Inc., this is the most 
similar material among the silicones under investigation. 
Simple passive mock-ups of the octopus arm, built with the analysed silicones, showed 
interesting behaviours in water, which confirm the hypotheses on the embodied 
intelligence of the octopus body. For example, one of the best characterized movements of 
the octopus arm, reaching, is easily observable with a simple rotation of the arm base. 
According to 0, the reaching movement is given by a bending wave propagating from the 
proximal part of the arm to the distal part. A cone of silicone of broadly the same geometry 
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of the octopus arm and the same density shows a very similar qualitative behavior in water, 
when its base is subjected to a torque (see Figure 6). 
In conclusion, the design and development of a robotic octopus-like arm highlights the role 
of materials in the octopus embodied intelligence and their functional role in muscular 
hydrostats, which represents an extremely smart solution inspired by Nature for developing 
a new generation of soft-bodied robots with variable stiffness. 
 

 

Figure 6: Qualitative comparison between the reaching movement of the octopus arm (right) and the passive 
arm mock-up (left). 
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Bone grafts and bone graft substitutes are widely used in a number of clinical procedures 
where bone replacement, augmentation and regeneration may be necessary as a result of 
bone loss do to congenital, lytic, infectious, traumatic, neoplastic reasons [1,2]. Despite the 
significant number of bone graft substitutes available on the market and the shortcomings 
which autogenous bone is characterized by, e.g. limited supply, lack of structural integrity 
to withstand functional load, harvesting site morbidity [3], autogenous bone is still 
considered as the gold standard in many procedures. Among the bone graft substitutes, 
synthetics offer the potential to overcome all the problems listed above and have generated 
more and more interest in the last decades. Numerous are the materials which have been 
and are currently under development for this purpose, being ceramics [4] by far the most 
represented, e.g. hydroxyapatite, calcium phosphates, calcium carbonates, bioactive glasses 
and glass ceramics, etc. 
 
Bioactive glasses became known to the world already four decades ago thanks to the work 
of Larry Hench [5] and represent an extremely good example of a dissolving material able 
to interact with the host system, able to elicit a desired specific response from the 
biological environment and to create a strong chemical bond with the new forming tissue. 
The possible uses of the most widely known bioactive glass composition, 45S5, are 
somehow limited by manufacturing constraints due to the tendency of the material to 
crystallize if thermally treated. Two decades later, Maria Brink [6] characterized a new 
family of large working range bioactive glass compositions: new manufacturing methods 
and consequently new shapes, textures, morphologies became possible. 
Melt-derived bioactive glass constructs are, however, still mainly available in powder or 
dense bulk form and the few examples of bioactive glass scaffolds are manufactured by 
sol-gel method or are, at least at some extent, crystalline [7]. Three-dimensional scaffolds 
manufactured by sintering of bioactive glass fibres of the desired composition and 
dimensions, and characterized by tailored biological, structural and mechanical properties 
represent a very interesting candidate among the various synthetic bone substitutes (see 
Figure 1 below) [8]. 
 
The effect of composition on the bioactive properties of bioactive glasses has been and is 
still widely investigated, as well as the importance of the different constituents on the 
manufacturing properties of the material. The system SiO2-Na2O-CaO-P2O5 is by far the 
most widely investigated in the field, with the 45S5 composition being the mostly known 
representative. However, the characterization of the effects of different oxides, e.g. CaF2, 
B2O3, K2O, MgO, Al2O3, on glass chemistry and bioactive properties allowed the 
development of more complex compositional systems by which the tailoring of multiple 
properties became feasible.  
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Figure 1: Porous three-dimensional bioactive glass scaffolds: different morphologies (left) and SEM image of 
the porous fibrous structure (right). 

 
Glass compositions in the system SiO2-Na2O-K2O-CaO-MgO-P2O5-B2O3-TiO2 were 
verified to allow the manufacturing of completely amorphous and highly openly porous 
scaffolds by an easily controllable and high yield production process, therefore 
representing a suitable option also from an industrial point of view. Extensive 
compositional testing carried out at all production stages showed the predictability and 
consistency of the material composition and the complying of the latter with relevant 
standards: the preliminary steps for possible clinical application were in this way fulfilled. 
Compositional modification represented the first mean by which the thermal properties of 
the material and indirectly the sintering of the final scaffold were modified. However, as 
the thermal properties of the material allowed the manufacturing of fibres with different 
dimensions, fibres’ diameter and length became two additional parameters by which the 
properties of the final product were tailored. In addition, the choice of sintering parameters, 
and in particular of sintering time and temperature, gave additional degrees of freedom 
when defining the structural, mechanical and biological properties of the final products. 
 
The structural characterization of scaffolds for bone grafting and tissue engineering 
applications has been extensively studied in the last decades, and porosity, pore size, pore 
size distribution, pore geometry have been identified as the fundamental parameters to be 
addressed during the development of three-dimensional constructs. From the first studies 
on the minimum needed pore size for bone mineralization to occur [9], to the later ones on 
the most suitable pore geometry [10], to the more recent works on the effect of structural 
parameters at the cellular level [11], the importance of the structure, geometry, and 
morphology of the scaffolds has been repeatedly stressed. The determination of the 
parameters listed above it is not elementary, in particular for highly open porous fibrous 
structures. Two dimensional imaging is a basic, low cost analytical method which allows 
both the quantitative and, after image processing and analysis, quantitative determination 
of porosity and pore size (see Figure 2 below). 
 
Mechanical properties are of not less importance in particular whenever the scaffold is 
requested to have structural integrity so to be able to stand functional load, at least at some 
degree. The three-dimensional constructs must be able to support at least the stresses of the 
surgery so to guarantee that their carefully designed and characterized structural properties 
remain such also when implanted in vivo. For this reason standard mechanical testing 
should be associated with final user handling testing. 
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Figure 2: Structural characterization: pores identification on a section (left), porosity (columns) and pores 
size (squares) of scaffolds produced by sintering of 75 or 100 μm thick fibres at different temperatures. 

 
Despite the analysis of the dissolution properties of bioactive glass implants and the 
verification of their ability to form a calcium phosphate surface layer when the same are 
immersed in simulated body fluid are very common, the methodology of the investigation 
can affect the final testing results and therefore the use of the same as mean to get an 
absolute value should be more careful [12]. Multiple parameters can affect the final result: 
e.g. morphology, surface area in contact with the fluid, surface area to volume ratio, 
storing temperature and pH, agitation, changing interval and variation of the composition 
of the solution, etc. In addition, in the in vivo situation the biological fluid is neither cells 
nor protein free and both can affect the behaviour of the scaffold. 
In vitro cells studies have shown how bioactive glass materials are characterized by 
osteoconductive and osteostimulative/osteoproductive properties, meaning the ability of 
the material to actively stimulate the proliferation and differentiation of osteoprogenitor 
cells. The osteoprogenitor cells were shown to be in direct contact with the material, as 
well shown in Figure 3 below, where the cytoskeleton of the cells appears clearly to be 
spread over the glass fibres [13]. 
 

 

Figure 3: In vitro analysis: high magnification of scaffold surface after immersion in simulated body fluid 
(left) and osteoprogenitor cells in strict contact with the glass fibres. 

 
Despite the accuracy by which structure, mechanics and in vitro behaviour can be 
analyzed, the final clinical behaviour of the three-dimensional scaffold when implanted in 
vivo it is of such greater complexity that such testing is far from sufficient. Preclinical 
testing first and clinical testing later, represent the most important steps of the verification 
process. Preclinical testing has been carried out first as a pilot study on rabbit tibia [14], 
where the effect of the morphology of the scaffold was evaluated, and later as more 
complex study on rabbit femur so to guarantee a higher amount of cancellous bone at the 
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implantation site. The studies showed the ability of the material to support new bone 
formation throughout the structure, the controlled dissolution of the majority of the 
construct in less than six months, the restitutio ad integrum of the defect with formation of 
both cancellous and cortical bone. In a second phase and with a scaffold able to stand some 
functional loads the implants have been also tested in sheep spine, and the preliminary 
results show that the scaffolds support bone formation also in this more demanding animal 
model. 
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Spider silk is renowned for its unique combination of high tensile strength and large strain 
at breaking, which results in the largest work to fracture of any material either natural of 
artificial [1]. However, it is commonly overlooked that spider silk is endowed with another 
feature comparable in its singularity to the outstanding tensile properties: the ability to tune 
its mechanical behaviour in a predictable and controllable way [2]. 
 
The recognition of this property has been relatively involved, having started with the 
description of an intriguing behaviour of spider silk fibers labelled as supercontraction [3]. 
The term supercontraction refers to the shrinkage of silk fibers spun from the major 
ampullate gland (MAS) of orb-web spiders when immersed in water or subjected to high 
relative humidity environments with one of their ends unrestrained. Although its biological 
function is still under debate [4, 5], the importance of this effect for the understanding of 
spider silk was soon appreciated. Thus, it was shown that the mechanical properties of 
supercontracted fibers tested in water are dominated by forces of entropic origin [6]. This 
initial finding led to the development of a model that explained the tensile behaviour of 
MAS fibers with a combination of entropic effects and weak interactions [7]. In particular, 
this model justified supercontraction as the result of the recovery effect of elastomeric 
forces that appeared after the elimination of the hydrogen bonds between protein chains in 
an aqueous environment. 
 
The basic assumptions of this theoretical model hinted the essential property of the 
material which underlies supercontraction: the existence of a ground state to which the 
fiber can revert after irreversible deformation by immersion in water as it was 
demonstrated experimentally [8]. In turn, the possibility of reaching the ground state led to 
a simple procedure that allows modifying the tensile properties of spider silk repeatedly in 
a predictable and reproducible way [9]. The development of a methodology that allows 
controlling the mechanical behaviour of spider silk is crucial for a material that exhibits an 
extreme variability in terms of their tensile properties [10]. The application of this 
methodology has allowed not only reproducing the whole range of stress-strain curves 
exhibited by naturally spun silk fibers, but also obtaining material with tensile properties 
that are not found in the natural threads. 
 
Despite the obvious interest in producing fibers with these characteristics, it was not clear 
whether supercontraction and related effects were restricted to spider silk fibers. In this 
regard, the study of regenerated silkworm silk fibers offered an adequate opportunity to 
analyse the presence of supercontraction in a different, albeit chemically related family of 
fibers. Regenerated fibers are spun from solutions of fibroin proteins dissolved from the 
cocoons of silkworms [11], and coagulated in a bath of appropriate composition. The study 
of supercontraction in spider silk suggested a modification in the experimental procedure 
that consists of subjecting the fibers to a post-spinning drawing step in water immediately 
after coagulation. This modified process is labelled as immersion post-spinning drawing 
(IPSD) [12], and it has been shown that IPSD regenerated fibers show a ground state and 
recovery ability, as it is found in spider silk. These findings thrust the search for new 
compositions and processing techniques that may lead to the desirable properties 
characteristic of spider silk fibers. 
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Nature developed hierarchical materials based on organic-inorganic nanocomposites. 
Understanding and applying the underlying design principles promises the realization of a 
new generation of structural materials. By combining ab initio calculations with sequential 
homogenization we propose a bottom-up multiscale approach that provides insight into 
such principles and that is able to describe how mechanical properties are transferred from 
the atomic scale through a hierarchy of specifically designed microstructures to eventually 
realize the outstanding properties biological materials are known for. 
 
To describe key concepts of this approach we choose chitin which is the second most 
abundant natural polymer on earth. Chitin-based composites serve as exoskeleton material 
for more than 90% of all animal species [1-3], a fact which demonstrates their extreme 
adaptive potential to realize a huge range of natural materials. Here, the cuticle of the 
lobster Homarus americanus is taken as a model material. The cuticle consists of chitin in 
the form of crystalline nanofibrils, proteins, mineral nanoparticles (mostly amorphous 
calcium carbonate (ACC) but also crystalline calcite), and water, Fig. 1 [1-8]. 
 

 

Figure 1: Structure of chitin-based composites:  N-acetyl-glucosamine molecules (I); polymer chains of 
chitin (II); Nanofibrils wrapped with proteins (III); mineral-protein matrix (IV); honeycomb-like structure 

(V);  twisted plywood (VI) ; epicuticle, exocuticle, endocuticle  (VII). 
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The structure shown in Fig. 1 renders modelling of the properties challenging [5-8]. We 
have hence developed a hierarchical model, Fig. 2, which includes ab initio calculations at 
the nanoscale where experimental data are missing and mean-field homogenization for 
higher hierarchy levels. For a given hierarchy level, we define a representative volume 
element (RVE) of the heterogeneous material and find its homogenized properties using an 
appropriate micromechanical model. These properties are then used to inform the modeling 
of the microstructure at the next higher level. The multiscale approach starts at the atomic 
scale where the electronic structure determines inter-atomic bonding and eventually the 
elastic properties of the material (Fig. 2 I, II). Because of the difficulty to isolate and test 
single α-chitin nanofibrils, it has so far not been possible to experimentally measure their 
3D elastic constants. We hence employ in a first step a hierarchical computational 
approach that combines valence force field molecular dynamics (VFFMD) with tight 
binding (TB) and density functional theory (DFT) calculations [9,10]. With this approach 
we obtain the positions of the hydrogen atoms and the hydrogen.  In a second step we 
deform this structure with respect to volume and strain tensors to determine the lattice- and 
the elastic constants of α-chitin. The obtained ground-state structure of α-chitin as well as 
the response of the bio-crystal to uniaxial strains applied along the orthorhombic unit cell 
vectors a, b, and c are shown in Fig. 3. The results show that α-chitin is much stiffer in the 
chain direction c compared to the transverse directions: This is due to the strong covalent 
bonds which dominate along the chain axis compared to the rather weak H-bonds which 
are responsible for cohesion in the transverse directions. 
 

 

Figure 2: Hierarchical modelling of the lobster cuticle: (I), (II) α-chitin properties via ab initio calculations; 
(III) representative volume element (RVE) for a single chitin-protein fibre; (IV a) RVE for chitin-protein 
fibres arranged in twisted plywood and embedded in mineral-protein matrix; (IV b) RVE for the mineral-

protein matrix. Level (V): homogenized twisted plywood without canals; (VI) homogenized plywood pierced 
with hexagonal array of canals; (VII) 3-layer cuticle. 

 
The effective elastic properties at higher levels are calculated using homogenization. As 
input the elastic properties of each phase within the composite as well as the volume 
fractions, the shapes, and the orientations of each of the dispersed phases are considered 
[11,12]. 3-point estimates are used where the specific arrangement of the dispersed phases 
is taken into account via statistical correlation functions. The mineral-protein matrix (Fig. 2 
IVb) is assumed to consist of calcium carbonate spherules embedded in proteins as ACC in 
lobster stabilized by macromolecules and small amounts of Mg and phosphate always 
grows spherically. Since the size distribution and the arrangement of the ACC spherules in 
lobster cuticle are not known we used our hierarchical approach to test three hypotheses for 
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the microstructure of the mineral-protein matrix, namely: i) overlapping spheres; ii) a 
random array of impenetrable spheres with polydispersity in size; and iii) symmetric cell 
material of spheres with varying diameters.  
 

 

Figure 3: Left: Theoretically determined equilibrium structure of single-crystalline α-chitin: a, b, c (chain 
direction) are unit cell vectors.  The atoms are coloured as follows: red – O, blue – N, turquoise – C, white – 
H; the orange lines represent H-bonds. Right: total energy vs. uniaxial strain profiles for deformations along 

the vectors a, b, and c. Positive (negative) values along the x-axis denote tensile (compressive) strain [8]. 
 
After detailed comparison between the different predictions and experimental stiffness data 
we could then analyze how the mechanical properties evolve at the various hierarchical 
levels when going from the atomic to the macroscopic scale, Fig. 4. A surprising outcome 
is the high anisotropy at the most fundamental level: The modulus along the axial direction 
of a single chitin nanofibril is ~119 GPa while the transverse one is only 28 GPa. A trend 
observed when going from one hierarchical level to the next is that the overall cuticle 
anisotropy monotonously drops:  When going from nano- to macroscale the anisotropy 
ratio changes from 4.25 (single crystalline chitin), to 1.75 (mineralized chitin-protein 
nanofibrils) down to 1.4 (1.25) for the twisted plywood structure without (with) pore 
canals. The efficient reduction in anisotropy is achieved by several strategies: At the 
smallest scale by embedding the fibres in the isotropic mineral-protein matrix which also 
increases significantly the cuticle stiffness along its normal direction. At the higher scales 
by twisting the fibrils and introducing the pore structure.  
 
In conclusion, our model allows to determine mechanical properties at the nano-scale 
which were hitherto not accessible and provides a way to follow the evolution of their 
mechanical properties. An important information deduced from these simulations is the 
relation of structure and optimum mechanical properties. In the present case we can show 
that the cholesteric plywood superstructure guarantees that the chitin-protein fibres 
reinforce the cuticle, it provides for transverse isotropy which is well suited to resist 
macroscopic loads, it prevents the propagation of micro-cracks, and is able to dissipate 
significant amounts of energy during impact loadings. The dominant factors determining 
the cuticle stiffness next to the chitin network are: i) the mineral content; ii) the specific 
microstructure of the mineral-protein matrix; and iii) the in-plane area fraction of the pore 
canals. Another interesting consequence of our analysis is that the hierarchical structure of 
the lobster cuticle produces - for a given volume fraction of minerals - the stiffest possible 
armour design which at the same time ensures optimium biomineralization kinetics.  
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Figure 4: Overview of key cuticle microstructures at different length scales including the methods used and 
the predicted anisotropy for a typical mineral content of 70% wt [8]. 
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The structure of materials invariably defines their mechanical behavior.  However, in most 
materials, specific mechanical properties are controlled by structure at widely differing 
length scales.  Nowhere is this more apparent than with natural materials.  Bone, tooth 
dentin and nacre (Abalone shell), for example, are sophisticated composites whose unique 
mechanical properties derive from an architectural design that spans nanoscale to near-
macroscopic dimensions; few engineering materials have such hierarchy of structure and 
properties.  Unlike engineering composites where properties are invariably governed by the 
rule of mixtures, the mechanical properties of natural composites like nacre are far greater 
than their constituent phases. However, actually making such materials synthetically has 
proved to be extremely difficult, particularly in bulk form. Here we define how several 
biological materials, i.e., bone and nacre, derive their damage-tolerant properties, and then 
describe an approach to actually making synthetic bulk ceramic-polymer nacre/bone-like 
structural materials with unprecedented strength/toughness properties.  
 
Bone can be considered as a polymer/ceramic nanocomposite, comprising collagen with 
nanocrystalline hydroxyapatite. The origins of its strength and toughness can be described 
in terms of the contributing micro-mechanisms and their characteristic length-scales in 
relation to their hierarchical structure (Fig. 1) [1]. We show for bone how structure at 
length-scales below typically a micrometer largely controls “plasticity”, e.g., through 
fibrillar sliding mechanisms and the uncoiling of tropocollagen molecules; these 
mechanisms contribute to the intrinsic toughness. However, structural features at length-
scales above a micrometer, specifically the Haversian systems present in the cortical bone 
of mammals (which scale in the hundreds of microns), actually provide a more significant 
toughening contribution via crack deflection and bridging mechanisms (Fig. 2), which 
contribute to the extrinsic toughness, i.e., enhance crack-growth resistance. We specifically 
document the salient origins of fracture resistance in human bone, which are associated 
primarily with the extrinsic mechanisms of gross crack deflection/twist and crack bridging, 
both processes that are induced by the occurrence of microcracking (primarily at the 
cement lines). Such microcracks also act intrinsically as a “plasticity” mechanism, and may 
be the crucial step that signals remodeling in bone.  
 
Nacre is also a polymer/ceramic nanocomposite; the polymer now is a thin layer of organic 
material that acts as the “mortar” between 95 vol.% of ceramic “bricks” of layered 
aragonite (CaCO2). The hard aragonite provides for strength, but without a means to 
dissipate locally high stresses nacre would be brittle; however, large inelastic deformation 
generated by interlayer shearing through the organic phase allows for strain redistribution 
with the result that toughness is achieved through viscoplastic energy dissipation in the 
organic layer associated with the controlled, yet limited, sliding of the aragonite layers 
over each other. We refer to this as the concept of the “lubricant phase”; the polymeric 
phase is not load-bearing, but like dislocations in metals and microcracking in bone and 
dentin, it provides a means to enhance the toughness by relieving locally high stresses in 
the structure.  Indeed, because of this mechanism, nacre exhibits a toughness some one to 
two orders of magnitude larger than either of its constituents.  
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Figure 1: Structure and toughening of bone, showing the seven structural hierarchies, and the corresponding 
intrinsic and extrinsic sources of fracture toughness (courtesy: M.E. Launey). 

 

 

Figure 2: Toughening mechanisms in cortical bone showing a computed x-ray tomography image of the 
crack path (bluish white) as it deflects/twists at the Haversian canals (yellow channels). (courtesy: H.D. 

Barth) 
 
To emulate these natural toughening mechanisms in a synthetic structural material, we use 
a freeze-casting fabrication process to make materials through the combination of two 
ordinary compounds, specifically alumina and PMMA, into ice-templated structures whose 
toughness can be over 300 times (in energy terms) that of their constituents [2].  The final 
products are bulk lightweight hybrid ceramic-based materials whose strength and fracture 
toughness (~200 MPa and ~30 MPa√m) provide specific properties comparable to metallic 
aluminum alloys. These materials are probably the toughest ceramics ever made.  They are 
unlike regular composites in that both phases are not load-bearing; akin to nacre, the 
ceramic provides for strength but the polymer phase acts as a “lubricant” to relieve high 
stresses. We believe that these model materials can be used to identify the key 
microstructural features that should guide the synthesis of more advanced lightweight 
structural materials with unprecedented combinations of strength and toughness. 
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With the recent development of precise experimental instruments and multi-scale modeling 
capabilities, it is now possible to study molecular level mechanobiological characteristics 
of human cells and their relation to disease states [1-5].  The molecular structural changes 
in cell membrane and cytoskeleton, influenced by genetic, chemical and mechanical 
factors, may lead to changes in cell mechanobiology and pathology [3-5].   
 
We have performed studies through a variety of experimental and/or three-dimensional 
computational methods that quantitatively measure single-cell deformability, dynamic flow 
of cells through the microvasculature or spleen endothelial slits, cell cytoadherence to the 
endothelium, and cell membrane fluctuations under various physiologically relevant 
conditions [3, 6-13].  
 
To study molecular-level mechanobiological properties of pathological red blood cells 
(RBCs) or cancer cells, we have combined microbiology techniques (targeted gene 
disruption, immunofluorescence, and advanced synchronous culturing techniques) together 
with the most advanced biomechanical/biophysical experiments involving optical 
tweezers, atomic force microscope, tomographic phase microscopy, diffraction phase 
microscopy, and microfluidics.  Various three dimensional models at continuum, 
mesoscale and molecular levels have been also been developed to probe the underlying 
mechanisms and perform detailed parametric simulations.  The computational methods 
used include finite element analysis, molecular dynamics, and dissipative particle 
dynamics. 
 
Specific examples considered include Plasmodium falciparum malaria, different types of 
human cancer as well as hereditary hemolytic disorders.  On the basis of these studies, a 
number of the general observations can be formulated to correlate human disease 
diagnostics, therapeutics and drug efficacy assays to cell mechanobiology. 
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Introduction: Nature’s Little Tricks 
There is no doubt that we can learn much from Nature when trying to develop new 
materials with superior physical and mechanical properties. Nature, through the long 
process of evolution, has developed many interesting strategies in order to create materials 
and structures for load-bearing purposes.  
 
However, it is important to realise that not all of these strategies are suitable for 
incorporation into engineering structures and components. In this paper I will discuss four 
aspects of biological materials which I will call “Nature’s tricks”. These tricks enable 
biological materials to be used at much higher stresses and for much longer periods, but 
they cannot, at least at the present time, be used by engineering designers. The tricks I will 
describe appear in many different biological materials, in a wide range of animals and 
plants, but in order to quantify the effect of their effect I will use bone as an example, to 
estimate the reduction in operating stress (and thus the increase in weight) required for an 
artificial structural material compared to the original, natural material.  
 
Trick 1: High Failure Probabilities 
Living materials operate at much higher failure rates than engineering materials. Survival 
strategies for many organisms are based on sacrificing large numbers of individuals in 
order to ensure that genes are passed on and that therefore the species as a whole survives. 
Structural units such as bones require a high cost in terms of energy to produce and 
maintain. They are also heavy and so require energy for movement. So it makes sense to 
produce a lighter, thinner bone and accept the resulting increase in failure rate. Evidence 
from primates in the wild (quoted by Currey [1]) suggests a failure rate of the order of 1-
3% per bone over an individual’s lifetime. Engineering components, on the other hand, are 
typically designed with failure probabilities of the order of 10-6.  
 
We can estimate the difference in stress level for these two different failure probabilities by 
drawing on some of my previous work [2; 3] in which I showed that, as regards high cycle 
fatigue, bone conforms to the well-known two-parameter Weibull probability distribution, 
in which the exponent in the Weibull equation, n, is equal to 8: 
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We can rearrange this equation to estimate the ratio of stresses σ1 and σ2 corresponding to 
failure probabilities Pf1 and Pf2 thus: 
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Comparing Nature’s Pf value of 0.01 with an engineering value of 10-6 gives a ratio of 
stresses equal to 3.2. This analysis is simplified by assuming a constant applied stress; to 
get a better estimate one should also model the stress using a distribution function, but at 
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least it gives us a feeling for the advantage which Nature gains over us by allowing failure 
rates which for us would be quite unacceptable. 
 
Trick 2: Pain 
Pain is not pleasant, but it’s very useful, because it tells us that some damage has occurred 
and acts as a strong encouragement to cease using a particular body part until it has healed. 
The equivalent of pain in engineering terms is an inspection procedure to detect damage – 
for example a fatigue crack – before complete failure of the structure. The difference 
between biological structures and engineering structures is that Nature is inspecting 
continuously, whilst we can only inspect a car or an aircraft periodically.  
 
In order to estimate the magnitude of this effect for bone, I used data on fatigue crack 
growth summarised in a recent paper by Kruzic et al [4]. Pain occurs in a bone as a result 
of a fatigue crack approximately 1mm long. If one were to continue using that bone (which 
for most of us would be impossibly painful) then failure would occur when the crack 
reached a length of about 4mm. Cracks above 1mm long in bone behave as classic long 
cracks in fatigue so we can use the Paris equation: 
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For bone the exponent m has a value of about 4.5. Integrating this equation we can find the 
time needed to grow the crack from the length at onset of pain (1mm) to the failure length 
(4mm). This depends on the activity level of the person concerned: for someone with a 
normal activity level it turns out that failure would occur in only 2-3 days. If we assume 
that, like many engineering structures, the bone can only be inspected annually, then we 
need to reduce this failure time to more than one year. This would require us to reduce the 
stress in the bone by a factor of about 3.5. 
 
Trick 3: Continuous Repair 
Another trick which Nature uses – somewhat related to the previous one – is the ability to 
repair small amounts of damage continuously. There is a large body of research (see [5] for 
a summary) to show that microcracks of the order of 0.1mm long in bone can be detected 
by osteocyte cells, which initiate a complex repair process involving removal and 
replacement of the damaged region. With current technology we cannot detect such small 
cracks in engineering materials using non-destruction inspection equipment, nor are we 
able to monitor the material continuously. In my laboratory we have done some work to 
model the dynamics of the damage and repair process and to estimate its effect on failure 
probabilities [6; 7]. This work has been useful in predicting the effect of exercise regimes 
as used by the military, for example, on the incidence of stress fractures.   
 
We can reanalyse these results to predict the reduction in stress level that would be needed 
in order to have a 1% cumulative failure probability per bone over an individual’s lifetime, 
(i.e. the normal failure rate found in the wild, see above) assuming that the individual was 
not able to avail of the continuous repair process. For the worst case of a very active 
individual – such as a professional athlete – the stress reduction factor turns out to be 3.5. 
 
Trick 4: Tailored Microstructures 
One aspect of biological materials which has received much attention is their ability to 
vary their microstructure from place to place. Key aspects of this variability are changes in 
composition (for example levels of mineralization) and changes in fibre orientation. There 
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are some aspects of this trick which we can already reproduce in engineering materials 
(e.g. fibre composite laminates, functionally graded materials), and there are other aspects 
which we can reasonably hope to reproduce in the near future. This is possibly the most 
exciting area for potential development in bio-inspired materials at the moment. However, 
it seems to me that there are some types of structural organisation which we are a long way 
from being able to imitate. I refer in particular to Nature’s ability to make fibre composite 
materials in which fibres are oriented in three dimensions (as opposed to the two 
dimensions common in our materials) and in which the fibre concentration and orientation 
also changes from place to place.  
 
A good example of this is the joint made where the branch of a tree attaches to the trunk. 
Both trunk and branch have highly-oriented fibres to maximise strength and stiffness in 
their respective axial directions. The branch also has considerably lower stiffness than the 
trunk. Where the two meet, fibres from both curve around, giving a gradual transition in 
fibre orientation as one moves through the joint. This, combined with careful control of 
local geometry, completely removes any potential weakness, giving the joint a strength 
equal to that of the branch itself. A similar situation arises where a tendon attaches to a 
bone; fibres from the tendon insert into the bone, and hydroxyapatite crystals in the bone 
nearby are oriented to align with the muscle forces acting through the tendon [1]. In 
addition the collagen of the tendon is gradually mineralised as it approaches the bone, to 
avoid any sudden change in properties at the interface. 
 
It is difficult to estimate the advantage, in terms of increased strength, which this particular 
trick confers, as clearly it will vary considerably from case to case. A reasonable upper 
limit to the estimate would be the anisotropy factor of the material, i.e. the ratio between 
the strength in the best and worst directions. For cortical bone this factor is about 2.5; for 
some other materials, including wood, at can be as high as 5 or 10. This would estimate for 
us the reduced strength that would have occurred if the attachment had been made in a 
simple way, with the branch simply attached to the surface of the trunk, for example, so 
that forces in the branch would act perpendicular to fibres in the trunk. 
 
All Four Tricks Combined 
What is the total advantage conferred by all four of these tricks working together? Of 
course any attempt to make this calculation should be treated with caution because in each 
case I have made only an approximate estimate. Two of the above tricks – pain and repair 
– will both be compensated for by the same reduction in stress, since they relate to effects 
of the same type but operating at different size scales. The other two tricks operate 
independently, so their total effect can be estimated by multiplying them together. I will 
reduce the estimate for fibre orientation to 1.5 because my earlier estimate was very much 
an upper bound. This gives an overall stress reduction factor of 16.7. 
 
This is a very big factor; it means that even if we could make a material which had exactly 
the same chemical composition and microstructure as bone, we could not actually use it to 
replace a bone in the human body. In order to do so we would have to increase the bone’s 
cross section so as to reduce the applied stress by a factor of 16.7 which means, given that 
a typical bone experiences a mixture of compression and bending loading, that the cross 
section would need to be increased by about a factor of ten. This would have the knock-on 
effect of increasing total body weight, which would add some more to the applied stress, 
and would greatly increase the energy needed to move a limb.  
 



57 
 

In conclusion, Nature employs many strategies to allow it to make some pretty good 
structural materials even though it must use very poor-quality ingredients – things like 
collagen, hydroxyapatite, chitin and calcite. We can use some of these strategies but not 
all, either because we don’t have the technology, or because the result would be 
unacceptable in terms of cost or risk. That doesn’t mean we can’t learn from Nature, and 
perhaps incorporate some of her approaches into the manufacture of engineering materials 
based on much better ingredients, such as steel, carbon fibre, zirconia and epoxy. 
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Global agricultural primary production is mainly driven by terrestrial vegetation which has 
an annual output of about 100 billion tons of organic carbon. Wood, in turn, is the principal 
contributor of terrestrial biomass with an annual growth rate of 422 billion tons. 
Correspondingly, wood is more and more considered as a valuable re-growing source for 
value-added and bioinspired products and is hence increasingly spotlighted by both 
research and industry.  
 
In the first part of the present paper the effects of structural features of wood on selected 
mechanical properties will be discussed, and examples of how man-made materials were 
tailored by mimicking wood’s intriguing optimization principles are provided. In the 
second part, the potential of wood as renewable and bioinspiration material for the 
preparation of value-added products will be communicated by presenting one example for 
each of the three main wood components, i.e. the biopolymers cellulose, hemicellulose, 
and lignin. 
 
The relation between structure and mechanical properties of wood: Implications for 
optimizing man-made materials  
Wood is one of the natural materials which inspired mankind very early to imitate some of 
the features made by nature to develop new „intelligent“, artificial materials. The 
properties of wood are optimized in various respects and in various directions. It shows, for 
example, excellent mechanical properties together with low density, and both are 
determined by its structural design [1]. It is well known today that the hierarchical 
architecture is one of those principles, which are responsible for the optimized properties 
of wood (Fig. 1). 
 

 

Figure 1: Hierarchical structure of wood (macroscopic: year rings – layer structure, microscopic: cell 
structure , sub-microscopic: cell wall structure: layers with microfibrils of different orientation, nanometer 
level: microfibrils consisting of molecular chains of carbon, hydrogen, and oxygen as chemical constituents.  
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On a macroscopic scale, wood is a layered composite (year rings), made up by cells 
(millimeter range) of different wall thickness. The hollow cells mainly cause the low 
density of wood [1], which is imitated by material scientists by developing metallic foams 
aiming at reducing weight of automobiles or airplanes, aerospace equipment and machines 
as well as of medical devices.  
 
Another „intelligent“ strategy of nature is to construct wood cells as strongly elongated 
tubes. This leads to high stiffness of wood in longitudinal loading direction, i.e. higher 
modulus of elasticity and higher compressive and tensile strength in longitudinal than in 
transversal direction. These properties give the living tree high static stability and allows 
for using wood as construction material. Similarly, reinforcement of many man-made 
structures by fibres (metallic, ceramic, carbon; oriented, non-oriented, short, long) is a well 
known strategy, which is applied, for example, for improving alloys, for designing metal-
polymer composites, and also for large structures from concrete that are reinforced by steel 
or textile fibers. 
 
The layered system of year rings and the cell structure lead to a „fracture-tolerant“ 
behavior of wood in radial direction, and many „tailored“ metal-metal or metal-polymer 
composites are designed in principally similar ways today.  
 
The fracture tolerant performance of wood can be demonstrated by performing in-situ 
ESEM tensile tests [2]. It was shown, for example, that crack path and crack propa- 
gation velocity in radial direction are different, if the crack propagates from pith to bark 
than from bark to pith. In the first case, the crack separates the thin cell walls of early wood 
first [1], approaches the thicker cell walls of latewood with increasing thickness, and from 
a critical thickness on, the crack driving force is too small to break the walls, and the crack 
changes its direction by up to 90° and propagates along the cell walls, as seen in Fig 2.   
 

 

Figure 2: Load-displacement diagram and ESEM images of fracture path. Picea Abies [L.] Karst, loading in 
longitudinal direction, crack propagation: radial, from pith to bark. The arrows mark periods when ESEM 
images were taken [2] 
 
As a result, after long periods of slow crack propagation, caused by changing the direction, 
sudden fracturing is observed in this moment. If, however, the crack growth direction is 
opposite, i.e. a crack starts in latewood, the crack propagating direction remains essentially 
unchanged (perpendicular to the load axis, and other mechanisms of crack retardation 
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come into play, when the crack approaches the thin-walled earlywood region. There the 
cells may act as crack stoppers, when the crack tip reaches the empty lumen of the cell. 
This was one of the first fracture mechanical principles being applied by engineers, when 
they drilled holes around the crack tip of a growing crack in the famous Liberty Bell in 
Philadelphia in order to stop it. 
 
Going to an even higher magnification (micrometer range), the principle of layer formation 
is found again in the cell wall structure of the fibers. The cell wall consists of several 
layers, containing cellulose fibers (typical diameter 20 μm), which are embedded in a 
hemicellulose-lignin matrix. They are differently oriented in the different wall layers. The 
fibers themselves are built up by elementary fibrils (microfibrils with diameters in the 
nanometer range), consisting of molecular cellulose chains. These elementary fibres are 
again oriented, and the angles may differ distinctly. In addition, they are wound in spirals 
in the S2 cell wall around the cell axis. Man-made ropes obtain high strength together with 
high flexibility by use of the same structural principle. 
 
Extensive investigations have been performed on measuring microfibril angles, especially 
with the small angle X-ray scattering (SAXS) technique [3], and several systematic 
features could be detected. In studies on spruce, pine, oak and beech, the microfibril angles 
were measured from pith to bark and a decrease of the angles was recognized, which 
means a decrease with the age of a tree. This trend was found to be accompanied by an 
increase of the modulus of elasticity and decreasing fracture strain values. Obviously the 
tree is optimizing these features to a large extent via the microfibril angles depending on its 
requirements: the old tree with its higher weight needs a high static strength and stiffness, 
whereas the young slim tree needs high flexibility, which is obtained by large microfibril 
angles [4]. A similar optimization strategy of strength/stiffness and flexibility by means of 
the microfibril angle could be observed for branches [5].  
 
Even a special kind of self-repair mechanism takes place in wood: it has been shown that 
molecular bonds are restored after wood has been stressed beyond the yield stress, i.e. after 
it was irreversibly deformed [6]. SEM in-situ experiments on wood foils and single fibres 
showed that most of the irreversible deformation must occur by relaxation mechanisms 
somewhere in the matrix. As soon as some unspecific molecular bonds, which transmit the 
shear stresses between cellulose fibres, break, when the yield stress is reached, viscous 
flow of the matrix takes place temporarily. If the stress is released, unspecific bonds re-
form in the new position of the fibrils. This mechanism is similar to the Velcro connection 
as known from burdocks and is imitated especially by the clothing industry since about 
twenty years. 
 
The preparation of ultra lightweight cellulose aerogels, development of artificial humic 
substances from lignin, and controlled precipitation of hemicelluloses particles are three 
examples for interdisciplinary research lines mimicking the cell structure of wood, the 
natural humification process, and utilizing the intriguing properties of all main wood 
biopolymers. 
 
Cellulosic aerogels – forming the relatively “young”, third generation succeeding the 
aerogels based on silica and synthetic polymers – are intriguing materials as they feature 
properties similar to those of their antecessors, with the additional advantages and 
characteristics of the regrowing and renewable biopolymer cellulose [7]. Preparation and 
application of cellulosic aerogels are thus hot topic in current biomaterial science.  
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A promising technique for obtaining shaped ultra light-weight aerogels from plant 
cellulose is based on the Lyocell technology and comprises the following steps: (1) 
dissolving cellulose or cellulose derivatives in N-methylmorpholine-N-oxide monohydrate 
(NMMO·H2O) at 100-120°C, (2) casting the Lyocell dopes into shapes, (3) extracting the 
solidified castings with an appropriate anti-solvent in order to initiate cellulose 
regeneration, and (4) converting the obtained lyogels into highly porous aerogels using 
supercritical carbon dioxide (scCO2) [8]. 
 
The novel cellulosic aerogels feature a hierarchical structure of interconnected macro and 
mesopores. For example, aerogels obtained from Lyocell dopes containing 3% of wood 
cellulose (pulp) were found to have pore surface areas of 190-310 m2 g-1 and densities 
ranging from 0.046 to 0.069 g cm-3. Shrinking of the fragile cellulose bodies during scCO2 
drying and the comparatively low mechanical stability of the ultra-lightweight aerogels are 
still issues which are currently under investigation. Reinforcement by interpenetrating 
networks based on silica, siloxanes, or organic polymers seems to be promising approaches 
in this respect. 
 
The multifaceted properties of the novel materials such as the readily accessible inter-
connected, open-porous structure, the large specific surface area, as well as the low thermal 
conductivity and sound propagation render them very interesting materials for a multitude 
of applications such as storage media for gases, carrier for catalysts or heat and sound 
insulators. 
 
Cellulose phosphate aerogels which were prepared for the first time via the Lyocell route 
using a recently developed sacrifice stabilizer were furthermore found to be promising cell 
scaffolding and bone replacement materials as they are haemo-compatible, feature pore 
characteristics appropriate for the growth of osteoblasts and provide a suitable hydroxyl 
apatite-binding environment. Calcification of phosphate groups further improved the 
osseo-integrative potential of the aerogels as it had no influence on inflammation 
parameters, but increased platelet-dependent parameters which is indicative for enhanced 
platelet adhesion and activation by positive surface charges.  The osseointegrative potential 
was furthermore demonstrated by in-vitro tests on growth and differentiation of human 
mesenchymal stromal cells on spin-coated layers of the same cellulose phosphate samples. 
 
Hemicelluloses have an immense application potential, even though there are still only 
few technical processes that make advance of their particular structure. Because of their 
inert character, hemicelluloses are widely used as dietary fibers which reside in the 
intestine and can there optimally exert their physiological effects. The latter can comprise 
increasing intestinal peristalsis, effects on cholesterol absorption, prebiotic activities etc. 
The present work is aiming at the utilization of hemicellulose’s indigestibility for 
developing carrier and encapsulating systems for physiologically active compounds which 
requires a technology for controlled preparation of hemicellulose microspheres. 
Anti-solvent precipitation of xylans and mannans from dimethylsulfoxide (DMSO) or 
DMSO/water mixtures and subsequent scCO2 drying was found to be a useful technique 
for preparing spherical hemicellulose nano- and microparticles. Depending on the type of 
hemicellulose, water content of DMSO, precipitation pressure and temperature, the particle 
size can be adjusted within a wide range from less than 0.1 to more than 5 μm [9].  
Curiepoint pyrolysis GC/MS, gel permeation chromatography (GPC) and analysis of the 
monosaccharide composition of both, the parent hemicellulosic material and the 
precipitates furthermore revealed that hemicelluloses can be purified from residual lignin 
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by supercritical anti-solvent precipitation using scCO2 without altering the structure of the 
biopolymers. 
 
Lignin is known to be the main feedstock for the formation of natural humic substances 
which play an important role for soil fertility. Progressive global soil deterioration, 
desertification and erosion of fertile topsoils on the one hand and only slowly increasing 
organic carbon contents of degraded soils being under rehabilitation on the other hand 
require the application of suitable humus precursors to combat desertification and to 
reclaim arable land in a short-term. 
 
Oxidative ammonolysis of lignin at comparetively mild reaction conditions has been found 
some time ago to be a suitable technical process to mimick the natural humification 
process, as typical reactions such as demethylation, demethoxylation, oxidation of aliphatic 
side chains, formation of quinones, aromatic ring cleavage and nitrogen enrichment were 
observed for both, the natural and artificial humification process [10]. The obtained 
products are potential soil-improving materials as they feature both the properties of stable 
terrestrial humic substances and those of long-term nitrogen-releasing organo-mineral 
fertilizers. The slow nitrogen releasing effect is due to the formation of different nitrogen 
binding forms upon the ammonoxidation process [11]. 
 
However, still only little is known about the types of nitrogen binding in N-modified 
ligneous materials and natural humic substances. In the present work, comprehensive 
analytical studies comprising wet chemical analysis, GC/MS, Curiepoint pyrolysis GC/MS, 
X-ray photoelectron spectroscopy, liquid and solid-state NMR spectroscopy were 
performed on different technical lignins and lignin model compounds prior and after 
ammonoxidation aiming at clarifying and comparing the nature of nitrogen binding in 
ammonoxidized ligneous materials and natural humic substances.  
 
The formation of complex nitrogen-enriched structures from low-molecular phenolic 
compounds such as methoxyhydroquinone and the formation of highly reactive amino-
[1,4] benzoquinones under comparatively mild ammonoxidation conditions strongly 
support the polyphenol theory of humus formation. Furthermore, it provides evidence that 
the types of nitrogen binding in natural and artificial humic substances – the latter obtained 
by ammonoxidation of ligneous substrates – are quite similar which strongly supports the 
idea of using such materials as artificial humic substances and long-term nitrogen releasing 
organomineralic fertilizers. 
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Tree, a huge and long-lived plant, is being used for its wood as construction materials since 
it has high strength with low apparent density. This wood features seem to be caused by its 
wood cell wall structure that exhibits a honeycomb-like arrangement. Thereby, the cell 
wall arrangement is considered to give a promising porous material. However, the pore 
size in natural cell wall arrangement is not uniform. The heterogeneity of pore size is a 
disadvantage for its application as porous materials. This article is reporting an attempt to 
fabricate honeycomb cell wall arrangement with uniform pores by mimicking the natural 
process of wood cell wall formation and reconstruction of refined cell wall components. 
The targeted material is termed as an artificial cell wall.  
 
A naturally-occurring wood cell wall is biosynthesized on plasma membrane as follows. At 
first, cellulose is produced by terminal complex in the plasma membrane, and deposited on 
the membrane. Subsequently, hemicelluloses are biosynthesized by Golgi apparatus, 
transferred, and deposited on cellulose. Finally, monolignols as monomers of lignin, are 
supplied from cytoplasm, and polymerized enzymatically through radical coupling 
reactions. The authors made an attempt to fabricate an artificial cell wall by mimicking 
these natural processes of cell wall formation. 
 
At the first phase of the artificial cell wall formation, the fabrication of honeycomb-
patterned cellulosic film as the basic framework of cell wall was established. Two types of 
honeycomb-patterned film with different cellulose structures were successfully fabricated. 
 
The first type was a honeycomb-patterned film with cellulose II polymorphism.  This 
fabrication was accomplished by a combination of self-organization process of amphiphilic 
polymer and transcription method [1], and is briefly illustrated in Fig. 1. A honeycomb-
patterned film with hexagonal mountain range (convex type) as the first template was 
fabricated by blowing humid air onto a mixture solution of a copolymer 
(dodecylacrylamide and ω−carboxyhexylacrylamide; CAP) and poly ε-caprolactone (PCL) 
in chloroform. After evaporation of water and chloroform, the patterned film with uniform 
pores came out. The porous film was formed by self-organization of polymeric materials 
using water droplets as a mold [2]. Polydimethyl siloxane (PDMS) with curing agents was 
poured into the first template, and was peeled off from the template after curing at room 
temperature. The resulting film as the second template had hexagonal valley (concave 
type) with an opposite morphology compared to the first template. The second template 
was pressed onto a cellulose triacetate (CTA)/chloroform solution. After evaporation of 
chloroform, the honeycomb-patterned CTA film with convex type of hexagonal array was 
obtained. Finally, a honeycomb-patterned regenerated cellulose film with cellulose II 
polymorphism was prepared by saponification of CTA with CH3ONa. 
 
The second type was a honeycomb-patterned film with cellulose I polymorphism. This 
patterned film could be fabricated by a combination of transcription method and bacterial 
engineering (Fig. 1). The third PDMS template with convex type hexagonal array was 
prepared from the second template by the same transcription method as mentioned above. 
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The third template was, in turn, pressed onto hot agar aqueous solution containing some 
nutrients for a cellulose-producing bacterium, Gluconacetobacter xylinus. After cooling, 
the agar medium with the surface of concave type of honeycomb pattern was obtained. The 
pre-incubated bacterial suspension was dropped onto the medium, and was incubated for 2-
4 days at 28oC under the conditions of high humidity and high CO2 concentration. The 
bacteria secreted cellulose during the incubation period, while moving along the hexagonal 
grooves. The bacterial movement was confirmed by time-lapse optical microscopic 
observation. Finally, the resulting honeycomb-patterned cellulosic film was peeled off 
from the agar medium and purified by washing with NaOH aqueous solution and water. 
Electron diffraction indicated the film was composed of highly ordered cellulose with 
cellulose Iα allomorph [3]. 

 

Figure 1: Fabrication scheme of honeycomb-patterned film with cellulose I and II polymorphisms 
 
Lignin and hemicellulose components were individually adsorbed onto the honeycomb-
patterned cellulosic films to fabricate the artificial cell wall. It was observed that the 
adsorbed lignin was located at the edge of hexagonal cellulose like naturally-occurring 
lignin deposited in the cell wall. The lignin was found to reinforce the honeycomb-
patterned cellulose, especially under humid conditions. This study demonstrated that these 
honeycomb-patterned cellulosic films can be a useful framework for investigating the 
contribution of wood cell wall components to the physicochemical properties of cell wall. 
On the other hand, arabinogalactan, a larch hemicellulose, was coated onto the 
honeycomb-patterned film. By culturing liver cells onto the film, a significant increase in 
liver cell adhesion was observed in the arabinogalactan-coated film when compared with 
the non-coated film. Thus, this film would be utilized as a novel type of supporting 
material for promoting growth of artificial liver cells. 
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Bioartifical Surfaces in Medicine 

Ernst Wolner 
Vienna General Hospital, Department of Surgery 

 
There are two different possibilities of interaction between artificial surfaces and living 
tissue: the interaction between blood and artificial material (vascular prostesis, artificial 
heart valves, coronary stents etc.) and the interaction between other tissues and artificial 
material (joint prosthesis, dental implants, artificial lens, etc.) 
 
Both types of interactions are connected with different problems: 
- Tissue-interaction: pannus formation, infection, no ingrowth  
- Blood-interaction: coagulation disorders (thromboembolism,bleeding), pannus 

formation  
 
To minimize these complications the following different surfaces are used: 
- Porous surfaces, which allow tissue ingrowth 
- Rough (textured) surfaces with later endotheliozation 
- Smooth surfaces (steel, polyurethane, etc.) 
 
The advantages and complications of these different surfaces will be discussed. 
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Challenges and Strategies for the Mechanical Modeling of Bio-inspired Materials 

Mao See Wu 
School of Mechanical and Aerospace Engineering, Nanyang Technological University,  

Singapore 639798 

 
Bio-inspired materials are finding numerous applications in medicine, as structural 
materials of integrated high strength and toughness, and in novel sensor and actuator 
technology. Nature has, through the process of evolution, solved many challenging 
problems for its creatures, e.g., the nacre of the abalone shell may have a work of fracture 
three thousand times that of its mineral constituent [1] and the leaves of plants such as the 
lotus and colrabi possess super-hydrophobic and self-cleaning surfaces with water contact 
angles greater than 150o [2].  
 
To engineer materials inspired by nature, it seems natural that one should first understand 
the underlying structures, often hierarchical across scales, through experimental methods. 
It is also necessary to describe and model such structures and to predict or simulate their 
behaviour, with the hope of unravelling the secrets of their desirable properties and 
enabling their emulation and further improvement in bio-inspired materials. This 
presentation reviews the strategies and challenges for the modelling of their mechanical 
properties. 
 
The mechanical behaviour of biological materials has been simulated using single-scale 
and multi-scale models. The single-scale models are based on the microstructure at the 
scale of interest, and are used to investigate specific mechanical properties. For instance, 
the limits on the geometrical parameters (height, width and density of ‘hillocks’) for the 
roughness of artificial super-hydrophobic surfaces have been linked to the contact angle of 
water on a flat surface [3,4]. The modeling takes into account the microscale roughness of 
the hillocks, but not the nanoscale roughness. Roughness features on both scales are 
present on lotus leaves, and it is not clear how they interact and the theoretical modeling of 
binary roughness appears to be lacking. Another example of a single-scale model is that 
used to describe the fracture process of a double network hydrogel [5], whose development 
has been inspired by the binary structure of articular cartilage. Cartilage consists of both 
rigid collagen and flexible proteoglycan. The double network hydrogel consists of a highly 
cross-linked poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS) and a flexible 
linear polyacrylamide (PAAm). The model explains the high fracture strength of the 
hydrogel by assuming that the PAMPS network first disintegrates into smaller clusters thus 
absorbing large fracture energy and that the clusters act as loose cross-linkers for the 
ductile PAAm chains. A third example is the prediction of significant strain hardening in 
the mechanical property of nacre [6], via finite element modeling of the micro-scale 
ceramic tablets glued together by a thin layer of biopolymer. The simulations reveal that 
the micro-scale waviness of the tablets alone can result in significant hardening.  
 
Besides specific properties such as super-hydrophobicity, high fracture toughness and 
strain hardening, it may also be necessary to predict the deformation response of a bio-
inspired material subjected to external stimuli. A case in point is a hydrogel sensor or 
actuator. Modeling of the deformation response of a hydrogel requires macroscopic 
variables such as the elastic stretches and the concentration of water molecules [7]. This is 
often a continuum based single-scale (macroscopic) approach, as a multi-scale approach is 
computationally prohibitive. Free energy densities of the system are written in terms of 
these variables, and the stresses and swelling ratios of the hydrogels can be computed. It 



68 
 

has also been demonstrated that a nonlinear constitutive model for biogels [8] can be 
extracted from other models, such as those based on considerations of the material 
constituents [7]. One advantage of a constitutive model lies in the relative ease of problem 
solution for different loading modes as the structural details are condensed into a limited 
number of elastic constants. Such a model reveals that a biogel may undergo the inverse 
Poynting effect in torsion (contracts longitudinally under torsion) and may experience a 
negative normal stress under simple shear. The extraction of the elastic constants is 
achieved by equating the free energy density of the nonlinear model to that of the other 
model, or the elastic constants can be measured directly.  
 
Multi-scale models may be broadly classified into the sequential (or hierarchical) and 
concurrent types. In the sequential model, detailed analysis at a fine scale yields input 
parameters for a coarse scale model. In contrast, a concurrent model solves for variables in 
the different scales simultaneously. The sequential model has been used in investigating 
the properties of biological materials, e.g., the atomistic-continuum modeling of the 
elasticity and fracture of tropocollagen molecules [9]. In the atomistic part of the modeling, 
molecular dynamics is used to map the trajectories of atoms. Both nonreactive force fields 
such as CHARMM (Chemistry at HARvard Macromolecular Mechanics) and reactive ones 
such as ReaxFF (reactive force field) are used. Unlike CHARMM, ReaxFF takes into 
account chemical reactions and is capable of describing the properties of molecules at large 
deformation. Subsequently, a collagen molecule is replaced by several ‘beads’ connected 
by various types of ‘springs’, reducing drastically the degrees of freedom of the system. 
The mesoscopic bead model and the atomistic model are matched via energy 
considerations, enabling the mesoscopic parameters to be extracted. Simulations of long 
tropocollagen molecules via the mesoscopic model suggest that significant bending of the 
molecules occurs as their length increases beyond the persistent length.  
 
In summary, the following challenges and strategies for modeling the properties of 
biomaterials and bio-inspired materials can be identified. First, it is not certain if the cross-
scale hierarchical structures which are relevant for the manifestation of properties at the 
scale of interest can be properly identified via modeling. Second, the modeling of 
interaction, if any, between structures on different scales remains a daunting challenge. It 
may be difficult to treat interaction using a sequential model as the structures at the fine 
scale are eliminated from direct consideration at the coarse scale; a concurrent model may 
be more appropriate. Third, for a sequential model it may be necessary to investigate the 
loss of accuracy resulting from the extraction of parameters from progressively finer scale 
models. Fourth, for applications on the macroscopic level it is necessary to develop 
constitutive models of increasing sophistication capable of capturing multiple phenomena 
such as nonlinearity, time dependence, temperature effects, loading rate and material 
anisotropy. Fifth, for bio-inspired materials, an inverse multi-scale problem may be 
proposed: what structures at the different scales will give rise to a certain desirable 
deformation behaviour or optimized combination of mechanical properties? One strategy 
would be to solve multiple forward problems until the desired behaviour or property is 
found, but alternative strategies may be researched to shorten this process.  
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Activities of the MacDiarmid Institute’s Bio-Nano Network 

W. Michael Arnold 
The McDiarmid Institute at Industrial Research Limited 

Gracefield Research Centre, 69 Gracefield Road 
PO Box 31-310, Lower Hutt 5040 

New Zealand 

 
The MacDiarmid Institute for Advanced Materials and Nanotechnology is a group of 
researchers within Universities and Research Institutes of New Zealand. It includes the  
Bio-Nano Network (BNN), which has outputs that are relevant to this Workshop. It is 
hoped that, although the range of the BNN is broad, the following papers presented in the 
last 2 years at BNN meetings will be of interest to delegates. Details of a selection of these 
papers will be presented on the Workshop poster. 
 
Biomedical Far-Field Fluorescence Imaging with 30nm Resolution and Novel DNA sensors (D. Baddeley, T. 
Kjällmann, H. Peng, M. Cannell, J. Travas-Sejdic, C. Soeller; University of Auckland).  
 
Bio-Mimetic Membrane Systems (J. Dunlop, M. Alkaisi, X. Liu, A. Downard, B. Simons; Ag Research; 
University of Canterbury). 
 
Electrical Manipulation of Particles Within a Nanopore (W.M. Arnold; Industrial Research Ltd). 
 
Engineered Microorganisms Manufacture Functionalized Shell-Core Nano-beads (B. Rehm; Massey 
University). 
 
Fabrication of Vertically Aligned Carbon Nanotube-based Microelectrode Arrays  (X. Liu, A. Downard, K. 
Baronian; University of Canterbury; Christchurch Polytechnic Institute of Technology). 
 
Granulovirus Polyhedra: Stable Protein Nanocrystals (P. Metcalf; University of Auckland). 
 
Hydrogenase as Biological Replacement for Platinum in Fuel Cells (M. Packer, D. Ackerley, J. Johnston, M. 
Petcu; Cawthron Institute; Victoria University; Wintec). 
 
Integrated Optical Oxygen Sensors for PDMS-based Microfluidic Devices (V. Nock,  R. Blaikie, T. David; 
University of Canterbury). 
 
Liquid Phase Synthesis of Nanoparticles (R. Tilley; Victoria University of Wellington). 
Mediator Modified Graphite and Vertically Aligned Carbon Nanotubes for Use in Microbial Fuel Cells (D.J. 
Garrett, A.J. Downard, X. Liu, K.H.R. Baronian, L. Larson; University of Canterbury; Christchurch 
Polytechnic Institute of Technology; University of Otago). 
Microbe Stabilization (G. Bunt;  AgResearch). 
 
Nanophage: Making Small Things Smaller (N.J. Bennet, J. Conway, J. Rakonjac; Massey University; 
University of Pittsburgh USA). 
 
Nanoscale  Molecular  Architectures for Ultrasensitive Detection of Small Biomolecules  (J. Mitchell; 
HortResearch). 
 
Nanoscale Replication and Imaging of Biological Cells (M.M. Alkaisi, J.J. Evans, J. Mitchell, W.M. Arnold, 
F. Samsuri, S.N. Ibrahim, V. Nock; University of Canterbury; Christchurch School of Medicine; NZ Institute 
for Plant and Food Research; Industrial Research Ltd). 
 
Plasmonic Biosensing with Gold Nanohole Arrays (J. Sharp, J. Mitchell, L. Lin, N. Sedoglovich, R. Blaikie; 
HortResearch; University of Canterbury). 
 
Polyaniline Nanotubes for Oligonucleotide Sensors (Jadranka Travas-Sejdic, L. Zhang, H. Peng, P.A. 
Kilmartin, Z. Zujovic, R. Tilley C. Soeller; University of Auckland). 
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Protein Nanotubes as a Scaffold for Bioremediation (J. Raynes, J. Gerard, M. Staiger, S. Meade, G. Pearce; 
University of Canterbury). 
 
Tissue Engineering (T. Woodfield, M. Staiger; University of Canterbury). 
Towards Bio-Sensing Using Biological Detectors (R.D. Newcomb; NZ Institute for Plant and Food Research; 
The University of Auckland). 
 
Acknowledgement. Dr. Maan Alkaisi of The University of Canterbury was largely responsible for the 
foundation of the BNN, with funding from the NZ Tertiary Education Commission through the MacDiarmid 
Institute. 
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Learning from Biomineralisation 

Kathryn M. McGrath 
MacDiarmid Institute for Advanced Materials and Nanotechnology,  

School of Chemical and Physical Sciences, Victoria University of Wellington, Wellington, New Zealand 

 
Butterfly wings, egg shells, coral and crayfish shell all seem decidedly disparate and yet 
may all be classified together. The guise for which this holds true is that the organisms 
partake in the manufacture of materials that have highly defined complex hierarchical 
structures with length scales spanning the sub-nanometre to metre. Even restricting 
ourselves to those materials based on minerals (the so-called biominerals) presents us with 
a plethora of choice including mammalian bone, sea urchin spines and pāua shell.  All are 
calcium-based materials.  The former is an amorphous phosphate-based system while the 
latter two are crystalline carbonate-based minerals in the form of calcite and aragonite, 
respectively. 
 
Looking more closely at this subset we see that while biominerals are chemically similar to 
geological minerals, they are in fact tailor-made with specific size characteristics, have 
enhanced physical properties, such as resistance to corrosion, durability and toughness and 
perhaps most importantly from the perspective of efficient utilisation of resources, are 
synthesized under benign conditions.  The level of structural control demonstrated is 
unrivalled in the synthetic world with many of the materials characteristics of these 
biominerals being highly coveted, particularly if they can be recreated in other chemically 
and physically diverse materials such as semiconductors and photoelectronic materials or 
replicated for use for example as biomedical implant materials.  The question of how, has 
inspired many studies in the field of biomineralisation, yet our understanding remains 
limited, though it is widely believed that biopolymers and proteins are fundamental control 
agents for achieving the complex hierarchical structures. 
 
Our research on biomineral formation and more generically hierarchical materials 
synthesis is couched within the calcium carbonate family of materials and the formation of 
sea urchin spines and mollusc shells. Our focus spans from the molecular length scale on 
up with particular emphasis on the molecular recognition processes that occur at the 
organic/inorganic interface and the self-assembly of the polymers directing the structural 
evolution of the biomineral. Understanding how the organic framework mediates the 
inorganic crystal growth offers significant benefits if it can be reproduced in synthetic 
systems. Hence our aim is to develop an understanding of structure/function relationships, 
nucleation and growth mechanisms, kinetic factors and the role of self-assembly.  In this 
talk I will introduce two of our central foci: 1) isolation, purification and determination of 
the role of proteins in biomineralisation in sea urchins and molluscs and 2) the use of 
polymer scaffolds to direct and control crystal nucleation, growth, morphology and 
association. 
 
In sea urchins and molluscs, control of the different physicochemical features of the 
calcium carbonate is, at least in part, achieved through the presence of macromolecules, 
which manipulate both polymorph type and final crystal habit. From an evolutionary 
perspective sea urchins are more highly evolved than molluscs and their protein chemistry 
is much more complex.  Moreover we have evidence that while in molluscs the proteins 
and biopolymer exist as separate entities and therefore have the ability to function 
independently of each other, in sea urchins this functionality is combined into a single 
macromolecule via post-translational modifications. As such while separation of individual 
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proteins occluded into mollusc shells is mostly achievable, due to the highly acidic nature 
of the proteins[1] in conjunction with the extensive post-translational modifications, 
isolation of individual proteins with specific functions for proteins occluded into sea urchin 
spines and other higher organisms has proven extremely difficult – they smear and stick to 
fractionation media.  As a consequence glycoproteins associated with biomineral 
construction are typically sequenced at the transcription level,[2] omitting their post-
translational modifications of which the morphological activity remains poorly 
understood.[3]  Hence the purpose of this component of the research was to compare the 
protein content of sea urchins and pāua (here Evechinus chloroticus and Haliotis Iris, 
respectively, both species are endemic to New Zealand) and determine function similarities 
and differences and in particular determine the role of the post-translational modifications.  
This thereby enables us to determine the minimal functional requirements to achieve 
morphological control. 
 
While investigating directly the structure/function relationships of proteins and 
glycoproteins will yield significant insight into the mechanism of biomineralisation, such 
macromolecules are enormously complex.  Moreover in restricting ourselves to just the 
molecular-based interactions brought about via a direct interplay between the proteins and 
the nucleating crystals we do not necessarily allow ourselves to determine all of the key 
control elements in a biomineralising system.  With this in mind we have investigated the 
use of self-assembly of biopolymers.  In molluscs the proteins and biopolymer (here chitin) 
are separate entities and it is known that the insoluble chitin matrix is a three-dimensional 
hierarchical structure that correlates directly to the structure of the inorganic material.[4]  
Using these ideas we have developed a responsive biopolymer scaffold that enables control 
of calcium carbonate platelet formation and association.  The final material has a structure 
and length scale comparable to that seen for the aragonitic plates of pāua shell/nacre.  This 
opens the possibility of utilising high molecular polymers, waste products of the fishing 
industry to generate inorganic/organic composite materials with hierarchical structure 
comparable to that found in native biominerals. 
 
The results from this research go some way towards elucidating the nature of the 
interactions that control biomineral synthesis.  Through this a better representation of 
biomineralisation will be obtained, synthetic biomineral analogues will be fabricated and 
perhaps more importantly a pathway for improved structural control in advanced materials 
fabrication will be developed that encompasses the ideas of efficient resource utilisation 
and benign synthesis conditions. 
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European/South African cooperation in scientific and technical research 

Francois Prinsloo1,2 

1 Contracts R&D Manager, CSIR National Laser Centre 

2 National Contact Point NMP, ESASTAP 

 
In 2009 the South African Department of Science and Technology (DST) designated 
ESASTAP (European South African Science & Technology Advancement Programme) to be 
the implementing agent for the South Africa - COST Reciprocal Agreement. COST is 
Europe's oldest science and technology (S&T) networking programme, and under the 
Reciprocal Agreement, COST will avail funding for European researchers to undertake short-
term scientific missions to South Africa, whilst ESASTAP will avail funding to South African 
researchers undertaking such missions to Europe.  
 
South Africa's participation in FPs dates from the signing of an agreement on S&T co-
operation between the EU and South Africa in 1996. Due to limited participation initially, 
ESASTAP was established as a dedicated platform aimed at promoting S&T cooperation 
between SA and the EU, and to address challenges encountered by SA and EU researchers 
wishing to participate jointly in European Union Framework Programmes.  
 
ESASTAP is a specific support action, implemented by the DST and funded by the European 
Commission (EC) under the Sixth Framework Programme (FP6) that significantly enhances 
the support and assistance available to both South African and European researchers to 
optimally leverage mutual benefits from this partnership. Through enhanced networking and 
partnering, scientists and institutions from the European Union and South Africa can jointly 
explore new and emerging scientific and technological areas, anticipate future science and 
technology needs, and cooperatively seek to resolve major global issues. 
 
ESASTAP is able to provide seed funding from the DST to contribute or enhance South 
Africa's Science & Technology knowledge base and human capital through the following 
support mechanisms: 
 

• Seed funding  
• Strategic co-investment  
• A network of National Contact Points (NCPs)  
• Strengthening of EU/SA relationships 
• Permanent Senior Science and Technology Representative in Brussels 

 
Due to the establishment of ESASTAP, South Africa’s participation in FP7 has increased 
significantly with 61 participants in 54 projects receiving funding to the value of ~€11.5 
million. Thematically this participation occurs as follows  
 

• Health         13 
• Food, Agriculture, and Biotechnology     9 
• Information and Communications Technologies    8 
• Nanotechnologies, materials, and new production technologies  1 
• Environment         5 
• Transport         4 
• Science in Society        1 
• Infrastructure         5 
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• International Cooperation       4 
• Marie Curie Actions        3 
• Security         1 
• Socio-economic sciences and humanities     5 

 
With regards to the COST programme, South Africa has participated in the following 
programmes 
 
929 A European Network for Environmental and Food Virology, Faculty of Health 

Sciences, University of Pretoria 
CM0701  Cascade Chemo-enzymatic processes - New synergies between chemistry and 

biochemistry (CASCAT), CSIR Biosciences 
D39   Metallo-Drug design and action, Mintek, Randburg 
IS0602  International Law in Domestic Court, Centre for Human Rights, University of 

Pretoria 
873  Bacterial diseases of stone fruits and nuts, Forestry and Agricultural 

Biotechnology Institute (FABI), University of Pretoria 
E54  Characterisation of the fine structure and properties of papermaking fibres 

using new technologies, Forestry and Forest Products Research Centre, 
CSIR/UKZN 

FP0801  Established and emerging phytophthora: increasing threats to woodland and 
forest ecosystems in Europe, Forestry and Agriculture Biotechnology Institute 
(FABI), University of Pretoria 

FP0804  Forest management decision support systems (FORSYS), Department of 
Forest and Wood Science, Faculty of AgriSciences, University of Stellenbosch 

FP0902  Development and harmonisation of new operational research and assessment 
procedures for sustainable forest biomass supply, Faculty of AgriSciences, 
University of Stellenbosch 

IC0602  Algodec: algorithmic decision theory, CSIR 
IC0806  Intelligent monitoring, control and security of critical infrastructure systems, 

CSIR/University of Pretoria 
IS0804  Language impairment in a multilingual society: linguistic patterns and the road 

to assessment, University of Stellenbosch 
MP0702  Toward functional subwavelength photonic structures, Nanosciences 

Laboratories, iThemba Labs 
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COST ACTION TD0908 
Marine adhesives: from biology to biomimetics 

Patrick Flammang 
Université de Mons, Belgium 

 
Of all biological phenomena that have been investigated with a view to biomimetics, 
adhesion in nature has perhaps received the most interest. Indeed, biological adhesives 
often offer impressive performance in their natural context and, therewith, the potential to 
inspire novel, superior industrial adhesives for an increasing variety of high-tech 
applications. Yet, because of the complexity of biological adhesion and the multi-
disciplinarity needed to tackle it, there has been little visible progress in the development 
of bio-inspired adhesives and many technological challenges remain, such as the 
development of adhesives which can function underwater or in aqueous environments. The 
marine environment is a place of choice for the search of inspiration for such adhesives. 
Indeed, numerous invertebrates like molluscs, worms or sea stars produce adhesive 
secretions that are able to form long-lasting attachments even when totally immersed. 
These adhesive secretions contain specialized adhesive proteins, sometimes associated 
with other macromolecules such as polysaccharides. From the biologists’ perspective, 
marine adhesives may serve one or more of the following functions: (1) the temporary or 
permanent attachment of an organism to a surface, including dynamic attachment during 
locomotion and maintenance of position; (2) the collection or capture of food items; or (3) 
the building of tubes or burrows. The evolutionary background and biology of the species, 
on one hand, and environmental constraints on the other hand, both influence the specific 
composition and properties of adhesive secretions in a particular organism. The diversity 
of marine adhesives is therefore huge and daunting for researchers but, in return, it will 
also allow a great deal of flexibility in applications.  
 
Three types of adhesion can be recognized in marine invertebrates. Permanent adhesion is 
characteristic of organisms that attach strongly to a substratum with a solid glue possessing 
high adhesive and cohesive strength (e.g., tube-dwelling worms). Temporary adhesion 
occurs in animals that attach firmly, but only temporarily, to the substratum through visco-
elastic secretions and therefore retain the capacity to move (e.g., sea stars). Finally, 
instantaneous adhesion comprises adhesive systems that rely on single-use organs or cells 
and are used in functions requiring a very fast formation of adhesive bonds like prey 
capture or defence reactions (e.g., sea cucumbers). All these systems allow underwater 
attachment but differ by their structure, functioning, and the characteristics of their 
adhesive proteins. In our laboratory, we are studying model organisms representative of 
these different types of adhesion in order to extract essential structural, mechanical and 
chemical principles from their adhesives. Simplification of natural systems while retaining 
the desired efficacy is, indeed, one of the foundation stones of biomimetics. Bio-inspired 
adhesives are then produced in the form of (1) recombinant preparations of the adhesive 
proteins, or (2) chemically synthesized polymers incorporating adhesive motifs shared by 
phylogenetically different organisms (molecular convergences). One can easily imagine 
that such bio-inspired adhesives should find applications, for example in the design of 
novel coatings or in the medical and dental fields. 
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COST Action 868 
Biotechnical Functionalisation of Renewable Polymeric Materials 

Georg M. Guebitz 
Graz University of Technology, Institute for Environmental Biotechnology 

 
Renewable polymeric materials from agricultural origin such as proteins, polyesters, 
polysaccharides and lignin are currently under-utilised due to the high cost and difficulties 
in their processing (i.e. further functionalisation). This Action aims at the development of 
new highly sophisticated technologies to introduce new functionalities to the surface of 
polymer materials in order to design smart products with applications in medicine, 
cosmetics, construction or technical textiles. 
 
Two approaches for the production of smart renewable materials are investigated in this 
COST Action. First, sophisticated surface modification techniques using enzymes to 
specifically form cross-linkages or novel functionalities to polymer surfaces is used. 
Secondly, the production of recombinant functional/hybrid biopolymers is exploited a tool 
to obtain smart renewable materials. 
 
COST Action 868 is structured in 3 working groups: 
 
WG1 Functionalisation and coating (Leader: A. Cavaco-Paulo, W. Zimmermann) 
WG2 Recombinant and natural functional microbial biopolymers (Leader: C. Rodriguez-
Cabello, M. Zinn) 
WG3 Smart polymers (Leader: H. Lenting, T. Tzanov) 
 
Working Group 1 aims for a set of new methods (e.g. involving enzymes) allowing the 
production of new functional natural and bioartificial materials. 
A close cooperation between enzymologists, molecular biotechnologists and experts on 
polymer chemistry and engineering is required to meet the strong need for a systematic 
multidisciplinary approach investigating the potential of advanced techniques for 
biopolymer modification for coating and composites applications. Within this Working 
Group, enzymology covers new oxidative enzymes, hydrolases and transferases. Working 
Group 1 established analysis methods both for mechanistic studies (e.g. enzymatic radical 
formation on polymer surface for activation for coating) and to access final 
physicochemical, biological and mechanical parameters. State-of-the-art techniques are 
discussed and already lead to a more cooperative approach in terms of making expensive 
machinery available to the participants (e.g. via STSMs). 
 
Working Group 2 (C. Rodriguez-Cabello, M. Zinn) 
In this working group, European research activities in the field of functional microbial 
polymers (protein and polyester based) are combined. Two approaches are compared: 
recombinant protein based polymers constructed containing functional groups in their 
backbone. The second approach investigates the biosynthesis of biopolyesters 
(polyalkanoates) allowing the production of co- and terpolyesters with different functional 
side chains.  
 
The task genetic engineering of protein-based polymers is carried out in cooperation with 
biotechnologists and polymer scientists and engineers. To exploit the potential of nature a 
portfolio of possible functionalities of protein based polymers will be created (e.g. 
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environmental sensing, specific surface attachment, self-assembling, specific bioactivities, 
etc.). 
Functionalisation of polyhydroxyalkanoates (PHA) is studied by engineering biosynthesis 
to yield polyesters with varying side chains with functional properties. These include 
applications for antifouling surfaces, in medicine (tissue engineering, wound treatment, 
and sutures), and in pharmacy (drug release). 
 
Working Group 3 aims to establish a platform to connect the enormous potential of 
functional materials to the increasing complexity requirements to polymeric materials. The 
establishment of this new technological platform on smart polymers (with presence of end-
users and industry) is based on the combination of modern biotechnology and traditional 
polymer science. As a main outcome, this platform are truly advanced polymers for 
biomedical applications (implants, tissue engineering, controlled drug delivery), smart 
systems and materials molecular machines, sensors, actuators) and nano-related products 
such as 3D self-assembled nanostructures (nano-tubes, nanowires, nanofibres, 
nanospheres, etc.), nanopatterned surfaces for high through-put chemical analysis, 
combinatorial chemistry and nanofluidics, as well as nanocomposites and others. In 
addition, commodity materials, matching and outperforming the properties of oil-derived 
plastics, elastomers and fibres are also being tailored. 
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COST Action FP0904 
Thermo-Hydro-Mechanical Wood Behaviour and Processing 

Parviz Navi 
Bern University of Applied Sciences, Research Unit Materials and Wood Technology 

 
The polymeric components of wood and its porous structure allow its properties to be 
modified and its shape transformed under the combined effects of temperature, moisture 
and mechanical action; so-called Thermo-Hydro-Mechanical (THM) treatments. Various 
types of processing techniques, including high temperature steam with or without an 
applied mechanical force, can be used to enhance wood properties, to produce eco-friendly 
new materials and to develop new products. During these THM treatments, wood undergo 
complex mechano-chemical transformations, which depend upon the processing 
parameters and material properties. An investigation of these phenomena requires 
collaboration between groups from different wood disciplines; however, to date research 
has been rather fragmented. This COST Action will apply promising techniques in the 
fields of wood mechanics, wood chemistry and materials science through an 
interdisciplinary approach to improve knowledge about the chemical degradation and 
mechanical behavior of wood during THM processing. This will help overcome the 
challenges being faced in scaling-up research finding, as well to improving full industrial 
production, process improvement and the enhancement of product properties and the 
development of new products. 
 
Wood is the ultimate renewable material. It possesses qualities that have made it a material 
of choice for millennia, these qualities further enhanced by its recognized carbon 
sequestration. However, as a biological material it suffers the same fate as a natural 
material, namely degradation. There are ways in which wood can be enhanced, including 
eco-friendly methods. One of the emerging eco-friendly methods is the combined use of 
temperature, moisture and mechanical (THM) action.  
 
THM processing can improve the intrinsic properties of wood, to produce new materials 
and to acquire a form and functionality desired by engineering without changing its eco-
friendly characteristics. There are numerous THM processing techniques and the number 
of these processes is growing continuously. In this ACTION these processes have been 
divided into two major categories; Thermo-Hydral treatments (TH) and Thermo-Hydro-
Mechanical (THM) treatments. 
 
TH is usually used to enhance wood properties, and is of importance in stress relaxation 
during drying by high temperature, in the formation of wood-based composites or veneer 
products and in artificial ageing of wood. THM in the other hand is employed in producing 
of new materials by densification, shaping by moulding, welding of wood by friction, 
embossment, bending of wood, wood fusion, and chip-less manufacturing. During THM 
treatment, wood undergoes large deformation, stress relaxation and chemical degradation, 
but with strong shape memory depending on parameters like temperature, moisture 
content, applied forces, processing time and the type of wood. Several TH and THM 
processes have recently been developed in Europe, Japan, the USA and Canada, but only 
some of them have been scaled-up industrially.  
 
 
This COST Action will apply promising techniques in the field of wood mechanics, wood 
chemistry and materials science through the collaboration between groups from different 
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wood disciplines, from academia and industry to overcome the major challenges of 
TH/THM treatments. 
 
- Understanding treatments 
Thermo-Hydral (TH) and Thermo-Hydo-Mechanical (THM) treatments are increasing in 
popularity primarily at research level, as well as at industrial and commercial level across 
Europe and worldwide. This COST Action aims at three methods (TH, THM-open and 
THM-closed) all have common themes (each contains the TH aspect of processing), with 
variations in applied mechanical external influences. The range of applications associated 
with these processing tools is considerable, including heat treatment, wood welding, 
moulding, densification, large bending, profiling, wood drying under high temperature and 
surface densification. 
 
- Meeting product needs 
Establishing a knowledge base for TH, THM-open and THM-closed will help in the basic 
understanding of the raw material, through detailed assessment of the complex interactions 
of wood components at the micro- and macromolecular level. This understanding will help 
evaluate performance in use, the limitations of products and the overall service life of 
processed wood. In effect, these factors will help build up a quality control system for 
wood and wood products based around TH, THM-open and THM-closed. 
  
- Providing industry with solutions 
There is a need to better understand the processing needed, allowing treatments to meet 
product needs. Altering the way in which wood is treated is known to dramatically alter the 
way it performs. During TH treatments some unwanted effects can happen. Examples of 
unwanted effects are strength loss of the wood during treatment particularly in the 
transverse direction, embrittlement, rapid ageing and high dispersion of the mechanical 
properties. Establishing a greater understanding through knowledge exchange will allow 
effective processing of wood. This is particularly the case in transferring knowledge and 
experience from the R&D sector to the industrial sector.   
Considering the key aspects of the scientific problems encountered in existing TH, THM-
closed system and THM-open system leads to three principal research areas which will be 
coordinated in the Action:   
- Investigation of the chemical degradation of wood under TH treatments, influence of 

processing conditions on the long-term behaviour, ageing and undesired side effects. 
- Modelling and characterization of Thermo-Hydro-Mechanical behaviour of wood under 

high-temperature steam during up-scaling, analysis of the risk of cracking and damages, 
understanding the origin of the dispersion of the material properties and size effects 

- Investigating the mechanisms of stress relaxation by Thermo-Hydral treatments and 
fixation of compression-set recovery for new THM products with sound economical, 
ecological and functional properties  

The scope of each of these research areas is sufficiently broad to encompass other aspects 
that may need to be included as the COST Action develops. 
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COST Action FP0802 
Experimental and computational micro-characterization techniques 

in wood mechanics 

Lennart Salmén, Karin Hofstetter* 
Innventia 

*Vienna University of Technology 

 
The emerging techniques in the fields of physics, chemistry, materials and computer 
science bear an enormous potential for the investigation of wood materials. Their 
appropriate application will boost the state-of-the-art in wood mechanics. Highly 
sophisticated imaging techniques in combination with increasing computer processing 
power and memory capacities allow studying materials at always smaller length scales. 
This COST Action aims at exploiting the emerging experimental and computational 
techniques for improving the knowledge of microstructural features of wood and their 
relevance for the macroscopic material behaviour. Particular attention will be paid to the 
effects of moisture, load, temperature, and time on the mechanical behaviour. The 
increased knowledge of the hygro-thermo-mechanical behaviour of wood will result in 
better predictability of the material properties and their changes over time and, thus, 
enhance the reliability of the material.  Together with the improved characterisation 
techniques, the better knowledge base will create new possibilities for the development and 
engineering design of innovative wood-based products in the future, starting off at the 
scale of the wood cell wall or its constituents.  Stimulating the use of wood as a renewable 
and CO2 neutral raw material will contribute to a sustainable development in Europe. 
 

 

Figure 1: Structure of wood at the microscale. 
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COST Action FA0904 
Eco-sustainable Polymer Nanomaterials for Food Packaging (PNFP) 

Clara Silvestre 
Istituto di Chimica e Tecnologia dei Polimeri- Consiglio Nazionale delle Ricerche - Italy 

 
The Cost Action FA0904 will constitute an international scientific and technology network 
on issues related to Eco-sustainable Polymer Nanomaterials for Food Packaging (PNFP), 
for the preservation, conservation and distribution of high quality and safe food. The 
Action aims at exploiting the potentiality of polymer nanotechnology in the area of food 
packaging treating in a complete way the demanding needs of the users, such as health, 
environment, taste, cost and the specific requirements of the food industry. The envisaged 
direction is to look at the complete life cycle of the PNFP by the combined efforts of 
leading research and industrial groups. The Action will identify the barriers (in research 
and technology, safety, standardisation, trained workforce and technology transfer) that 
prevent a complete successful development of PNFP and will indicate the strategies to 
proceed further. Already 54 partners including 13 companies and coming from 23 
countries have shown interest in the Action, which will be organized in 4 Working Groups: 
WG1-Development of new safe PNFP; WG2-Development of new processing 
technologies including modelling and simulation; WG3-Development of new strategies to 
identify any critical interaction of PNFP with food; WG4-Ethics, Standardization, Science-
society dialog. 
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COST Action MP0802 
Self-assembled guanosine structures for molecular electronic devices 

Lea Spindler 
University of Maribor and J. Stefan Institute, Slovenia 

 
Self-assembly is central to many processes in biology and chemistry, but it was not until 
recently that it became interesting also in the field of nanotechnology, especially molecular 
electronics. Currently, a worldwide research effort is directed towards identifying and 
investigating self-assembling systems that will serve as building blocks for future 
molecular-scale devices. Among them, guanosine-based systems are promising candidates 
due to their importance in biologically relevant systems, as well as the relatively low 
ionization potential of the guanine base. Recently, G-quadruplexes were found to show 
preliminary signals of high conductivity and electronic rectification, and their use as hybrid 
photodetectors, biotransistors and even ionophores has been suggested. Merging the 
established properties of guanosine in biorecognition with the potential for forming 
extended electron channels available for charge transport opens a wide range of possible 
biomedical applications.  
 
At the moment the main challenge is to provide flexible, reproducible and well structured 
architectures that can be easily deposited in a programmable way. Action MP0802 faces 
this challenge by investigating how to: 
- use well structured guanosine-based materials (G-quadruplexes, G-ribbons) as a basis 

for complex self-assembled electronic units, 
- obtain full understanding on basic physical and chemical principles of guanosine-

assembly, 
- study electronic and optical properties of guanosine-based materials by experimental 

and theoretical approaches, 
- design the build-up of molecular-scale electronic elements and their inclusion into 

electronic circuits, 
- synthesize novel, optimized, materials that will meet specific electronic and optical 

requirements, 
- build the next generation of molecular-scale circuits based on recognitive guanosine-

assembly. 
 
 

  
 
Figure 1: Guanosine molecules self-assemble into highly ordered G-quadruplex structures (left). G-
quadruplexes deposited on mica substrates form extended G-wires as seen by AFM (right) 
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Cellulose fibres arrangement directing hygroscopic movement 

Yael Abraham 
The Smith Institute of Plant Sciences and Genetics in Agriculture, The Faculty of Agriculture, 

The Hebrew University of Jerusalem, Rehovot, 76100 Israel 

 
Plants are able to adapt their material properties and the geometry of their organs for 
various functions [1], primarily by modification of the plant cell walls [2,3,4]. The walls 
consist of stiff semi-crystaline cellulose microfibrils, cross-linked by hemicellulose and 
embedded in a gel-like matrix of pectins and other materials [5]. Cellulose microfibrils 
have traditionally been considered as the main load-bearing components in the cell wall 
whose orientation determines the direction of preferential wall extension [6]. This was 
found to be applied also in various dispersing organs capable of hygroscopic movement, 
such as spore capsules [7,8] conifer cones [9] and various awns [10]. The hygroscopic 
bending movement was explained based on the differential contraction of bi-layered 
structure, similarly to the bimetallic strip reaction to temperature changes [11].  
 

 
 
 
 
 
 

  
 
 
 
 

Figure 7: (a) Dispersal unit of E. Gruinum. (b) A wet cross section, 10 µm thick, cut from the coiling part of 
the E. Gruinum awn, about 1cm above its base. Scale bar: 100 µm. inset: close up of the marked region. 
Scale bar: 50 µm. (c) polarized light microscopy image. Scale bar: 50 µm. (d) Scanning electron micrographs 
of fractured awn. Scale bar: 200 µm. Insets: close up on the cells in the outer (upper inset) and inner (lower 
inset) regions of the cross cut. Scale bar: 10 µm. (e) Raman images (50 µm x 50 µm) of the inner and outer 
region of the E. Gruinum awn in the coiling section by integrating over the 1081-1118 cm-1 range, an 
orientation- sensitive cellulose band. The polarization of the applied laser is in the x-direction. 
 
In a variety of grass species, awns play a significant role in seed dispersal and burial. It has 
long been observed that the movement of various awns was controlled by humidity level, 
where low humidity brings about the contraction of actuating parts in the awn and high 
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humidity causes these parts to relax. The daily cycle of humidity level produces a periodic 
movement, propelling the attached seed across the ground into safety [12,13,14,15]. 
We study the structure and function of the hygroscopically active twisting awns of 
Erodium species. The highly specialised awn consists of a coiling body that ends in a 
curving tail (figure 1a). It propels the seed across the ground as it expands and contract in 
reaction to the changing humidity. Using light microscopy (Figure 1b,c), electron 
microscopy (Figure 1d) and Raman spectroscopy (Figure 1e), we found that the awn 
consists of three distinct tissue layers with different cellulose orientation. Our initial results 
indicate that the additional layer may control the direction of the twist. The elucidation of 
the exact cellulose orientation, based on Raman and WAXS measurements, will provide us 
with vital information regarding the awn's movement mechanism and its moderation. This 
insight will allow the design of artificial moving structures. Furthermore, as cellulose is 
one of the most abundant materials on earth, the ability to implement it in new, exciting 
fields can lead to substantial cost reduction and to greener production, as cellulose is 
biodegradable. For instance, in 2006 cellulose application as a piezoelectric material was 
first reported [16], with foreseen applications in creating cheap, light weight moving 
contraptions. By implementing our understanding of cellulose orientation and layering, 
complex movement can be achieved in such contraptions. 
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Biomimetic stabilization and assembly of superparamagnetic iron oxide core-shell 
nanoparticles 

Esther Amstad, Lucio Isa, Marcus Textor and Erik Reimhult* 

Laboratory for Surface Science and Technology, D-MATL, ETH Zurich, Switzerland  

 
An attractive way to create smart materials is by bottom-up self-assembly or self-
organization using hybrid building blocks which incorporate “antenna function” to 
transducer stimuli from external field to a functional matrix responding to the transmitted 
stimuli. In Nature a common theme is the assembly of functional components such as 
proteins into amphiphilic membranes or interfaces.  
 
Inorganic nanoparticles (NPs) can by design interact strongly with external, e.g., electric or 
magnetic fields, thus providing an attractive synthetic way of creating nanoantennas on the 
same size scale as biological systems. However, nanoparticles are inherently reactive and 
prone to aggregation and degradation, and their assembly into hierarchical structures is still 
in its infancy and far from the complex hierarchies observed in natural systems. 
 
Superparamagnetic iron oxide nanoparticles (SPIONs) are biocompatible and easily 
synthesized NPs which respond strongly to magnetic fields, but dispersing of single 
SPIONs for biomedical and other smart material applications require them to retain high 
stability even in extremely dilute suspensions, high salt and at elevated temperatures. 
Furthermore, these applications require close control over SPION hydrodynamic diameter 
and interfacial chemistry.  
 
Low molecular weight dispersants can be co-adsorbed on nanoparticle surfaces through a 
simple “grafting-to” technique. This allows the desired close control over the interfacial 
chemistry and hydrodynamic diameter. The latter is solely determined by the iron oxide 
core diameter and the dispersant molecular weight, packing density and solubility, all 
parameters which can be tuned and exploited as the responsive matrix material. 
Stabilization of oxide nanoparticles with low molecular weight dispersants relies on 
anchors which have a high affinity, extremely low rate of desorption and which pack 
dispersants densely onto the nanoparticle surface. Recently, dopamine and DOPA, two 
catechol derivatives, have been used as high affinity anchor groups. However, their 
performance is debated.  
 
We describe how other catechol derivatives, nitrocatechols, have vastly higher affinity to 
iron oxide and how they can be specifically tailored as anchors to optimally stabilize 
magnetite nanoparticles by a simple grafting to approach [4-5]. Our investigation of 
SPION stabilization using a range of different catechol derivatives demonstrates the 
demanding requirements to achieve perfect SPION stability. However, the methodology as 
well as the radically different binding mechanism of nitrocatechols to Fe3O4 that was found 
demonstrate new testing and design principles to achieve ultra-stable SPIONs through 
dispersant adsorption.  
 
We have further combined synthesis of Fe3O4 cores of defined size in the 5-15 nm range 
with the freedom to choose dispersant type and molecular weight to tailor particle size and 
stability. An important lower cut-off molecular weight for stability of 1500 Da for PEG 
dispersants was found even for densely packed nitrocatechol dispersants for NPs in the 5-
15 nm range in bulk solution [6]. 
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To organize SPIONs into extended materials we have explored fluid amphiphilic 
interfaces. A liquid-liquid interface can provide high trapping energy with simultaneous 
high mobility and long-range interactions to organize NPs at the interface into membranes. 
However, the behaviour of small core-shell NPs assembling at fluid hydrophobic-
hydrophilic interfaces is almost unexplored and we demonstrate that for well-stabilized 
PEG-shell SPIONs the particles do not only strongly adsorb to a stable maximum packing 
density, but also go through packing and ordering transitions driven by the increasing 
surface pressure at the interface as the particles adsorb from the bulk [6], which was 
measured by pendant drop tensiometry and single particle tracking. The observations of a 
defined end state and ordering transitions contrast to the existing scant literature treating 
NP and macromolecule adsorption at these interfaces, where inferior colloidal stability 
have led to aggregation. Additionally, colloidal stability in the bulk phase was 
demonstrated to not be a sufficient requirement for controlled assembly at the liquid 
interface as higher molecular weight dispersants were required to avoid aggregation [6]. 
By using particles with crosslinkable groups in thermoresponsive shells we expect to create 
membranes with defined porosity for which pore density and spacing controlled by the 
assembly conditions can be reversibly actuated by application of external magnetic fields. 
 
In a related approach, we have utilized nitrocatechol anchors to create hydrophobic core-
shell NPs for incorporation into the hydrophobic core of amphiphilic liposome and 
polymersome membranes. Compared to commonly used oleic acid stabilized SPIONs, we 
could increase the membrane loading of SPIONs by a factor of 100. The explanation for 
this is likely to be the irreversible binding of the nitroDOPA-palmitoyl, which not only 
prevents aggregation of the SPIONs within the membranes, but also do not release 
membrane destabilizing oleic acid. Furthermore, we have shown that despite reaching high 
loading in, e.g., liposomal membranes, the permeability and melting temperature of the 
lipid membrane are only weakly affected. We are thus able to create, e.g., stealth drug 
delivery vehicles which do not leak hydrophobic or hydrophilic drugs carried in the 
membrane or vesicle lumen respectively, and potentially image their path inside the body 
and release the drugs by locally heating and disrupting the membranes by Néels relaxation 
as the SPIONs are subjected to external magnetic AC fields. We emphasize that current 
delivery systems relying on small in vivo temperature differences cannot reach this 
performance due to either inherent leakiness or too high stability (slow release) as 
temperature induced permeability change is a broad transition. 
 
In summary, we present how we have developed a novel bioinspired anchor chemistry 
which allows us to carefully control the surface chemistry of SPIONs and thus their 
physical properties in 2D and 3D colloidal systems. In addition, we describe how fluid 
amphiphilic interfaces can be used to capture and order SPIONs into smart materials. 
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Bark as heat insulation: New approaches for bionic insulation materials 
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Surface fires are the most frequent forest fire type not caused my man. During these forest 
fires, a trees probability to survive depends on its ability to protect its living formative 
tissue, the cambium, from lethal temperatures above 60 °C [1]. Thereby the bark, which is 
the sum of all tissues outside the cambium, serves as an insulation layer. Bark is used by 
man as an insulating material for centuries already. But as early as 1965 Hare [2] suggested 
bark as a natural design for a bio-inspired insulating board. Further investigations on the 
(ultra-)structural parameters of bark combined with the largely known bark chemistry may 
be used to improve existing heat insulating and fire retardant materials or even lead to 
completely new biomimetic materials. These biomimetic materials may – in addition to 
their fire retardant properties – be additionally equipped with moisture and temperature 
regulating properties. Our data suggest that structural and physical bark parameters such as 
thickness, moisture content, density, porosity, and external and internal structure that differ 
in tree species with different forest fire adaption may be used as concept generators.  
By forest fire simulations the heat output of a surface fire was reconstructed in the 
laboratory [3]. The influence of bark thickness and bark moisture content on the heat 
insulation capability of the bark of seven tree species was examined and therefore their fire 
resistance τ60 [4] was determined [5,6]. For thin bark a linear correlation was found 
between bark thickness and fire resistance. This holds for both wet and dry bark. For thick 
bark a power correlation between bark thickness and fire resistance was found. Fig. 1 
shows the correlation between bark thickness and fire resistance for oven-dried bark. 
 

 

Figure 1: Correlation between bark thickness and τ60 for oven-dried bark. A linear correlation, which holds 
for thin bark, is indicated in the figure 

 
As this result is independent of the species examined, a trees fire resistance may be 
estimated in first order approximation only by its bark thickness, if bark moisture content 
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is known. The influence of bark structure and bark density affects a trees fire resistance to 
a lesser extent and thus may be neglected in this first order approximation. 
Two mathematical models simulating a forest fire (Fig. 2) were programmed and their 
results compared to the experimental results. Model 1, which is based on the experimental 
set up, can simulate the experimental results quite well, whereas model 2 simulates the 
situation in a real tree. The combination of findings obtained from the comparison of the 
mathematical models with the experimental results and the analysis of the bark parameters 
render a solid basis for improving existing heat insulating and fire retardant materials and 
may even lead to the developments of new biomimetic insulating materials. 
 

 

Figure 2: Two mathematical models simulating a forest fire. Model 1 simulates the situation comparable to 
the experiments conducted here, whereas Model 2 simulates the effect of a forest fire on a tree with wood 
adjacent to the bark. The temperature equalization is shown in the figure. HT = heat transfer, cb = combusion 
gas -> bark, ba = bark -> air, bw = bark -> wood 
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In recent years, great effort has been devoted to the development of synthetic fibrillar 
structures which mimic those present on gecko toe pads [1]. Gecko toe pads are formed by 
fibrils called setae which are subdivided into up to 1000 spatulae and which allow the 
animal to adhere very strongly through van der Waals forces to almost any dry surface.[2] 
Such an hierarchichal structure is required to provide adaptation to rough surfaces while 
avoiding spatulae condensation. Moreover, gecko setae not only adhere strongly to both 
hydrophobic and hydrophilic surfaces, but also dettach very easily when required, 
accounting for an effective reversible and switchable adhesive.  
 
Several fabrication methods (lithography, hot embossing, filling of nanoporous 
membranes, chemical vapour deposition of CNT arrays, etc.) have been used in order to 
mimic the structure present in gecko toe pads [1].  Although very high adhesion forces 
have been obtained with CNT arrays,[3] this behaviour was only achievable on flat, regular 
surfaces, which is not the case in real situations. Attempts to fabricate hierarchichal 
structures, which would allow adaptation to rough surfaces, are still in their beginnings and 
these structures currently present lower adhesion force than their single-level counterparts 
[1]. Similarly, reversibility of the adhesion behaviour have not been achieved: most 
synthetic structures, although adhering well to different surfaces, do not include any 
mechanism for easy release. Recently, one-way reversible adhesives have been fabricated 
through photo- and soft-lithography with shape memory polymers[4].  However, the cycle 
could be repeated only once. 
 
In this work, we report on the preparation of reversible, dry adhesives based on side-chain 
liquid crystal elastomers (LCE). LCEs were composed of a flexible siloxane backbone 
containing 2 mesogens, in order to tailor the polarizability and the transition temperature of 
the material. Subsequently, the elastomer was patterned via photo-lithography with 
simultaneous aplication of and electrical field (to orient the mesogens) and temperature (to 
increase mesogen mobility). After cooling to room temperature, non-irradiated zones were 
dissolved and patterns such as those shown in Figure 1 were obtained. Due to the 
sensitivity of LCE to different external sitmuli (temperature, electrical field, light), this 
system may be used as a reversible adhesive: pillars may be induced to tilt or to shrink, in 
both cases decreasing the contact area and, consequently, the adhesion force. The process 
is fully reversible: a change in the polarity of the electrical field or of the wavelength or a 
decrease in temperature bring the system to its original upright, extended configuration, 
with a consequent increase in adhesion force. Patterns were produced having variable pillar 
diameter (from 5 to 50 μm), given by the patterns of the mask, and aspect ratio (L/D), 
given by the thickness of the LCE film. Adhesion was measured with pillars in both 
shrinked or extended shape, by using a home-made indentation apparatus with a sapphire 
sphere. The influence of geometric (diameter, aspect ratio) as well as chemical 
(composition of the LCE) parameters on the adhesion and reversibility behaviour was 
assessed. 
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Figure 1: example of pillars obtained by photo-lithography of LCE. 
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Knots are the most abundant discontinuities in timber with a major effect on mechanical as 
well as aesthetical properties of sawn wood. Knots can vary in their appearance to a high 
degree due to different diameters, changing orientation to the board surface, their 
physiological state in the tree (dead knots, alive knots). The mechanics of trees [1] and the 
junction between branches [2] and the trunk have been subject to very few studies 
compared to the importance. 
The present study is comparing the distribution of strain in longitudinal and tangential 
direction as well as shear strain. Each of the different samples of Spruce Picea abies (L.) 
wood loaded in tension in longitudinal direction showed one of the following features: 
- Alive knot perpendicular to the board’s surface 
- Dead knot perpendicular to the board’s surface (lose or stuck) 
- Drilled hole in a sample with parallel fibres 
- Square hole in a sample with parallel fibres 
- Parallel fibres without discontinuities 
The strain was determined by means of electronic laser speckle pattern interferometry 
(ESPI). Figure 1 illustrates the observed shear strain distributions. Around an alive knot 
(A) the shear strain showed the lowest gradients. The dead knot (B) displays an 
intermediate state whereas distinct strain concentrations can be found in the case of the 
drilled hole in parallel fibres (C) as well as in the corners of the square hole (D) due to the 
lack of naturally optimized fibre orientation around the discontinuities. 
The knowledge derived from observing trees has been linked to technical shape 
optimization [3, 4] and transferred via FEM to the construction routines for technical parts 
[5]. This study contributes to a better understanding of  the efficiency of stress distribution 
around the knots in Norway spruce wood, but also could be of benefit to frontier timber 
grading approaches [6] implementing a more detailed picture of the impacts of knots on the 
material’s strength. 

 

 

Figure 1: Distribution of shear strain of Spruce wood specimens with an alive knot (A), a dead knot (B), a 
circular hole drilled into a board with parallel fibre orientation (C) and a square hole in a clear sample with 

parallel fibres (D). 
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Superhydrophobic surfaces have attracted much interest in the last decades for both 
fundamental research and practical applications. The development of such surfaces is 
mostly driven by the promise of self-cleaning properties of these coatings [1]. 
 
Superhydrophobic and self-cleaning surfaces already exist widely in nature, such as 
butterfly wings, legs of a water strider or leaves of some plants. Amongst them, the most 
famous example of self-cleaning is of course the lotus leaf, symbol of purity in several 
Asian religions. Despite growing in muddy water, the leaves remain clean; when rainwater 
hits the leaves of the lotus plant, the droplets roll off the surface, washing off any 
contaminations and dust (Figure 1). 
 

 

Figure 8: Lotus leaf with water droplets on top (left) and nanostructure of the surface of a leaf (right). 
 
Previous studies revealed that self-cleaning property of lotus leaves originates from the 
combination of micrometer-scale hills and valleys and nanometer-scale waxy bumps, 
together with the reduced adhesion between surfaces and particles. Their surface is usually 
labeled as, hydrophobic. [2]. Generally, a surface is called superhydrophobic if it exhibits a 
water contact angle larger than 150 °C and a low sliding angle [3]. The dual-size roughness 
combined with the proper chemistry appears to be essential to reach superhydrophobicity. 
 
In a previous cooperation between DSM and TU/e, a nature-inspired approach, christened 
the “raspberry” approach, has been developed, leading to superhydrophobic surfaces [4]. In 
this method, the key to introduce well-controlled dual-size roughness involves the 
synthesis of raspberry-like inorganic silica particles. In a first step, large epoxy-modified 
silica particles (700 nm) are reacted with small amino-modified silica particles (70 nm). 
The surface with a dual-size hierarchical structure was then developed by depositing these 
raspberry-like particles on an epoxy based coating. Finally, a layer of PDMS was grafted 
on the top of the roughed surface to render the film surface superhydrophobic (Figure 9) 
[5]. 
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Figure 9: Preparation of superhydrophobic films based on raspberry-like particles [4]. 
 
However, due to the large particle size, this superhydrophobic coating is not optically 
transparent. The “raspberry” approach typically uses particle sizes in the order of the 
wavelength of visible light and therefore scattering occurs. But for many applications, in 
particular for displays, transparency is of the utmost importance.  
 
Hence, the first aim of this project is to develop a structure with sufficient hydrophobicity 
as well as transparency directly on a glass surface during tempering of the glass. To this 
end, it is necessary to realize a dual-sized surface topology as obtained with the raspberry 
approach on a much smaller scale, i.e. down to 10/80 nanometer scale. In a later stage, 
anti-reflectiveness and scratch-resistance of the material will also be investigated. 
 
Herein, we present the successful synthesis of inorganic silica nanoparticles within the 
targeted range. The modification of the particles was investigated, leading to the amino- 
and epoxy-functionalization of the silica particles. The synthesis of the raspberry-like 
nanoparticles was then further investigated, and the first superhydrophobic transparent 
coatings were prepared. The synthesized particles were characterized by DLS and 
Elemental Analysis and their morphology was evaluated by SEM and TEM. 
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Many living organisms, vegetal or animal can be exposed to sub zero temperatures and  
have to prevent freezing or to adapt to make the conditions acceptable. Among the many 
distinctive ways that nature has developed to protect living species from cold temperatures, 
anti-freeze (glyco) proteins is one of the most original examples of cold protection. Natural 
anti-freeze proteins are extracted from fish, insects or plants and prevent ice formation in 
an unique non-colligative way by inhibiting the growth of microscopic ice crystals at 
subzero temperatures. As a result interesting properties are observed such as altering the 
ice crystal lattice, lowering the freezing point of water without altering the melting point, 
or inhibiting the ice recrystallization process. The mechanisms by which the AFPs prevent 
ice formation have been subject of a number of studies (see review [1]), the current work 
aims to exploit the findings from pure natural AFP systems to build novel surface coatings 
of engineering importance. 
 
This project focuses on development of polymer-based surface coatings with anti-freeze 
functionality inspired from the natural (glyco) proteins found in arctic fish in order to 
reduce the ice build-up.  Preventing icing occurring in installations is an important 
challenge for many industries such as aviation, civil construction (bridges), high power 
transmission system, or air-conditioning industries. Ice accretion reduces the efficiency of 
system, and can under some conditions be a major hazard that could cost human lives. The 
most popular de-icing chemicals currently used (salts or glycol) are hazardous to the 
environment and the waste treatment disposal is costly and time consuming.   
 
This work studies the feasibility of coating substrates with polymers that mimic the 
proteins’ morphology and functional groups in order to create anti-icing surfaces.  The 
polymer films were self-assembled on an Al surface.  The structure and thickness of the 
films formed has been characterized using FTIR, Raman spectroscopy and contact angle 
measurement.  The anti-freeze performance of the formed films was then tested on a 
purpose-built rig in which the formation of ice crystals was recorded.  This study shows 
that compared to the uncoated aluminum, polymer treated surfaces help to prevent the 
formation of ice by promoting the undercooled water state and reducing the ice 
crystallization temperature.  Some initial suggestions of the important factors in preventing 
ice accretion and future tests are discussed.  
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SUMMARY 
Cocoons produced by Bombyx mori silkworm are natural polymer composite materials 
made of silk fibre and sericin resin. This work looks at the structure of cocoons, and the 
mechanical behaviour of a cocoon and its components.  
 
Keywords: Biomimetic composite, Mechanism, Silkworm Cocoon 
 
1. Introduction 
Bombyx mori is a domesticated silkworm producing silk fibres for the textile industry. As 
sericulture has been practiced for at least 5000 years in China, this domesticated silkworm 
has undergone strong artificial selection and optimisation. A silkworm cocoon produced by 
Bombyx mori is a natural polymer composite shell made of a single continuous silk strand 
and conglutinated by sericin. It provides the silk fibres for human use and also protects the 
moth pupa against microbial degradation and desiccation during metamorphosis, as well as 
protecting against potential predators [1]. The main goals in this project are to 
understanding the porous nonwoven biological composite structure of silkworm cocoons 
and the mechanical properties of a cocoon and its components.  
 
2. Silk Fibre and Sericin Resin 
Silk fibre in the cocoon is composed of two fibroins conglutinated by a layer of sericin. 
Silk fibroin is a natural fibrous protein with a semicrystalline structure. It accounts for 
about 75 wt.% in the fibre. Sericin is an amorphous polymer that accounts for 25 wt.% and 
acts as an adhesive to maintain the structure of the two fibroins in a fibre and the overall 
cocoon structure. Our tests of silk fibre show that it has strength of 300MPa and Young’s 
modulus of 9GPa with 35-40% elongation.  
 
Tensile tests on silk fibres from the Bombyx mori cocoons reveal that breakage of the 
sericin layer into segments 1 to 2μm long on the fibre could be seen at a tensile strain of 
6%. Because of the difference in modulus between sericin and fibroin, the sericin attached 
on the fibroin breaks down into discrete lengths when stretched. This leads to breakage of 
the sericin between the fibroin strands, then the pull-out of the fibroin from the sericin. A 
study of sericin has also been carried out by comparing the strength of natural and 
degummed silk fibre and calculating the strength of sericin using a Law of Mixtures. The 
apparent strength of sericin on the fibres from experimental results varies from 15 to 
30MPa, although the variability is high.  
 
Stress-strain curves for model amorphous sericin are predicted using Group Interaction 
Modelling. The key predicted parameters are a low strain modulus of 4GPa and a tensile 
yield stress of about 130 Mpa, which is the same as the calculated brittle failure stress. This 
shows that the sericin (like many synthetic thermoset resins) is right on the border between 
brittle and ductile, and so the failure mode will depend very much on the local deformation 
conditions and the tendency to cavitation for brittle failure and yield for ductile failure.  
The bond interfacial strength between sericin and fibre is estimated by fracture mechanics 
calculations, to be in the range 200 to 300 MPa. This shows that sericin-fibre bonds would 
be expected to break slightly earlier than the fibres, which goes well with observations 
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during tensile experiments. This estimate is also of the same order as the strength of a 
hydrogen bonded protein interface. 
 
3. Mechanical Behaviour and Morphology of Cocoon Composite 
A Bombyx mori cocoon is a 3D structure fibre network with 83% porosity. Our tensile test 
results show that Bombyx mori cocoon, which has strength of 31MPa and an average 
modulus of 330MPa, is an isotropic material with about zero Poisson’s ratio. The failure 
mechanism of cocoon is shear fracture and multiple delamination, rather than the breaking 
of fibres..  
 
Simple models have been formulated for quantitatively understanding the mechanisms 
operating in cocoons that determine their mechanical properties. The tensile strength of 
cocoons largely depends on the number of inter-fibre bonds in the sample, while the 
modulus of cocoons depends upon its density based on an open cell foam model. 
 
4. Layer Structure of Cocoon Composite 
The Bombyx mori cocoon has a number of parallel layers with a small number of fibres 
connecting between them. Literature suggests that it consists of three main parts: the 
outermost cocoon coating, the middle shell layers and the innermost tetelette, which have 
different microstructures and functions.  
 
Our SEM pictures show that the innermost layer tetelette has a completely different 
morphology from other layers. Sericin wraps the whole fibre and connects the fibres as a 
net, which forms a soft layer for cushioning the silkmoth inside the cocoon. In middle shell 
layers, the fibroins separate from each other when crossing with other fibres. More and 
more sericin roller could be seen in the outer layers. Tensile tests reveal that the tetelette 
layer has the highest tensile strength (50MPa) but the lowest elongation at break (25%) 
compared with cocoon shell layers (30MPa and 45%), while the cocoon coating layer has 
25MPa breaking strength. Also, the strength of fibre from the cocoon coating (outermost 
layer) is only one third (100MPa) of that of fibre from the cocoon shell (320MPa), and the 
strength of sericin in the coating layer (4.5MPa) is less than that in cocoon shell (15-
30MPa). 
 
5. Conclusions 
A series of experiments and analysis have been performed to investigate the structure and 
mechanical behaviour of Bombyx mori cocoon. The properties of the cocoon composite 
have been quantitatively related to composite network structure as well as the properties of 
silk fibre and sericin resin. 
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When problems and damaging processes caused by past conservation treatments are 
recognised, possible re-treatment procedures and preservation strategies have to be 
considered. However, most current treatments have drawbacks or limitations which could 
simply make matters worse in the long run. 
 
This problem is exemplified by the alum-conserved wooden objects from the Oseberg find 
from Norway, which is the most richly decorated Viking Age find in the world [1]. The 
wooden objects have been treated with alum (Kal(SO4)2·12H2O), meaning that the objects 
are boiled in a supersaturated alum solution at close to 100oC. Crystals form on the surface 
of the treated objects after cooling [2]. Unfortunately, the pH value of alum-treated 
artefacts becomes so low that even the lignin remaining in the objects is actively degraded 
In the century which has passed since the treatment of the Oseberg artefacts, they have 
become increasingly unstable [3]. Most are now unable to support their own weight and 
cannot be safely moved from their current display frames. The low pH inside the objects 
and metal ions from both treatments and the numerous metal screws and nails used to 
fasten the many wooden bits to the metal frames, complicates the matter even further. If 
nothing is done, the most famous Viking Age find in Norway will be irrevocably lost! The 
Museum of Cultural History and the Department of Chemistry, both part of the University 
of Oslo, have therefore dedicated a PhD research project to help develop and test new 
materials for wood conservation. 
 
During conservation of waterlogged wood, a consolidant is added to the wood to 
strengthen its structure. This is often a polymer which is able to penetrate far into the 
degraded wood [2 ]. Some of the most used materials nowadays include PEG (poly 
ethylene glycol/poly oxyethylene), Kauramin (melamine formaldehyde), and sugars. While 
the PEG and sugars can be washed out of the wood given time, they often do not offer 
sufficient support for larger objects. Melamine formaldehyde, on the other hand, cannot be 
removed and may form a 'plastic block' making it impossible to re-treat the object later on.  
 
When designing new materials for the conservation of archaeological wood it is vital that 
the object has an open structure after treatment, leaving room for further reconservation of 
the artefact in case the current consolidant proves to be unstable. Additionally, the material 
must be compatible with the existing wooden structure (which shrinks and swells with 
changes in relative humidity) and be strong enough to support the finds despite having an 
open structure. 
 
Such an open structure could either be a kind of 'spider web' which will support the 
leftover wooden material, or a 'co-polymer' model where the consolidant binds directly into 
the degraded wood. Nanoparticles might be used for support since some of them have acid 
neutralising properties. Hybrid particles could be surface treated so polymer can bind to 
them, making them a part of the polymer network. 
 
Since the majority of the leftover archaeological wooden material consists of lignin [4], it 
may be particularly interesting to look to lignin-like materials as such properties mean that 
it will be easy to get the bulking agent to interact with the wood. 
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In a test where lignin was extracted directly from wood to form lignophenols it was found 
that the polymerised matrices held powdery substances effectively [5]. Since some dry, 
degraded archaeological wood is powdery, this idea might be transferable to the field of 
cultural heritage.  
 
Lignophenol has similarly been applied to archaeological wood where it overall gave better 
strengthening than the often used consolidant PEG4000. Unfortunately, pure water may 
not be a suitable solvent for impregnation [6]. 
 
We propose that existing lignin – such as the surplus from the paper industry – could be 
treated to adhere better to the archaeological wood. This may require acetylation or similar 
modification of the wood and/or lignin. Alternatively, lignin may be biomimetically grown' 
inside the wood. In this way, degraded wood can be strengthened by what is, chemically 
speaking, more wood. thus it would be insured that dimensional change during fluctuations 
in relative humidity would be identical for the wood and the consolidant. 
 
Some ideas from materials science have already been implemented in treatment of 
nonwooden cultural heritage – such as using nanoparticles for the stabilization of wall 
paintings. The small size and large surface areas of these particles allow for good 
penetration. In addition, inorganic materials can be reinforced with the exact same material 
as the artefact is made from [7].  
 
No matter which approach is at tempted, however, there are many requirements for a 
stabilising agent for archaeological wood, the consolidant must be workable in a museum 
environment (at normal temperature, pressure, and without emitting toxic fumes). The 
material cannot expand, contract or otherwise warp the wood. Likewise, it must have a 
slightly acidic pH value suitable for wood. It must be able to penetrate the wood 
thoroughly and last for a very long time. It should be light enough that the objects are not 
compromised due to added weight. As mentioned, the most important aspect is the 'open' 
structure which must be possessed by the bulking material in order to ensure that 
retreatment is possible. 
 
It is hoped that these ideas and requirements can help cross-disciplinary collaboration and 
encourage people normally working outside the field of conservation to think along new 
lines in order to secure our common cultural heritage. 
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In nature several classes of molecular motors fulfil different functions in the living cell [1]: 
proton pumps in membranes, motor proteins like myosin, DNA and RNA polymerases, 
flagellar motors in bacteria. In this context, single molecule studies of various synthetic 
molecular motors may provide access to a more fundamental understanding of molecular 
scale processes. Future nanodevices such as levers, valves and pumps will require 
molecular motors to generate mechanical work as a consequence of appropriate external 
stimuli. Electrochemically switchable single polymer chains are possible candidates for 
these motors [2]. In recent years, Prof. Vancso’s group has been developing redox-driven 
macromolecular motors by investigating various stimuli-responsive poly[ferrocenylsilanes] 
(PFSs) (Fig.1) [3]. The studies of their closed mechano-electrochemical cycles were done 
using electrochemical AFM-based single-molecule force spectroscopy (SMFS). Molecular 
motors must continuously run cycles reversibly to produce work. PFSs can reversibly be 
oxidized and reduced by external potentials which leads to changes in their mechanical 
properties and can be used to drive cyclic molecular engines. A chain lengthening of 
oxidized with respect to neutral chains was observed, which is attributed to the electrostatic 
repulsion between the oxidized ferrocene centers along the chain. A force of ca. 200 pN on 
the AFM cantilever was detected upon redox stimulation, while a single prestretched PFS 
chain was held at a constant z position. The single-chain efficiency was found to increase 
with increasing stretching ratio. Experimentally, a maximum efficiency of 26% was 
observed. 
 
Electroactive polymers (EAP) are attracting increasing attention because of their potential 
use for creating actuators which mimic muscles [4]. In such systems, stimuli induced 
changes in macromolecule properties, such as in conformation, charge sign, charge 
density, polarity. These ‘smart’ materials can sense external stimuli and respond 
accordingly in real time. Typical stimuli are temperature, pH, ionic strength, light and 
redox. Among these, redox stimuli have been explored least and may offer fast and 
reversible switching between states. At present the Twente and Catania groups are 
studying PFS polymers to create a biocompatible electrochemical responsive actuator, that 
expands and contracts reversibly during redox. To do that, organometallic hydrogels 
composed of redox-responsive PFS polycations or polyanions were synthesized, using 
covalent crosslinking (Fig.2) [5]. PFS was chosen because this polymeric material can be 
oxidized and reduced reversibly. Its oxidation state can be varied in a continuous manner, 
depending on the applied potential. Since the hydrogels are water-based, they likely are 
biocompatible. Because of the charge of the side-groups, our hydrophilic solids swell in 
water. Upon oxidation, positive charges are formed in the main chain, causing the 
polyanion network to shrink and the chains to collapse due to internal charge 
compensation. Technologies to study viscoelastic materials adequately are difficult to find, 
therefore new measurement techniques and devices have been developed and prototyped in 
Catania. In particular we focused on the polyanionic hydrogel, of which we report on the 
results of chemical, mechanical and electrochemical characterization and viscoelastic 
modelling. The material shows a large water uptake, a swelling ratio of ±120 and it can be 
reversibly dried and rehydrated [5]. The elastic modulus is between 1.5÷3.2 kPa by 
relaxation tests. The best theoretical viscoelastic model was the Maxwell and Kelvin-
Voight in series, which is described by the following four-parameter equation: 
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It varied from experimental model with a more than acceptable error of ±15.3 Pa (Fig.3). 
During cyclic voltammetry tests (Fig.4), the hydrogel collapses upon oxidation and 
expands upon reduction. The generated thrust during expansion is proportional to the 
sample size and therefore to the integrated charge transfer. To create a unidirectional 
thrust, the hydrogel was put inside a cylinder. For samples of 100 mm3 the force measured 
was 50 Pa. 
 

 
 

Figure 1: Model of PFS molecular motor [3b]. Figure 2: PFS polyanion hydrogel [5a]. 

 

 
 

 
Figure 3: Relaxation curves of PFS hydrogel. Figure 4: Cyclic voltammetry test of PFS 

hydrogel. 
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A case study in BioTRIZ: ‘heat-selective’ insulation for radiative cooling of buildings 
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The creators of BioTRIZ [1] – a ‘thinking tool’ for ‘doing’ biomimetics – claim it can be 
used to facilitate the transfer of biological principles to solve engineering problems. It was 
applied in this study to frame and resolve a technical conflict in the field of radiative 
cooling for low-energy building design. Radiative cooling is a passive mechanism by 
which heat from a building can be radiated into outer-space – particularly in areas of the 
world where the atmosphere is dry and clear – thereby reducing the energy required for 
artificial cooling. The BioTRIZ study allowed a comparison between engineering and 
biomimetic approaches to one tightly formulated problem and led to several ideas for new 
technology. The test results for a prototype bio-inspired cool-roof system are presented. 
 
For a roof mass to be radiatively cooled and kept below the local ambient temperature, it 
needs access to a longwave view of the sky. Simultaneously, it must be kept in isolation 
from convective and solar gains. An insulation material transparent to atmospheric 
radiation is required.  
 
A very large palette of engineering materials has been developed by harnessing large flows 
of energy to manipulate the bulk properties of a very large variety of substances. But 
beyond still air or a vacuum, ‘heat-selective’ insulation materials do not exist. The small 
group of infrared transparent materials are semiconductors and thus have high thermal 
conductivity. 
 
One very efficient but expensive way of making infrared transparent insulation would be to 
sustain a vacuum between two germanium panels, treating the outermost surface with a 
solar reflective coating. Creating a vacuum requires energy while sustaining it requires the 
processing of an infrared transparent substance (such as germanium) into a sealed 
sandwich panel which is both robust and has the right spectral properties on the outer 
surface. 
 
In contrast, biology’s repertoire for harnessing phenomena is based largely on the 
manipulation of structure and information – and to a lesser degree, space. This control is 
expressed on several different length-scales within the material, from the molecular level 
up. One of the key benefits of this approach is that otherwise conflicting properties can be 
assigned to different levels on a structural hierarchy orchestrated accordingly.  
 
The radiative cooling conflict calls for the separation of phenomena that occur on different 
length-scales. Ultimate convection control is exercised in porous skeletons with voids 
smaller than the ‘mean-free path’ of air – between 60 & 100 nanometers – while radiation 
exchange between objects on the ground and the atmosphere occurs on wavelengths 
between 5 & 100 micrometers.  
 
One bio-inspired response is to embed within a layer of foam an array of reflective 
pathways that channel longwave radiation up and out. The principle of operation is the 
addition of an extra level of structure to a conventional insulation material. The 
manipulation of space – or shape – on that additional level is important too, using 
geometries defined in the domain of non-imaging optics. Spectral selection is part of both 
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the engineering and biological repertoire, so the presence of a solar reflective coating on 
this new bio-inspired material would not be out of place.  
 
To the knowledge of the author, the separation of infrared and convective flows across a 
space has not yet been observed in a biological organism [2]. However, applying design 
principles arrived at through the comparison of engineering and biology is arguably a more 
effective way of ‘doing’ biomimetics than the literal copying of biological phenomena.  
 
Test panels to demonstrate the operating principle of this new bio-inspired material-
structure were built and tested on a rooftop in central London. They cooled to between 6 
and 13 degrees below ambient temperature on May and April nights. Radiative cooling 
powers of between 25 and 70 W/m2 were measured when plates were at ambient 
temperature. Daytime radiative cooling occurred when clouds blocked direct sunlight. 
Radiative cooling power was increased by 37% using reflective funnels, demonstrating 
scope for further optimisation using geometries defined by non-imaging optics. 
 

 

Figure 1: Rapid Prototype Model showing macrostructure of Heat Selective Insulation, upside down. 
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The development of bone-implants has seen a great number of innovations in the years 
past. Nevertheless, children’s needs were often not taken into account. This shall be 
changed in the new Laura-Bassi-Center BRIC (BioResorbable Implants for Children).  
 
The resorbability of implants is especially important for children, for whom hospitalisation 
is more traumatic than for grownups and an implant removal is always necessary in 
contrast to adults. Making the implants bioresorbable, the patients could be spared the risk 
and trauma of a second operation to remove non-biodegradable implants [1].  
 
The implants developed and tested in the BRIC-programme are bio-inspired in a number of 
ways. Firstly, the surface of the materials tested should resemble the natural conditions in 
terms of surface roughness: Thomas and Cook [2] stated that direct bone apposition is 
highly dependent on the surface structure. According to Rödhammer [3], the optimal 
surface for bone ingrowth should have pores of 50 to 300 µm. In the course of the BRIC 
project, surface roughness is tested with stereoscopic imaging in the REM (see figure 1). 
 

Figure 10: Surface profile of a magnesium implant, compiled with stereoscopic imaging 
 
Secondly, weight and dimensions of the implants should mirror the natural features of the 
bone which is to be supported. Here, special attention has to be given to children’s bone 
structure, i.e. the implants should not interfere with bone growth. Therefore, studies of the 
specifics of juvenile bones and their reaction to implants will be of importance. To this 
end, stiffness tests of lamb bones with and without comprising the epiphysial cartilage as 
well as the lamb’s bones reaction to implantation of bioresorbable implants are envisaged 
in the course of the project. 
 
Furthermore, problems of implants which were not bio-inspired (such as metals) could be 
avoided using biodegradable implants. The mechanical properties (stiffness, compressibi-
lity etc.) of conventional implants being too different from the properties of the natural 
bone can result in problems such as osteoporosis, implant loosening or delayed healing. 
This could be avoided with bioresorbable implants, as their degradation slowly and 
continuously restores the level of stress on the bone to the original amount [4]. Hence, 
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measurements of material properties of the implants are of the utmost importance - not 
only before, but also after a time of implantation into a living organism. To this end, 
implants were operated into Sprague Dawley rats and push-out tests were performed after 
different implantation times. Further testing of the material properties is under way. REM-
images and EDX-analysis are also used to distinguish if natural bone has actually grown to 
the implant (figure 2). 
 

 
Figure 11: PLGA implant with adhered bone 

 
Additionally, a prerequisite for biodegradable implants is that the human body can degrade 
the material they are made from [5]. Thus, extensive studies of transport mechanisms of 
the body and reactions of tissue to the implant materials are of vital importance. These 
studies will make use of histology to find any local inflammatory reactions as well as 
differential blood counts checking for significant differences between groups of rats 
implanted with conventional versus those with bioresorbable implants. The more the 
materials resemble their biological environment, the less likely they are to be biologically 
incompatible. Bio-inspiration is, consequently, an important aspect in the BRIC program’s 
development of new degradable implant materials. 
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The biodiversity in Nature resulted from millions of years of evolutionary processes 
through which materials with different structures and morphologies were developed.[1] 
For plants, the key of survival and expansion in initially inhospitable environments was the 
multifunctional boundary (plants cuticle), that provided specific surface properties such as 
protection from radiation, controlled wettability, temperature control, anti-adhesive or self-
cleaning properties (to avoid contamination/infection).[1] 
Functional coatings have very much in common with this boundary structure, as they are 
meant to protect the under layers and provide specific interactions with the surrounding 
media. Inspired by Nature examples, like the surface-structure of flowers or plants leafs 
(Fig. 1 a), superhydrophobic surfaces with well-defined chemistry and topology have been 
intensively investigated (Fig. 1 b).[2-4] 
 

         

Figure 1: a) euphorbia mysinites leaves and respective surface-microstructure (SEM image) and b) 
superhydrophobic coating with raspberry morphology inspired by the Lotus-leaf microstructure (AFM 3D 

image) [4]. 
 
Many of the reported structured-surfaces have been developed in order to prepare coatings 
with advanced features such as self-cleaning[5], anti-fouling, stain resistant or water-
repellent[6] properties. However, most of these surfaces are easily damaged by the simple 
handling of the materials which results in loss of the surface-structure, chemical 
functionalities and related chemical/physical properties. This irreversible loss reduces the 
materials service-life time and increases the energy and costs involved in the coatings 
maintenance. Hence, the investigation of robust structured-surfaces, which are able to 
withstand daily usage for a longer period of time, is critical for the sustainable 
development of coatings with advanced properties, e.g. easy-to-clean/self-cleaning ability. 
In our laboratory, a Nature-inspired approach has been developed leading to a very 
promisingly robust superhydrophobic surface[4]. This was achieved by incorporating 
inorganic nanoparticles with raspberry morphology into a polymer layer, which was 
subsequently hydrophobized with a low-surface-energy polymer layer[7] 
 
In Nature, biological surfaces recover from surface damage through complex self-healing 
mechanisms triggered by external-stimuli. In a similar way, the damage inflicted in 
coatings can be considerably reduced through the introduction of self-repairing 
mechanisms which can (partially) recover the chemical/physical properties of the material.   
In that sense, a new self-replenishing system with the ability to recover low-surface-energy 
groups on a polymeric coating surface, was previously reported by our group[8]. It was 
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shown that Poly(urethane)-based cross-linked coatings can recover a certain concentration 
of low-surface energy groups (fluorinated dangling chains) in a surface layer of ~ 5 nm, at 
room temperature[9]. The replenishing effect is driven by differences of energy of the new 
surfaces created after damage and occurs through the surface-reorientation of the low-
surface-energy groups, which are homogeneously distributed in the bulk and covalently 
bonded to the cross-linked network. 
 

 

Figure 2: Scheme of the self-replenishing of low-surface-energy groups  in polymeric coatings previously 
reported in our group[8].  

 
Following this principle we are currently investigating a self-replenishing system on 
polymeric coatings with structured-surfaces. These materials will have low-surface energy 
groups at rough surfaces, which can be reoriented towards new surfaces created upon 
damage. With this combination our ultimate goal is to develop robust superhydrophobic 
coatings with the ability to self-replenish chemical functional groups on damaged surfaces.  
The synthesis and characterization of polymeric coatings with robust structured-surfaces 
and low-surface-energy groups segregated at the air/coating interface will be reported. The 
first results on the evaluation of the self-replenishing of the low-surface-energy groups on 
the structured surfaces will be discussed. 
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Plasma treatment of polymer surfaces is frequently used in polymer processing 
technologies to introduce surface roughness. During plasma treatment, the surface of a 
material is exposed to a broad spectrum of ions, electrons, excited neutrals, radicals, UV 
and VUV radiation. On a polymer, these species may cause melting, etching and grafting 
processes at the surface. As a result, the surface chemical composition and topography 
undergo significant changes and surface properties get modified. These changes depend on 
the initial chemical nature and physical state of the material, as well as on the applied 
plasma treatment conditions.  
 
In the case of semicrystalline polymers, crystalline and amorphous domains at the surface 
are expected to show different response to plasma treatment. By controlling the crystalline 
morphology through thermal and mechanical pretreatments, different surface nanopatterns 
could be observed after plasma etching. In particular, nanofibrilar surfaces that mimick the 
surface structure of gecko’s attachment pads were obtained.  
 

 

SEM pictures after oxygen plasma treatment of a uniaxial oriented PET sample  
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Low weight, good conductivity, and relatively high energy absorption make cellular 
metallic structures attractive for use as structural elements in lightweight engineering 
applications. Cellular sponges, which offer permeability, infiltratability and high porosity 
of up to 97 %, are prominent among metal foam products due to their adjustable pore size, 
shape and configuration. Despite the achievable mechanical properties, precision-cast 
metal sponges are rarely used as structural elements due to the high manufacturing cost. 
The realization of potential structural applications can be achieved by linking sponge 
structures to hierarchical structures. The production of solid and cellular component 
regions in a single production stage, and the resulting low weight of precision-cast, bio-
inspired structural elements, make castings of this kind interesting for application in the 
transport (automobiles, air transport, etc.), aerospace and medical sectors [1]. 
 
The project “Impact resistant hierarchically structured materials based on fruit walls and 
nut shells” is part of the Priority Programme 1420. Its scope includes analysis and testing 
of the pummelos peel (Citrus maxima) and revealing how its structure impacts the 
properties of the cellular wall of the fruit. Relative to its weight, the peel of the pummelo 
has excellent mechanical properties, despite the limited number of materials involved. 
These properties are achieved because the cellular peel is hierarchically structured [2]. 
The investigation of the fruit enables a stepwise transfer of its differentiated structure to 
biomimetic components. Systematic variation of the structure reveals the impact of each 
hierarchical level on the properties of the components, thus providing a systematic 
investigation for hierarchical biomimetic structures. The projected transfer of the fruit 
hierarchy covers the tissue or sandwich structure (at the largest scale), the sponge structure 
and morphology of the struts and pores, as well as the strut and phase structure (at the 
smallest scale). 
 
Prior to the transfer of hierarchical structures some aspects of technical production like the 
implementation of various cell geometries as well as cell sizes and the realization of 
various hierarchical levels in a single structural element must be investigated. In a sponge 
structure pores represent the first hierarchical level [3]. Metallic sponges are produced at 
the Foundry Institute of the RWTH Aachen using the modified investment casting process. 
The use of polyurethane sponge models enables the targeted changes to the structure. By 
compression or elongation of the model it is possible to set an anisotropic pore shape. 
According to R. Lakes [3], this close-to-nature pore shape is necessary to enhance the 
mechanical properties of a technical sponge through a hierarchical structuring. It is 
possible to achieve a gradation of pore size by joining or using wax to thicken the 
polyurethane sponge model locally.  
 
Beside the changes to pore shape and size the modified investment casting process enables 
an additional hierarchical level by the integration of long fibres to cast structures. The long 
fibres are introduced into the sponge model and wax-dipped along with the sponge. 
According to R. Lakes [3], adding a secondary porosity to the sponge struts or at the 
sponge nodes enables the realization of a second hierarchical level. Targeted setting of the 
material and process parameters of the modified investment casting process results in 
secondary porosity at the sponge struts and nodes (Fig. 1a). 
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b) c) 

Modelling of hierarchical structures needs to be completed in the absence of material-
specific defects. Oxide inclusions and metal hierarchies need to be excluded or kept 
constant as far as possible. Because of their low casting temperature and surface tension, 
and due to their lack of solidification contraction, eutectic bismuth-tin alloys promise to 
deliver the desired properties. 
Investigations of the material-specific hierarchy of precision-cast, 10 ppi (pores per inch) 
bismuth-tin sponges reveal at least one grain boundary between two sponge nodes (Fig. 
1b). The assumption is that this grain boundary, located in the middle of the strut, will 
reduce the mechanical properties of the structure. In contrast a 30 ppi Bi-Sn sponge shows 
a low number of grains and grain boundaries. 
 

 

Figure 1: a) Shrinkage porosity as 2nd hierarchical level in a 10 ppi A 356 sponge; b) Grain size of a 10 ppi 
Bi57Sn43 sponge; c) Schematic example of a possible hierarchical structure generated from the knowledge 

gained within the SPP 1420 project 
 
As shown, first possibilities to integrate hierarchical levels to a cast structure are 
investigated. The prospect to additionally modify the cellular sponge structure by 
introducing further hierarchical levels allows the production of biomimetic structural 
elements with excellent properties (Fig. 1c). 
 
The authors wish to thank the DFG (German Research Foundation) for its financial support 
of the project “Impact resistant hierarchically structured materials based on fruit walls and 
nut shells” within the scope of the Priority Programme 1420. 
 
References: 
[1] – D. Fettweis, M. Grohn, M. Rosefort, A. Bührig-Polaczek, P.R. Sham, Feingießtechnisch hergestellte 
offenporige zellulare metallische Werkstoffe und Werkstoffverbunde, Abschlussbericht zum Vorhaben BU 
1072/1-3, (2006) 
[2] – R. Seidel, A. Bührig-Polaczek, C. Fleck and T. Speck, Impact resistance of hierarchically structured 
fruit walls and nut shells in view of biomimetic applications, In: Proceedings of the 6th Plant Biomechanics 
Conference (ed. Bernard Thibaut), French Guyana (2009), in press. 
[3] – R. Lakes, Materials with structural hierarchy, Nature 361, S. 511-515, (1993) 



119 
 

Rapid self-healing processes in plants as concept generators for self-repairing 
technical membranes for pneumatic structures 

Felix Flues a, Thomas Speck a,b, Rolf Luchsinger c, Olga Speck a,b  
a University of Freiburg, Plant Biomechanics Group, Faculty of Biology, Botanic Garden (Germany) 

b Competence Networks Biomimetics and BIOKON (Germany) 
c Empa, Center for Synergetic Structures, Dübendorf (Switzerland) 

 
In pneumatic systems damage of the air-containing membranes leads to a decrease in 
pressure and thus loss of function. Regarding for example Tensairity® structures, 
pressurised typically to about 50 to 300 mbar, pressure is regulated and kept constant even 
in the case of small lesions by compressors [1] [3]. A more elegant solution, which is the 
goal of this cooperation project, is the development of a bio-inspired membrane with self-
sealing properties. Such a membrane will not only be useful and possibly broadening the 
range of application for Tensairity® structures, but also for other pneumatic systems. 
A patented biomimetic PU-foam coating polymerised under pressure was developed that is 
able to immediately seal punctures up to a diameter of 5 mm [2] [3] [4]. The functional 
principle is based on repair mechanisms of the sclerenchymatous outer ring found e.g. in 
the liana Aristolochia macrophylla. Here parenchymatous cells under internal pressure 
(turgor) rapidly expand into the micro-fissures and seal them. 
Since one can assume a high evolutionary pressure on the development of self-healing 
abilities, independent evolution of these properties including various mechanisms and 
structures in different plant taxa is probable. In a top-down process further model plants 
from different systematic groups are selected and screened for rapid self-repair 
mechanisms. 
 

 

Figure 1: Delosperma cooperi showing an entire repair of a deep cut after 14 days. 
 
Strong effects were found in succulent plants in the Crassulaceae and Aizoaceae families. 
Growing in arid environments wounds lead to an exceptional stress from drying, as the 
plants no longer have a protective cuticle in the area of the wound. Yielding the best 
results, Delosperma cooperi was chosen for further investigations. Sealing of cuts up to a 
width of 0.4 mm and a length of over 10 mm, representing app. half the leaf dimensions, 
took place within a time span of 20 minutes, involving a curvature of the leaf in the area of 
the cut. A new material based on this repair mechanism could additionally to punctures 
also repair cuttings larger than 10 mm in length. For this token a FEM simulation of the 
sealing process found in Delosperma cooperi will be conducted. 
For a better understanding of sealing and curving processes of Delosperma leafs, pressure 
measurements within tissue and cells adjacent to the wound are in progress. Tissue 
pressure in an intact leaf was successfully measured with a Samba Preclin Optical Pressure 
Transducer consisting of a silicone membrane placed on a glass fibre. The sensor is 
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inserted into the parenchyma of the leaf. The resulting wound seals and after 2 days a 
positive relative pressure of 0.3 – 0.6 bar can be measured. Cell pressures can be measured 
with a pressure probe [5]. In epidermis cells of intact leafs positive turgor pressures of 0.22 
– 0.65 bar were found. We suggest a sealing mechanism by drying and shrinkage of air 
exposed cell layers leading to strains curving the leaf. 
 

 

 

Figure 2: Pressure development over 12 days after inserting a Samba Sensor in a Delosperma cooperi leaf. 
 
In addition to an analysis of the functional morphology, the wounded tissue is 
mechanically tested in different stages after the injury. This leads to a better understanding 
of the structural und functional processes of the whole system of rapid wound healing. 
Such a quantitative analysis is a prerequisite for a transfer into novel biomimetic self-
repairing materials. In cases where mainly physical-chemical processes are involved in the 
first rapid stages of self-repair – as in Aristolochia macrophylla – transfer into bio-inspired 
technical materials is promising. The same holds probably for the curvature of lesioned 
Delosperma cooperi leaves, which will be used as role models for biomimetic self-
repairing membranes that can close also larger cuts. 
 
 
This Project is funded by the German Federal Ministry of Education and Research (FKZ 
0313778A). 
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This study is part of a joint biomimetic project in which sea urchin spines are being 
analysed morphologically, mineralogically and mechanically in order to evaluate their 
biomimetic potential as a model for impact protective systems. We use electron 
microscopic methods as well as standardised mechanical tests. 
 
In common with all echinoderm skeletal elements, spines consist of stereom, a three 
dimensional meshwork of trabeculae which encompass a network of interconnecting pore 
spaces. The stereom itself is constructed by a high magnesium calcite with a magnesium 
concentration ranging from 2 to 12 mol% [1, 2] and contains ca. 0.1 weight% organic 
macromolecules [3]. The pore space is filled by living tissue, the stroma, consisting of 
dermal cells and collagen fibres [4-7]. The biomimetic potential of the echinoderm 
skeleton has been studied by various scientists in various fields of biomechanics, material 
sciences and nanotechnology [8-12]. Sea urchin spines can show strong mechanical 
stiffness despite their light weight; crushing tests of Heterocentrotus mammillatus have 
shown a fragmentary spalling of spines [13]. Sea urchin spines are a promising field of 
study for technical implementations. The microstructural arrangement in spines could be 
applied to, for example, impact protective systems or other stress reducing products. 
 
In this study, specimens of the families Cidaridae and Echinometridae are investigated. An 
overview of different stereom structures in the spines of these regular sea urchins and some 
results of mechanical tests is given here. We focus on tropical sea urchins including 
Heterocentrotus mammillatus and Phyllacanthus imperialis, both with massive spines as 
well as. Several other sea urchins such as Plococidaris verticillata with whorled spines 
were also included for comparison.  
 
Both morphological and mechanical analyses were conducted. Results are based on the 
echinoid stereom definitions of Smith [14] with stereom microstructures such as 
rectilinear, galleried, labyrinthic, fascicular, perforated and imperforate. These stereom 
types differ in their general structure, orientation, size and density relationships of struts to 
pore spaces (Fig. 1A). Labyrinthic stereom, for example, indicates a disorganized 
arrangement of trabeculae while galleried stereom shows long, connected, parallel galleries 
resulting in regularly arranged pores of uniform size. The amount of pore space per defined 
area, the diameter of pores and the distances between pores were quantified. Values from 
the medulla (inner core of the spine) and the surroundings (radiating layer) were 
differentiated. The maximum diameter of pores at the base differs in all investigated spines 
from the values of the distal tip area. The largest pores are present in Phyllacanthus 
imperialis with values over 15 µm in diameter. The amount of pore space also differs from 
the spine base to the tip within the species. Values of medulla and radiating layer differ 
significantly. 
 
The three point bending flexural test of several Heterocentrotus mammillatus spines were 
conducted at the ITV. Flexural stress and strain, flexural modulus, flexural strength 
(modulus of elasticity) were also calculated. Most of the spines (Fig. 1B) show an almost 
vertical crack towards the c-axis. The bending behaviour with microstructural factors such 
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as the density of pores or trabeculae thickness will also be correlated. The results will be 
evaluated with respect to biomimetic applications.  
 

A                   B  

Figure 12: A) SEM picture of the distal part of a typical Heterocentrotus mammillatus spine  
B) A standard three point bending flexural test with spine. 
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As previous research has shown, a biological paradigm influences current architectural 
design in many ways: Signs of life, like for example sensing and reaction, locomotion, 
adaptation and differentiation, processing of information and use of energy, are no longer 
restricted to living organisms and technical equipment, but find their way into our built 
environment, leading to the design of “smart” and “intelligent” buildings [1][2]. 
Advances in bionanotechnology and new production technologies bring forward a 
multiscale approach to materials and systems design, that invade art and architecture [3]. 
The integration of abilities and functions into former static and “dead” material provides 
architectural visions that architects have only started to investigate [4].  
The architectural interpretation of “skin” is discussed as a promising analogy that also 
inspires research and development in the life sciences. Case studies in biomimetic design 
that were carried out at the Vienna University of Technology illustrate a wide range of 
architectural vision of performative material systems [5] using repetitive natural models 
like locomotion rhythms, fractal structuring of alveoles in lungs or plant leafs for energy 
production. Sucessful biomimetic transfers in industry, research and development were 
carried out in functional analogy, and range from the scale of building materials (for 
example the self-cleaning effect applied on glass surfaces) to the scale of building for 
example in evolutionary optimisation of construction elements. 
“Bioskin”, a current research project at the AIT (Austrian Institute of Technology) 
explores the potential of biomimetics for innovative façade design of the future, especially 
to develop energy efficient building envelopes. The project is laid out as a survey study, to 
prepare comprehensive data for future research and development work in this field. 
Innovative solutions are expected using abstract natural principles of multifunctionality, 
integration, multilevel hierarchical structuring and passive regulation mechanisms as well 
as outstanding adaptations found in organisms, such as the spectral selection surfaces of 
organisms to reflect infrared light or thermoregulation by modification of bloodflow, for 
example in toucans. The most promising findings are selected in a step by step evaluation 
method and used for modelling of new façade concepts. Preliminary outcomes of the 
Bioskin project will be included in the presentation. 
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Cellulose nanocrystals, which can be isolated from natural cellulose fibres by controlled 
acid hydrolysis, are promising biomolecule templates for the fabrication of hierarchical 
organised materials. The scientific aim of our work is the design of biotemplated metal 
nanotube and nanowire assemblies. We previously reported the fabrication of silica 
nanotubes and nanowires with diameters of 15 nm and lengths up to 500 nm by 
biotemplating from cellulose nanocrystals [1]. In our recent work we addressed the 
problem of gold deposition on cellulose and silica-coated cellulose nanocrystals to form 
metal nanowires (Fig.1). Nanostructures consisting of a dielectric core with a thin gold 
shell, called gold nanoshells, show interesting optical properties [2]. Through 
functionalisation of the silica-nanowires with amine-groups, the gold nanoparticles could 
be attached to the surface. They formed a closed gold shell by the addition of weak 
reducing agents. The fabricated cellulose nanocrystals, silica nanowires and gold-shell 
nanowires were characterised by transmission electron microscopy and ultraviolet and 
visible spectroscopy. The TEM results and the optical absorption measurements in the 
ultraviolet and visible range showed a successful deposition of the metal particles on the 
silica nanowires. The fabrication of size-controlled metal nanowires using cellulose 
nanocrystals as biomolecular templates might offer a facile route to design gold nanowires 
with different sizes and unique optical properties. 
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The use of biomimetic porous ceramics based on TiO2 as functional material is promising 
for the photo induced degradation of organic compounds. We present the fabrication of 
paper-derived alumina (Al2O3) ceramics [1] with functional TiO2 coatings. The deposition 
of TiO2 was accomplished by a dip-coating method from titanium tetrabutoxide solutions. 
In order to improve the photocatalytic characteristics under visible light illumination, 
nitridation of the TiO2 coatings was performed at temperatures between 550 and 900 °C 
leading to the formation of various compositions of TiOxNy. The photo induced activity of 
the obtained materials was evaluated under visible light illumination of methylene blue 
solutions. The results were compared to reference TiOxNy powder samples of varying 
nitrogen content [2]. X-ray diffraction and Raman spectroscopy showed that an anatase 
type TiOxNy was obtained at low nitrogen contents. It could be demonstrated that low 
nitrogen contents ranging from 0.5 to 1.5 wt.-% exhibited a higher photocatalytic activity 
than the reference TiO2. Furthermore, novel porous and permeable ceramics, produced by 
biotemplating of soft rush (Juncus Effusus) were fabricated. The generation of titania 
ceramics in the shape of this biotemplate was achieved by vacuum infiltration of a 
titanium(IV)-isopropoxide based sol and calcination between 200 and 800 °C. The 
photocatalytic effect of carbon autodoping in titania on the photo induced degradation of 
methylene blue was compared to commercially available TiO2 powders under ultra violet 
and under visible light illumination. The different ratios between the anatase and the rutile 
phases of the produced ceramics were measured by X-ray diffraction. Referring to the 
specific surface, measured by Brunauer-Emmett-Teller method (BET), the manufactured 
ceramics showed an enhanced photocatalytic activity. 
 

 

Figure 13: Soft rush (Juncus effuses) as a tubular biotemplate 
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Utilization of hemicelluloses is a big challenge, as this class of biopolymers represents the 
second most abundant biopolymer in the plant kingdom. Due to their properties, 
hemicelluloses have an immense application potential. Still there are rather few processes 
that utilize the potential of these molecules. Apart from using hemicelluloses as a basis for 
chemicals, their utilization as dietary fibers is of increasing interest as hemicelluloses are 
indigestible constituents for humans. Because of their inert character, dietary fibers reside 
in the intestine and can there optimally exert their physiological effects, for example 
increasing intestinal peristalsis, effects on cholesterol absorption, prebiotic activities etc. 
The present work is aiming at the utilization of hemicellulose’s indigestibility for 
developing carrier and encapsulating systems for physiologically active compounds which 
requires a technology for controlled preparation of hemicellulose microspheres. 
DMSO and DMSO / water mixtures are able to dissolve hemicelluloses, and a relatively 
young technology – supercritical antisolvent precipitation – can be used to recover the 
polyoses from such solutions in a controlled way [1]. This approach enables controlled 
supersaturation and thus controlled precipitation of hemicellulose particles ranging from 
nano- to microscale. 
The critical pressure of the binary mixture DMSO and carbon dioxide at 40 °C is at 
approximately 87 bar. The major change in solubility is found around this critical pressure 
for all investigated hemicelluloses. Beyond the critical pressure of the binary system, the 
solvent is fully miscible with the antisolvent and supersaturation occurs very fast. In case 
of precipitation at subcritical conditions the supersaturation rate and thus kinetics of 
nucleation, particle growth and agglomeration are limited by the diffusive transport of 
carbon dioxide into the polymer solution (see figure 1) [2]. 
 

 

Figure 1: Left: Schematic representation of mass transfer resistance during supercritical antisolvent 
precipitation. Right: Mannan particles precipitated from DMSO at subcritical conditions. 

 
The mass transfer resistance of the liquid phase can further be tuned by the addition of 
water [3]. Thus, two different pathways to obtain hemicellulose particles exist in general: 
supersaturation below or beyond full miscibility of the solvent with the antisolvent. 
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Supercritical antisolvent precipitation of xylans and mannans was performed at different 
pressures from both, pure DMSO and DMSO/water mixtures. Depending on the type of 
hemicellulose and the precipitation conditions, spheres with a diameter between 0.1 and 5 
µm were obtained, the diameters being tunable according to the precipitation conditions. 
The controlled precipitation of hemicelluloses was found to be a suitable method for 
producing micro- and nano-structured materials from native xylans and mannans, which 
are now tested in encapsulation of physiologically and medically active substances 
technology and in separation technology. 
Additionally, supercritical anti-solvent precipitation was found to be not only a suitable 
tool for preparing hemicellulose particles of controlled size and morphology, but also a 
potential means of hemicelluloses purification. As evidenced from Curiepoint Pyrolysis 
GC/MS and 13C HR-MAS NMR, scCO2 anti-solvent precipitation of hemicelluloses 
reduced their lignin content. 
Supercritical anti-solvent precipitation was found to be a suitable technique for converting 
natural polysaccharides such as hemicelluloses into value-added biomaterials.   
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Biomimetic approaches receive increasing interest in the development of new high-
performance materials in the current years. The lignocellulosic cell wall which is a 
complex and highly sophisticated network of cellulose, hemicelluloses and lignins, can 
provide inspiration on how to design and develop nanostructured composite materials. In 
this context, multilayer thin films are extensively developed with nanocrystals of cellulose 
by techniques allowing the nanoscale deposition of polymers (layer by layer technique, 
langmuir-blodgett technique, spincoating) with various driving interactions (electrostatic 
forces, hydrogen bonds, hydrophobic interactions, charge transfer interaction,...). Such 
materials can provide a great technical and scientific potential for many applications 
(optical, biological, medical and electronical devices). In this study, we propose to built 
new green nanocomposite films between the two first most abundant groups of 
biopolymers: cellulose and lignin and to investigate their structure and their optical 
properties in UV/Visible/IR wavelength range by UV/Visible and Fourrier Transform 
Infra-Red spectrometries, spectroscopic ellipsometry between 240 and 820 nm combined 
with atomic force microscopy. At first, we have shown that lignin model compounds 
interact with cellulose at liquid/cellulose nanocrystal film interface by ellipsometry. From 
AFM image analysis, we observed that lignin has tendency to form grain structures on 
cellulosic film. The FTIR spectra show that the interaction between lignin model and 
cellulose nanocrystals in the film caused a disappearance of the bands related to the C-H 
out of plane bending in aromatic rings of monomeric unit of lignin. Thus, a sequential 
spin-coating of lignin and cellulose nanocrystals solutions was made successively ten times 
and combined with a structural and optical properties characterizations. After some 
deposited layers (number >12), the optical parameters (thickness, roughness and refractive 
index) calculated from ellipsometric spectra and the height profile measured by AFM show 
that the film is an isotropic surface with holes. These nanopores exhibit antireflective 
properties observed from absorbance and transmittance spectra in Visible range. Moreover, 
the presence of lignin in the nanocomposite film can reduce the transmission of UV light.  
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Biological materials, like bone or wood, show extraordinary mechanical properties [1]. 
Natural materials reconcile a high stiffness with an elevated toughness via the combination 
of materials with opposing mechanical properties and a hierarchical architecture over 
several length scales. Crucial for the mechanical performance of these materials is the 
coupling of the different phases, e.g. in bone the coupling of the stiff mineral particles and 
the soft, organic matrix. Recently some progress has been made in understanding this 
coupling experimentally. In a variety of different biological tissues, ranging from bone [2] 
to sea shells [3] and mussel fibers [4], so called sacrificial bonds and hidden length scales 
have been reported. These bonds are weaker than the covalent bonds holding the structure 
together and they can form and break reversibly. Breaking of these bonds dissipates 
additional energy, which considerably increases the toughness of the composite, while the 
reversible nature of the bonds allows for self healing, after the load is released. In bone it 
was shown, first, that divalent Ca-ions have a tremendous effect on the mechanical 
performance of the material [5] and, second, that the basic step of plastic deformation in 
bone has an activation energy of 1.1 eV and an activation volume of 0.6 nm3 [6]. These 
results provide evidence that sacrificial bonds in bone are coulombic in nature. Divalent 
calcium ions are believed to mediate effective attractive interactions between negatively 
charged side groups on non-collagenous proteins. 
 

 

Figure 1: The model system. (a) shows a staggered arrangement of stiff entities (grey), while the soft matrix 
is shown in orange. Red dots denote negative charges, while the positively charged counterions are shown in 
blue. When the system is loaded in tension, the stiff entities are predominantly loaded in tension, while the 
soft matrix transmits the load via shear (red arrows). (b) shows the two investigated arrangements of negative 
charges. On the left the regular arrangement is shown, while on the right one random configuration is 
depicted. (c) shows the side view of the system. 
 
Motivated by these findings we propose a simple model to describe sacrificial bonds (see 
Figure 1) [7]. In our model stiff entities are described as infinitely rigid plates that are 
arranged in a staggered manner as found in e.g. bone. Negative charges, resembling e.g. 
negatively charged side groups of proteins, are assumed pointlike and condensed on the 
plates. In between the plates divalently, positively charged counterions in aqueous solution 
are assumed. This model is investigated with computer simulations by applying a shear 
force on the plates and measuring the resulting displacement. The obtained load-



132 
 

displacement curves can then be transformed in stress-strain curves for a staggered 
composite material, where the shear deformations are transmitted via electrostatic 
interactions. For the negative charge distribution on the stiff plates two extreme scenarios 
were investigated. First, the charges were set according to a regular, triangular lattice and, 
second, the charges were placed randomly (see Figure 1b).  
 

 

Figure 2: Stress-strain curves for a composite held together by electrostatic glue. Left: for the case of the 
ordered charge distribution. Right: for the case of the random charge distribution. 

 
Figure 2 shows the resulting stress-strain curves, which differ significantly for the two 
investigated charge distributions. In the case of the ordered arrangement the composite is 
found to behave non-linear elastic and brittle, with an unrealistic high elastic modulus of 
700 and 2800 GPa, respectively, for the two investigated charge densities ρ. In the case of 
the random arrangement the elastic modulus reduces to 0.5 and 5 GPa, respectively. The 
area under the curve shows the opposite behavior: it increases from 1.4 (5) MJ/m3 for the 
ordered arrangement to 46 (275) MJ/m3 for the random case. Responsible for the change in 
material properties is a pronounced stick-slip mechanism in the case of the random 
arrangement of negative charges. During the slipping-phases additional energy can be 
dissipated which explains the increased toughness. Thus, we have shown that sacrificial 
bonds have to be randomly distributed to provide the material with additional toughness, 
while ordered arrangements do not improve the mechanical behavior. 
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A typical durability-related phenomenon in many concrete constructions is crack 
formation. While larger cracks hamper structural integrity, also smaller sub-millimeter 
sized cracks may result in durability problems as particularly connected cracks increase 
matrix permeability. Ingress water and chemicals such as chloride can cause premature 
matrix degradation and corrosion of embedded steel reinforcement. As regular manual 
maintenance and repair of concrete constructions is costly and in some cases not at all 
possible, inclusion of an autonomous self-healing repair mechanism would be highly 
beneficial as it could both reduce maintenance and increase material durability. Therefore, 
within the Delft Centre for Materials at the Delft University of Technology, the 
functionality of various self healing additives is investigated in order to development a new 
generation of self-healing concretes. In this study the crack healing capacity of a novel 
bacteria-based concrete was investigated. The actual healing agent comprised dormant 
bacteria, plus an organic bio-mineral precursor compound, both immobilized in porous 
aggregate material. Environmental scanning electron and light microscopic techniques in 
combination with permeability tests revealed that the incorporated bacteria, upon 
activation by crack ingress water, converted the organic precursor compound to calcium 
carbonate-based minerals effectively sealing sub-millimeter sized cracks. It is expected 
that further development of this new type of self-healing concrete will result in a more 
durable and moreover sustainable concrete which will be particularly suited for 
applications in wet environments where reinforcement corrosion negatively affects 
durability of traditional concrete constructions.  
 

 

Figure 1: Light microscopic images of pre-cracked (left) and healed (right) bacterial concrete. Mineral 
precipitation resulted in efficient crack healing. Arrow indicates complete sealing of 2-mm wide cavity 

 
The principle mechanism of bacterial crack healing is that the bacteria themselves act as a 
catalyst transforming a precursor compound to a suitable filler material. The newly 
produced compounds such as calcium carbonate-based mineral precipitates act as a kind of 
bio-cement what effectively seals newly formed cracks (Figure 1). Thus for effective self 
healing, both bacteria and a bio-cement precursor compound must be integrated in the 
material matrix. Bacteria that can resist concrete matrix incorporation exist in nature, and 
these appear related to a specialized group of alkali-resistant spore-forming bacteria. 
However, when bacterial spores are directly added to the concrete mixture, their life-time 
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appears limited to a few months only. Protection of the bacterial spores by immobilization 
inside porous expanded clay particles before addition to the concrete mixture prolongs 
their life-time for up to several years. 
 
Concrete test specimens in which part of the aggregate material was replaced by expanded 
clay particles loaded with the bio-chemical self-healing agent showed a significantly 
increased self-healing capacity compared to control specimens (Figure 1). 
 
The outcome of this study shows that crack-healing in bacterial concrete is much more 
efficient than in control concrete of the same composition but without added bio-chemical 
healing agent. The reason for this can be explained by substantially enhanced mineral 
precipitation in the bacterial concrete. In control concrete, non-hydrated cement particles 
exposed on the crack surface of control concrete will undergo secondary hydration 
producing calcium-silica-hydrate based material. In addition some calcium carbonate will 
be formed due to the reaction of CO2 present in the crack ingress water with portlandite 
(calcium hydroxide) present in the concrete matrix. The amount of calcium carbonate 
production in this case is only minor due to the limited amount of CO2 present in the crack 
ingress water. The self healing process in bacterial concrete is much more efficient due to 
the active metabolic conversion of the organic bio-mineral precursor compound calcium 
lactate by the present bacteria: 
 

Ca(C3H5O2)2 + 7O2     →     CaCO3 + 5CO2 + 5H2O 
 
This process does not only produce calcium carbonate directly but also indirectly by the 
reaction of produced CO2 with portlandite present on the crack surface. 
 
The conclusion of this and related work [2] is that the proposed two component bio-
chemical healing agent, composed of bacterial spores and a suitable organic bio-cement 
precursor compound, using porous expanded clay particles as a reservoir is a promising 
bio-based and thus sustainable alternative to strictly chemical or cement-based healing 
agents. 
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The strain distribution (Figure 1) in a spruce branch-stem junction subjected to mechanical 
load was determined by means of electronic laser speckle pattern interferometry (ESPI) 
and was compared with both a polyester cast of the same junction as well as with a 
simplified polyester model lacking natural shape optimization. 
Strain distribution was found to be very homogenous in the case of the spruce branch-stem 
junction only, which was attributed to the combination of natural shape optimization [1, 2] 
and optimized mechanical property distribution in the junction area [3]. 
For existing structural applications of similar junctions the local material property need to 
be adopted in the junction area (additionally to shape optimizations) to minimize strain and 
therefore stress concentrations and subsequently optimize total performance. 
 

Polyester
castSpruce

Polyester
model

St
ra

in
 µ

m
/m

m
S

tra
in

 µ
m

/m
m

-8

-6

-4

-2

0

2

4

6

8

0 18 36 54 72 90 10
8

12
6

14
4

16
2

18
0

19
8

21
6

23
4

25
2

27
0

distance

ve
rt

ic
al

st
ra

in
µm

/m
m

polyester model
polyester cast
Spruce wood

Polyester
castSpruce

Polyester
model

St
ra

in
 µ

m
/m

m
S

tra
in

 µ
m

/m
m

-8

-6

-4

-2

0

2

4

6

8

0 18 36 54 72 90 10
8

12
6

14
4

16
2

18
0

19
8

21
6

23
4

25
2

27
0

distance

ve
rt

ic
al

st
ra

in
µm

/m
m

polyester model
polyester cast
Spruce wood

-8

-6

-4

-2

0

2

4

6

8

0 18 36 54 72 90 10
8

12
6

14
4

16
2

18
0

19
8

21
6

23
4

25
2

27
0

distance

ve
rt

ic
al

st
ra

in
µm

/m
m

polyester model
polyester cast
Spruce wood

 

Figure 1: Vertical in-plane strain distribution in the spruce branch-stem junction, a polyester cast of the same 
junction and a simplified polyester model showing homogenous stain distribution for the spruce branch-stem 

junction only. 
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The biotemplating approach offers a simple route for patterning inorganic materials taking 
advantage of the structural specificity of biological tissue anatomy to create novel types of 
well-defined inorganic micro/nanostructured architectures. The design of hierarchically 
patterned novel structures with dimensions spanning several orders of magnitude (from 1 µm 
to 100 µm) by replicating the cellular tissue of wood has recently attained increasing 
interest [1]. Shaping biomorphous phosphors with a microstructure pseudomorphous to the 
bioorganic template anatomy offers a novel approach for designing micropatterned phosphor 
materials [2]. In our current work X-ray storage phosphor BaFBr:Eu was manufactured via 
vacuum assisted repeated infiltration of wood tissue (Pinus sylvestris). A submicrometer 
precipitate was formed via wet chemical reaction of NH4F, BaBr2·2H2O and EuCl3·6H2O in 
methanol. According to scanning electron microscopy and energy-dispersive X-ray analysis, 
the original wood cell walls were filled with the precipitate and completely transformed into 
BaFBr struts after sintering at 800 °C. The optical properties of the biomorphous phosphor 
microstructure were determined by photoluminescence spectroscopy at room temperature, 
photo-stimulated luminescence spectroscopy (PSL) and cathodoluminescence spectroscopy in 
the SEM. A broadening of the PSL peak was observed and ascribed to the incorporation of 
calcium impurities present in the pine wood tissue. The potential of biotemplates for generating 
highly oriented and optically isolated µm- and sub-µm matrix of X-ray storage phosphor 
material, which might attain significantly improved spacial resolution for X-ray image storage 
systems, was illustrated.  
 

 

Figure 1: SEM micrograph of the axial sections of the latewood region of pine-templated BaFBr:Eu sample 
sintered at 800 °C. 
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Concrete buildings, brick facades and roofing tiles take on a discoloured greenish surface 
after exposure to outdoor climate, shown in Figure 1. Also, the ingress of water and 
chloride will decrease the building durability. To keep building facades clean from dirt and 
algal growth intense maintenance is needed. A self-cleaning building facade is the goal of 
future building materials.  
 

 

Figure 1: Dirt deposits and algal growth gives discolouration to a concrete facade [1] 
 
The leaf of a lotus-plant has a self-cleaning surface, which is the inspiration for many 
researchers today. The plant has a hydrophobic wax cover as well as a micro-and nano-
sized surface structure, making rain droplets simply run off the surface without spreading. 
Passing rain droplets will on its way catch dirt deposits, thus leaving the surface clean. The 
structure is a pattern of peaks where each peak is covered with tiny knobs covered in a 
hydrophobic wax, shown in Figure 2. The knobbed surface together with the wax gives 
super hydrophobicity to the leaf. 
 

a) b)  

Figure 2: a) Super hydrophobic leaf, remaining dry during rain [2] b) The surface of the Lotus flower, seen 
through a microscope. There is about 20-40 μm between the knobs [3] 

 
Concrete is a hydrophilic material meaning that a simple microstructuring of the material 
will increase its hydrophilicity thereby enhancing problems with dirt depositing. To take 
advantage of the Lotus-effect it is therefore necessary to combine the microstructuring with 
a hydrophobic coating. In a pre-study made at the Concrete Centre at Danish 
Technological Institute, a microstructuring of a white concrete tile was carried out by 
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means of laser notching, shown in Figure 3. Subsequently, a coating was applied to the tile 
in order to make the material predominantly hydrophobic. 
 

 

Figure 3: Scanning Electron Microscope (SEM) image of a laser notched concrete surface [1] 
 
After climate tests it was determined that the notched concrete surface can resist dirt 
deposits and algae better than a surface without such structure. This indicates that the 
characteristics of the lotus-effect have been achieved. However, the process is not cost 
effective.  
 
This project continues with creation of surface roughness, inspired by the Lotus plant, on 
smooth building facade materials e.g. concrete, plaster and roofing tiles, by the use of 
technical textiles. Concrete moulding in technical textile moulds, leave a fine structured 
imprint on the concrete surface. In the project follows technical textile development in 
order to reach smallest dimension possible of the hydrophobic surface roughness to 
concrete facades. 
 

 

Figure 4: Surface roughness of concrete achieved by the use of textile mould [4] 
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The aim of this work is to develop and optimize biomorphous ceramic constructs via 3D 
printing. The scaffold shall offer beneficial conditions for vascularisation in the case of 
regeneration of sized bone defects. An arteriovenous loop is prepared to trigger 
vascularisation. Rapid formation of a capillary network at the initial period of 
transplantation facilitates the survival of tissue cells and ensures the physiological function 
of generated tissue. 3D printing was applied to fabricate biomorphous scaffolds of 
optimized geometrical design. A hydraulic bonding system composed of calcium 
aluminates was applied which allows consolidation at room temperature instead of high 
temperature sintering. Thus, the printed scaffold offers a high potential for incorporating 
biofunctional additives for controlling scaffold integration into bone.  
 
A ZTM Printer 310 was used (4D Concepts GmbH) for printing three dimensional objects. 
A calcium aluminate cement was applied containing C3A (tri-calcium aluminate) and 
C12A7 (dodeca-calcium hepta-aluminate) with a C3A/C12A7 ratio of 4:1. 
 
The scaffolds replicate the geometrical dimensions provided by CAD. Scaffolds of variable 
size and shape adopted to the bone defect morphology can be designed by CAD with great 
flexibility.  
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The manufacturing of nodal elements and/or ramifications with an optimised force flow is 
one of the major challenges in many areas of fibre-reinforced composite technology. 
Example are hubs of wind-power plants, branch points of framework constructions in 
building industry, aerospace, ramified vein prostheses in medical technology or the 
connecting nodes of axel carriers (fig. 1).  
 

 

Figure 1: Cross-member of an automobile from the company Ilsenburger Grobblech. 
 
Addressing this problem requires the adaptation of innovative manufacturing techniques 
and the implementation of novel mechanically optimised fibre-reinforced structures. To the 
latter goal, the potential of hierarchically structured plant ramifications as concept 
generators for innovative, biomimetic branched fibre-reinforced composites was assessed 
by morphological and biomechanical analyses. Promising biological role models were 
found within monocotyledons, i.e. Dracaena and Freycinetia [1] as well as within 
columnar cacti like Cereus and Myrtillocactus. These plants possess ramifications with a 
pronounced fibre matrix structure and a special hierarchical stem organization, which 
markedly differs from that of other woody plants by consisting of isolated fibres and/or 
wood strands running in a partially lignified ground tissue matrix (fig. 2).  
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Figure 2: Longitudinal section of the stem-branch region  
of Dracaena marginata; scale bar:5 mm 

 
The angles of the Y- and T-shaped ramifications in the plants resemble those of the 
branched technical structures. Our preliminary investigations confirm that the ramifications 
possess mechanical properties interesting for technical applications, such as a benign 
fracture behaviour, a good oscillation damping caused by high energy absorption, and a 
high potential for lightweight construction. The results demonstrate the high potential for a 
successful technical transfer and will lead to the development of concepts for producing 
demonstrators in lab-bench scale that already incorporate ‘solutions inspired by nature’. 
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Façades make up a vast area of unused fair faced concrete and house plaster. There are 
various possible applications for these surfaces: information boards, advertisement, 
decorative elements, solar panels and other plane elements could be mounted on house 
fronts and extend their functionality. 
Today’s techniques for the installation of plane elements on house fronts are quite limited 
and often destructive to the carrier material. It is common practise to drill holes into the 
façade to anchor frames which then hold the desired element. This lacks applicability for 
every front material, has to be customised for every element, reduces the insulation and 
leaves holes that are needed to be addressed after removing the frame.  
Another way would be to glue the elements onto the house fronts. These glues would have 
to be even more specific for every single surface-element combination and the removal of 
the elements would damage large areas of the house fronts. 
 
In nature a broad range of climbing plants can be found, which are able to attach 
permanently to various climbing substrates. Our research focused on the root climber 
English Ivy (Hedera helix L., Araliaceae). This plant is used as house greenery for 
centuries and is able to climb up to 30m on tree barks as well as most kinds of façades (e.g. 
fair faced concrete, house plaster, freestone) [1].  
The Ivy attaches with adventitious climbing roots that are developed by juvenile shoots in 
succession to nodes. A glue-like 
substance is excreted by the roots 
which are covered with root hairs [2]. 
We performed force-displacement-
tests on attached Ivy shoots with a 
custom made testing device [3] and 
found displacement forces up to 7 N 
per cm rooted shoot. This attachment 
system resists weather throughout the 
year and supports a big sail area 
against wind loads. For this 
performance only the structural 
integrity of the climbing surface is 
needed which is not damaged by the 
attachment process. In our studies we 
could show that the Ivy’s attachment 
system operates with processes based 
on hierarchically organised structures 
of the Ivy shoots [4]. The juvenile 
plant shoots show negative 
phototropism and develop 
adventitious climbing roots on the shoot side facing the substrate. Those climbing roots 

Figure 1: a, b: Root hair on smooth surface; a: the root 
hair is glued to the surface on its entire length; b: the 
shape change braces the root hair against the surface 
with strands of glue 
c, d: Root hair on rough surface; c: the root hair grows 
into a gap with undercut; d: the shape change causes 
the root hair to hook into the undercut and by 
shortening it pull the root towards the substrate 

a b

c d
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grow into larger gaps on the climbing substrate. Root hairs on the climbing roots then grow 
into fine caverns and gaps of the substrate and excrete a glue-like substance, which 
mediates the first connection between hair and substrate. In a following ageing process the 
root hairs change shape and fasten the anchorage. 
This happens depending on the type of substrate surface in two ways. On smooth surfaces 
the root hairs are glued against the climbing substrate over their whole length. The shape 
change then braces the root hairs against the surface. On rough surfaces the root hairs are 
initially anchored with a more selective glue connection to the climbing substrate. The 
ageing process causes the root hairs to shorten and to crook which hooks the hairs into 
undercuts and pulls the root towards the substrate [5] (Figure 1). 
This second process of shape changing during ageing is most interesting. The attachment 
of English Ivy is permanent and removal of the plant often results in damaging the house 
plaster. The excretion of the glue-like substance most likely mediates its permanency. If 
the glue is omitted, the process of shape change of the root hairs can be designed for 
reversibility and a bio-mimetic mounting system for plane elements can be developed, 
which combines universality in regards to the nature of the house fronts with gentleness in 
respect of mounting and removal of the plane elements.  
 
We greatly appreciate the funding by the Landesstiftung Baden-Württemberg within the 
framework of the research programme “Neue Materialien aus der Bionik”. 
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Concrete is a widely used building material in every country. The universal nature of 
concrete constructions is a result of the wide availability of the constituents, from the 
relatively simple skills required in construction and from the economy of the concrete 
compared with other constructions. Concrete is strong in compression, however as a brittle 
substance has a low tensile and ductile strength. As a result, cracks develop whenever 
loads give rise to tensile stresses exceeding of the tensile strength of concrete. In order to 
enhance the tensile characteristics of the plane concrete steel reinforcement bars are 
embedded in the concrete at the place of the tensile stresses. However adding of the steel 
reinforcement significantly increases the material costs of the construction. Additionally, 
handling, fitting, placement and storage of the reinforcement requires skilled workers 
increasing significantly the labour costs of the construction. 
 
In order to overcome these deficiencies recently the idea of adding fibres to reinforced 
concrete became more and more familiar. This new idea of the composite material was 
inspired by the nature and its structures optimized within the evolution. Nature attempts to 
stabilise its labile or weak structures by supporting or enhancing them in a very 
sophisticated way. For example the roots of the trees stabilise the soil of the riverbanks 
enhancing in this way the soil's fractural properties. In similar way through the addition of 
fibres to the concrete its fracture mechanical properties could be significantly enhanced 
resulting in a more durable and prolonged service life concrete. 
 
So far different fibres have been used for reinforcing concrete such as steel, glass or 
synthetic fibres however they are all produced by a high energy-consuming process and 
consequently are still very expensive. Additionally the fact what happens with these 
materials at the end of their life cycle is a serious concern. 
 
A new interesting and promising alternative is reinforcing concrete with natural fibres (NF) 
such as straw, jute, coir, bamboo, sisal, hemp, etc. Even very sophisticated materials have 
difficulties to replicate the properties found in natural materials. The basic advantage of NF 
is that they are biodegradable, recyclable, non-abrasive and there is no concern with health 
and safety during handling. As an agricultural waste they are widely available. Utilising 
NF as concrete reinforcement, a low-cost and light composite building material is obtained. 
However the success of its employment depends from the available data concerning its 
mechanical characteristics and from the capability to capture its optimal performance. 
 
A very limited number of published literatures exist so far dealing with NF reinforced 
concrete and consequently a lack of available information on the mechanical performance 
and properties of this composite material. In last few years research was made: on polymer 
concrete reinforced with coconut, sugar cane bagasse and banana fibres [1]; on concrete 
reinforced with hemp fibres [2]; on cement composites reinforced with sisal fibres [3] and 
on concrete reinforced with palm fibres [4]. Research on wood fibre reinforced concrete is 
in progress at the TU Delft [5].  
The performance of a composite material is strongly dependent on the mechanical 
properties of the main components. The tensile strength of normal concrete is 2-4 MPa 
whereas natural fibres have at least 10 times higher tensile strength (wheat straw 30 MPa; 
coconut, sisal, bamboo and jute 120-350 MPa; wood 700 MPa). Adding natural fibres to 
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the concrete its tensile strength could be significantly enhanced. The addition of bamboo 
reinforcement to lightweight concrete beams increased the ultimate load capacity up to 
400% [6]. A widely available and cheap natural fibre in Europe is wheat straw. However 
very limited research has been made on concrete reinforced with wheat straw fibres [7]. 
 

 

Figure 1: Straw fibres used as reinforcement in concrete  
 
In order to overcome the deficiency, in this research work first attend was made to 
investigate the mechanical properties of straw fibre reinforced concrete (SFRC). Chopped 
straw fibres (Figure 1.) were added to concrete matrix as reinforcement and a series of 
fracture mechanic tests were carried out. Cubic specimens were fabricated from concrete 
C25/30 and the crack mouth opening displacement was measured in order to study the 
fracture energy that is absorbed during the crack propagation. Many factors affect the 
properties of the SFRC such as the fibre type, geometry, form, surface, matrix properties, 
mix design, etc. however at this stage solely two most significant parameters were varied: 
(1) the fibre content by weight and (2) the fibre length. Their influence on the fracture 
mechanical quantities of the specimens was investigated and the results in detail discussed. 
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With the application of biomedical devices, an urgently asked medical requirement is to 
enable maximum patients’ mobility and comfort. For an optimum function in the human 
body, the design and the properties of medical devices such as implants and prostheses 
must consider not only technical requirements (strength, fatigue life and so on) but also 
those of biocompatibility and biocorrosion which can be at best learnt from nature. 
 
Within this work, the mechanical and biological properties of different biocompatible or 
even biodegradable materials (Ti and Mg alloys) have been improved using the method of 
“Severe Plastic Deformation” (SPD). Following nature, SPD achieves a strong 
microstructural refinement of the material down to the sub-micrometer and nanometer 
range, thereby increasing the material strength (by at least 20% [1,2,3]) and other 
properties such as corrosion resistance without changing its bulk shape (see Fig.1) nor 
sacrificing its ductility [4].  
 

 

Figure 1: The SPD method ‘Equal Channel Angular Pressing (ECAP)’ leads to a refinement  
of the microstructure and to improved mechanical and biological properties in bulk CP-Ti 

 
In addition, the ultrafine grained microstructure in SPD materials can be the reason for 
superplastic behaviour which offers improved formability of medical devices with complex 
geometries (Fig. 2 shows an elongation to failure > 800% of ECAP Ti-6Al-4V).  
 

  

Figure 2: ultrafine grained ECAP Ti-6Al-4V before and after a tensile test at 650°C (strain rate: 10-3s-1) 
 
Besides these advantages, it has been demonstrated that SPD has the potential for 
controlling initial cell responses [5]. Recently, ECAP-processed Ti substrate was 
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demonstrated to exhibit an improved cytocompatibility for osteoblasts [6], which promoted 
cell attachment (see Fig. 3) and spreading, and to show superior viability compared to the 
coarse grained pure Ti and Ti-6Al-4V substrates during the early culture period [7]. 
Moreover, osteoblastic differentiation was significantly enhanced on the ECAP-processed 
ultrafine grained Ti substrate compared to the coarse grained pure Ti and Ti-6Al-4V 
counterparts; even properties like ALP activity, osteoblastic gene expression and 
mineralization nodule formation were all notably increased. 
 

 
Figure 3: number of attached cells on different Ti surfaces at 4 h of culture [7] 

 
In conclusion, it can be said that SPD-processed biocompatible materials (Mg and Ti 
alloys) are very promising candidates for load-bearing implants because of the bio-inspired 
modification of their structure resulting in both superior cell compatibility and outstanding 
mechanical properties. 
 
This research was accomplished within the context of the project ‘BioCompatible 
Materials and Applications – BCMA’ inititated by the AIT Austrian Institute of Technology 
GmbH. It was partly funded by AIT and the federal republic of Lower Austria and 
cofinanced by the EC (EFRE) 
 
References 
[1] - O. Kulyasova, R. Islamgaliev, B. Mingler, M. Zehetbauer, Microstructure and fatigue properties of the 
ultrafine-grained AM60 magnesium alloy processed by ECAP, Mater. Sci. Eng. A, 503, 176 (2009) 
[2] - F.H. Dalla Torre, A.C. Hänzi, P.J. Uggowitzer, Microstructure and mechanical properties of 
microalloyed and equal channel angular extruded Mg alloys, Scripta Mater., 59, 207 (2008) 
[3] - V.V. Stolyarov, L. Zeipper, B. Mingler, M. Zehetbauer , Influence of post-deformation on CP Ti 
processed by equal channel angular pressing, Mater. Sci. Eng. A, 476, 98 (2008) 
[4 -] Bulk Nanostructured Materials, eds.: M.J. Zehetbauer and Y.T. Zhu, Wiley-VCH, Weinheim (2009) 
[5] - Y. Estrin, M.J. Zehetbauer, Niche Applications of Bulk Nanostructured Materials Processed by Severe 
Plastic Deformation, ch. 28 in: ‘Bulk Nanostructured Materials‘, eds.: M.J. Zehetbauer and Y.T. Zhu, Wiley-
VCH, Weinheim, 643 (2009) 
[6] - Y. Estrin, C. Kasper, S. Diederichs, R. Lapovok, Accelerated growth of preosteoblastic cells on 
ultrafine grained titanium, J. Biomed. Mater. Res. A, 90A, 1239 (2009) 
[7] - J.W. Park, Y.J. Kim, C.H. Park, D.H. Lee, Y.G. Ko, J.H. Jang, C.S. Lee, Enhanced osteoblast response 
to an equal channel angular pressing-processed pure titanium substrate with microrough surface 
topography, Acta Biomater, 5, 3272 (2009) 



149 
 

Surface features of random structural variation 

Nils Mölders, Anke Nellesen, Jürgen Bertling 
Fraunhofer Institute for Environmental, Safety and Energy Technology, Business Unit Advanced Materials, 

Osterfelder Strasse 3, 46047 Oberhausen, Germany 

 
In recent years a great progress in the systematic micro-and nanopatterning of technical 
surfaces has been achieved. Topographically induced effects include the reduction of 
abrasion and adhesive wear, the improvement of tribological characteristics or the 
implementation of self-healing functions. For these applications accuracy plays a central 
role in production: Component geometry, morphology and surface structures are defined as 
precise as possible, permissible tolerances are minimised and irregularities represent a 
deviation of quality [1]. 
In the course of evolution the animate nature has developed a variety of functional patterns 
and structures. Current biomimetic approaches aim at the optimisation of technical 
materials by analysing the biological antetypes and transferring their structural elements 
into technical applications [2]. Periodic structures in nature are often closely related to 
environmental circumstances. Important factors include tidal, temperature or day-night 
cycle [3]. For example the outer surface of an organism living in the desert must withstand 
drastically changing environmental influences: Friction during movement, particle blast in 
desert storms or attack by predators [4]. It is therefore assumed that the adaptation of 
nature in terms of efficiency and functionality is particularly high.  
In contrast to the precision requested in industrial processing, biological structures only 
seem to possess a perfect, uniform regularity. Within the recurring patterns and periodic 
self-similar structures a randomly acting variation appears to be present (Fig. 1). The main 
goal of this work is to elucidate whether these variations are irrelevant or related to the 
particular functionality of a surface or if they are just a result of stimulus- environmental 
interaction and genetical predisposition. The diversity within the entire structural system 
may have an equally large influence on the respective function as the structure itself. 
 

   

Figure 1: Surface of a colocynth [5] (left) and technical application (right) 
 
To verify this hypothesis comparative experiments with both, regular and natural 
structured technical surfaces, are carried out. Here, a second challenge of the project 
becomes visible: How is it possible to produce a technical surface with a nature-like 
variety? First experiments are conducted by replicating the structures of biological 
antetypes with polysiloxane (PDMS) (Fig. 2). The performances of these surfaces are 
compared with PDMS-surfaces patterned by regular structural elements with the same 
average size and shape of the particular biological model. Surfaces of reptiles like lizards 
and desert plants like the colocynth are characterised and compared to their abstracted 
surfaces with regard to the minimisation of friction and abrasion. 
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Figure 2: Positive imprint of the skin of the water monitor (left) and SEM micrograph of the skin (right). 
 
To determine the highest possible accuracy of biological systems several surfaces are 
investigated: The dimension of moth eyes were found to exhibit a standard deviation of the 
diameter average less then 2,8 µm ± 173 nm. Concerning the complex system of an eye 
and the low variation of light waves, insect eyes seem to be structured very precisely. This 
result indicates that nature indeed is able to build up accurate structures. Yet, there is no 
explanation for the variety found in most biological structures and the question, if it is part 
of the function or just caused by the fact that in these cases building uniform structures is 
not necessary, is still unsolved. 
The transfer of such surface structures to technical applications is also part of the project. 
The application of generative techniques, like rapid prototyping respectively, to design 
natural structured technical surfaces is investigated.  
If a relation of function and the surface topography in terms of regularity and variability 
can be found, biomimetic surfaces and their performance can be optimised by employing 
generative techniques. 
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The petioles of red rhubarb (Rheum rhabarbarum) as shown in figure 1 are able to bear 
large and heavy leaves.  These petioles resemble a fibre reinforced sandwich composite. In 
this structure the parenchymatic material is acting as a foam core matrix pervaded by the 
fibre-like strengthening vascular bundles and is coated with a stiff and strong layer made of 
the bark. The petioles consist of parenchymal soft tissue pervaded by vascular bundles and 
enclosed by a fibrous bark material [2].  
 

 

Figure 1: petioles of red rhubarb. 
 
The mechanical and structural properties of the rhubarb petioles were analyzed [1]. Charpy 
impact testing of the petiole segments showed values up to 26.6 kJ/m2, reaching the level 
of some natural fibre reinforced thermosets and –plastics. High speed shooting during 
impact test showed the interesting role of the vascular bundles. High elongation in 
combination with pull-out processes during crack propagation led to these high impact 
values. The high strain of the vascular bundles is probably caused by their helical structure 
(see Fig. 2). A direct interaction between bark fibres and vascular bundles was not 
observed. The single components have been analyzed showing large mechanical 
differences between bark fibres with a high stiffness (1473.4 MPa) and low strain (16.5 %) 
and the vascular bundles with a very low stiffness (12.0 MPa) but a high strain (50.3 %) 
[1].  
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Figure 2: the helical structure of the vascular bundles. 
 
The natural rhubarb structure was abstracted to a composite model (see figure 3) and 
afterwards transferred to real composites structures. The pathway of this design process 
will be presented as well as the results of the mechanical analysis of the natural structure 
and the bio-inspired composite.  
 

 

Figure 3: composite model inspired by the structure of the rhubarb petioles [3]. 
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The microstructure of pine wood (Pinus silvestris) biotemplates was replicated as 
europium(III) doped yttria by vacuum-assisted infiltration with different water-based sol-
gel mixtures and subsequent calcination at 750 °C. The sols were composed of metal 
nitrates as precursors, citric acid as chelating agent and optionally monoethylene glycol 
controlling the condensation reaction. The specimens retained their wood-like 
macroscopical features after calcination. X-ray powder diffraction analysis and Rietveld 
refinement confirmed that the calcined samples were solely composed of nanocrystalline 
bixbyite Y2O3:Eu3+ phase with crystallites of 15-30 nm in diameter. Scanning electron 
microscopy and energy-dispersive X-ray analysis showed that the wood microstructure 
was retained and the original wood cell walls were completely transformed into phosphor 
struts. Increasing the concentration of the sol precursors was found to change the structure 
of the obtained material from thin-walled, smooth wood replicas with a high strut density 
to thick-walled, porous, low-density material with occasional pore fillings. The 
luminescence properties of the resulting phosphor materials were determined by 
photoluminescence spectroscopy and assigned to the characteristic Eu3+ (4f6→4f6) electric 
dipole or magnetic dipole transitions. The spatial optical properties of specimens 
embedded in transparent resin were analyzed by confocal laser scanning microscopy. The 
former earlywood region of the wood showed luminescent spots of 8 to 11 µm in diameter, 
depending on the direction of the wood template. The Y2O3:Eu3+ cell walls are the origin 
of this luminescence and the presence of these spots therefore suggests light-guiding 
properties of the material. The performance of a powder-based light conversion device is 
limited by the contradiction between an increased luminescence yield and reduced 
scattering effects, which limit the resolution [1, 2]. To solve this problem, patterned 
devices such as the materials prepared in this work have been proposed [3-5]. The scale of 
the prepared structures promises applicable light-guiding properties for radiation detection 
and imaging applications. 
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Figure 1: Fluorescence micrograph of pine wood infiltrated with water-based yttria sols, calcined at 750 °C 
and embedded in a transparent epoxy resin. The specimen was excited at 488 nm, with emission wavelengths 
detected from 520 to 623 nm. The straight dashed line marks the earlywood (EW) to latewood (LW) 
boundary while the encircled region shows former earlywood pores not filled with the epoxy resin. 
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X-ray diffraction studies successfully clarified the structure of avian feathers: Each 
filament has a helical structure with four repeating units per turn [1]. The structure of avian 
feathers is very stable though their relative density is low. In this work, peacock feathers 
were scanned along their whole length (from the origin, the zone of growth, to the end, the 
zone of splitting) and analysed by X-ray diffraction. Fig. 1a shows a X-ray diffraction 
pattern from the origin and Fig. 1b from the centre of the whole feather. The orientation 
distribution of the intensities of the reflections is much wider in the origin zone than in the 
rest of the fibre, with the exception of the last 5 cm, where the fibre possibly splits.  
This wide range of stability is attributed to a molecular mechanism, where molecular bonds 
find each other in the course of shrinking and rearranging their helical structure, a 
mechanism resembling to a belt-buckle.  
A possible future application for bio-inspired materials is the development of similar 
materials in polymeric materials used in extrusion dies. The advantage of the mechanism in 
nature is that no temperature is required, as the soft molecular precursor is stabilized by the 
forming of covalent bonds, which then result in a very stable configuration. 
 

 

Figure 1 a) Diffraction pattern of peacock feather from the origin zone, b) from the  
growth zone representative for more than 90 percent of the fibre. 
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High tensile strength combined with low bending stiffness is attained by new construction 
materials such as state-of-the-art fibre-reinforced polymers. Such materials allow large 
elastic deformations which can be used for convertible structures that work on the principle 
of reversible elastic deformation. This approach has not yet been used in building and 
construction. 
Plants have evolved a high number of flexible deformation principles that are within a 
visco-elastic range and reversible. These elastic kinetic systems can be used as concept 
generators for technical applications [1]. Many of them are still to be analysed in order to 
develop biomimetic pliable structures. We distinguish between autonomous and non-
autonomous movements. The former can be subdivided into active movements, e.g. leaflet 
folding caused by a change of turgor pressure, and passive organ reactions due to changing 
physical circumstances, e.g. bending of fruit capsules through desiccation. Non-
autonomous movements are deformations that mostly occur by a release of stored elastic 
energy after an external trigger or through application of mechanical forces. From the latter 
case we here present the example of the Bird-Of-Paradise (Strelitzia reginae, 
Strelitziaceae) (fig. 1). 
 

 

Figure 1: The bending down of the Strelitzia’s perch (P) under the weight of the pollinator causes simultane-
ous sideways rotation of the lamina (d) by 90° and thereby exposure of the anthers (S). Left: closed position, 

lamina at 0°. Right: open position, lamina at 90°. 
 
The Strelitzia’s flower features two adnate petals that form a perch for pollinating birds 
[2]. Under the bird’s weight, the perch bends down, and by a simultaneous sideways 
bending of the petal lamina the previously hidden anthers are exposed. This elastic kinetic 
system was analysed morphologically and then abstracted in three steps for a transfer into 
technical applications (fig. 2).  
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The object of this study is to describe a biomimetic working progress: from selection and 
investigation of plant movements to the abstraction methods which were developed to 
translate them into elastic kinetic systems for deployable structures in architecture. 
 

 

Figure 2: First prototype of a facade shading system based on the kinetic system of Strelitzia  reginae. 
Bending of the strand can be induced through change of temperature in a laminate with different  temperature 

expansion coefficients, or manually controlled. 
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Natural humic substances play an important role for soil fertility. Their formation is based 
on an oxidative, microbiologically-mediated degradation of the soil organic matter with 
lignin as the central biopolymer. Progressive global soil deterioration, desertification and 
erosion of the fertile topsoils on the one hand and only slowly increasing organic carbon 
contents of degraded soils being under rehabilitation on the other hand require the 
application of suitable humus precursors to combat desertification and to reclaim arable 
land in a short-term. As lignin is known to be the main feedstock for the formation of 
natural humic substances, the present work is aiming at the non-energetic utilization of 
lignin, i.e., the conversion of technical lignins or ligneous raw materials into value-added 
artificial humic substances. Technical lignins are obtained in large quantities (about 
50 mt a-1) as by-products of the wood pulping processes and ligneous plant material is 
almost ubiquitous available in the form of (extracted) harvest residues (rice or grain straw, 
bagasse etc.). However, due to their low nitrogen contents and the resulting low C/N ratio, 
all of the above mentioned materials have to be enriched with nitrogen prior to their use as 
soil improving humic substances. 
 
N-Modified ligneous materials can be obtained by ambient-pressure ammonoxidation in 
aqueous alkaline medium at slightly elevated temperature. It has been found that this 
procedure largely mimickes the natural humification process as typical reactions such as 
demethylation, demethoxylation, oxidation of aliphatic side chains, formation of quinones, 
aromatic ring cleavage and nitrogen enrichment were observed for both, the natural and 
artificial humification process [1]. The obtained ammonoxidized products are potential 
soil-improving materials as they feature both the properties of stable terrestrial humic 
substances and those of long-term nitrogen-releasing organo-mineral fertilizers. The slow 
nitrogen releasing effect is due to the formation of different nitrogen binding forms upon 
the ammonoxidation process [1]. 
 
Detailed information regarding the mineralization behaviour and the time frames necessary 
for converting the organically bound nitrogen into plant-available forms is required when 
ammonoxidized ligneous materials are considered as soil improvers. However, still only 
little is known about the types of nitrogen binding in N-modified ligneous materials and 
natural humic substances. 
 
In the present work, comprehensive analytical studies were performed applying phenolic 
model compounds, aiming at clarifying and comparing the nature of nitrogen binding in 
ammonoxidized ligneous materials and natural humic substances. 
 
The results obtained from sequential saponification under different alkaline conditions 
clearly indicate three types of nitrogen bonds: (a) nitrogen bound in ammonium groups, (b) 
amide-type nitrogen, and (c) “strong organically bound” nitrogen. 
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X-ray photo-electron spectroscopy supports this classification as fitting the observed 
binding energy curves for three binding forms gives the lowest residual energy at a preset 
full width at half maximum of 1.76 eV. The binding energies EB of the observed peaks 
after deconvoluting the spectrum of ammonoxidized bagasse lignin, for example, 
correspond to ammonia salts (EB 401.5 eV, 23.5%), amides or pyrrol-type nitrogen (EB 
400.0 eV, 60.1%), and amines or pyridine-type nitrogen (EB 398.6 eV, 16%). 
 
15N CPMAS NMR spectroscopic studies confirm the presence of ammonia groups. The 
formation of amides - small amounts were detected by Curiepoint pyrolysis GC/MS - was 
not yet unambiguously confirmed by solid-state NMR even though an intensive peak 
appeared in the “amide range” of -250 to -290 ppm (reference nitromethane). In contrast, 
there is strong evidence from model compound experiments that aminobenzoquinones play 
a decisive role as intermediate key compounds in N-fixation and lignin ammonoxidation. 
These compounds can be regarded as vinylogous amides, and show a chemical reactivity 
typical of amides. Thus, 2,5-bis(methylamino)-[1,4]benzoquinone, for example, was 
isolated from the reaction mixture of methoxyhydroquinone and methylamine. 
 
Methoxyhydroquinone was selected as a model compound as its ammonoxidized products 
and N-modified bagasse lignin give very similar 15N CPMAS NMR spectra. Furthermore, 
15N-labelled 2,5-diamino-[1,4]benzoquinone was found to resonate in the same range as 
aliphatic amides do. The formation of aminobenzoquinones, in turn, could also explain the 
appearance of the broad 15N signal ranging from –210 to –275 ppm, since amino-
[1,4]benzoquinones are known to react to ladder-type polymers containing nitrogen in a 
rigid heterocyclic, but non-aromatic environment. Heteroaromatic, pyridine-type nitrogen 
which is expected to resonate in the range of –160 to –200 ppm could not be detected by 
15N CPMAS NMR spectroscopy, even after adding p-toluenesulfonic acid in order to 
improve the cross polarisation behaviour. 
 
The formation of complex nitrogen-enriched structures from low-molecular phenolic 
compounds such as methoxyhydroquinone and the formation of highly reactive amino-
[1,4]benzoquinones under comparatively mild ammonoxidation conditions strongly 
support the polyphenol theory of humus formation. Furthermore, it provides evidence that 
the types of nitrogen binding in natural and artificial humic substances – the latter obtained 
by ammonoxidation of ligneous substrates – are quite similar which strongly supports the 
idea of using such materials as artificial humic substances and long-term nitrogen releasing 
organomineralic fertilizers. 
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The cuticle of plants serves different purposes. In some plant species one of them is the 
reduction of insect adhesion, either to catch them as prey in case of carnivorous plants, or 
to prevent herbivory of vegetative and reproductive organs.  
Antiadhesive biological surfaces are of special interest for technical anti-adhesion 
materials, preferably as foils with permanent anti-stick properties. The field of application 
for these foils would be e.g. coating of ventilation shafts and doorsills, and a permanent 
function could reduce the amount of insecticides in some regions. The knowledge of the 
underlying mechanisms of reducing adhesion would as well be of great interest for the 
wide field of technical adhesive and antiadhesive applications.  
 
Single antiadhesive structures have been studied in different works [1], but the underlying 
mechanisms are not yet completely understood. So far only limited knowledge is available 
comparing a spectrum of different structured plant surfaces with regard to an anti-adhesive 
effect. In this work we focus on sculpturing in different dimensions and hierarchical levels 
of plant surfaces and its influence on a beetle’s ability to walk. 
To compare several antiadhesive structures we investigated both the cuticular structures 
and the insect tarsi with a Scanning Electron Microscope (SEM) and determined the 
adhesion force of walking beetles using a high-resolution force sensor.  
 

 

Figure 1: experimental design to determine the walking force of insects on plant surfaces: A. PC with 
evaluation software; B. signal amplifier; C. micromanipulator; D. force trans-ducer; E. walking platform 

adjustable in height; F. lamp to attract the insect 
 
After investigation with the SEM, plant surfaces were graded according to the dimension, 
shapes and levels of their structuring [2]. We focused on epidermal cells with a tabular to 
convex shape or with cell papillae, combined with microstructures as crystalline waxes or 
just flat films of wax. Each type of structuring was tested regarding to insect adhesion. 
The model insect, the Colorado Potato Beetle (Leptinotarsa decemlineata: Chrysomelidae) 
was tethered to the high-resolution force sensor (accuracy 10µN) over a hair [3]. Walking 
force was plotted as soon as the beetle started moving on a horizontally arranged test 
surface (Fig.1). The digitalized walking force was processed and analysed using the 
statistical software R (Fig.2). 
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Figure 2: Representative measurement of the walking force of a Colorado Potato Beetle on test substrates. 
Before and after measuring the walking force on a plant surface (highlighted green), measurements on glass 
(blue) were performed (grey part=tare). On the plant surface tested (abaxial side of Eucalyptus camaldu-
lensis; epidermal cells of convex shape, covered by wax-platelets) a strong decrease in walking force (from 
54.68mN to 2.47mN) was observed.  
 
Before and after testing the insect on a plant surface, walking force on plain glass was 
determined to estimate the influence of contamination of tarsi with plant cuticular waxes. 
In only very few cases we found a contamination of insect tarsi. Our results show that not a 
single, but different types of structuring can severely reduce adhesion of insects. A 
publication of the detailed results of the influences of different plant structuring on the 
walking force is in preparation. According to these results a transfer to technical products 
with permanent anti-stick properties is foreseeable. 
 
We greatly appreciate the funding of the Landesstiftung Baden-Württemberg within the 
research programme “Neue Materialien aus der Bionik”. 
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A common technical problem with pneumatic constructions is the vulnerability of the 
inflatable membrane body. The reduction of the air loss of punctured pneumatic 
membranes can help to increase the life cycle of pneumatic structures and hence help to 
save resources as well as to improve the reliability of these structures in terms of safety. 
While there are already technical solutions and ongoing research for this problem in the 
tire industry [1], there is no convincing solution concerning membranes for inflatable 
pneumatic light weight constructions such as rubber boats or Tensairity® structures so far 
[2]. Since the stiffness of lots of organic structures is, in analogy to technical pneumatics, 
supported by cell pressure, nature can serve as inspiration to overcome this problem [3]. 
Inspired by repair processes in plants we develop self-repairing membranes for pneumatic 
structures [4] [5]. A soft cellular polymeric foam coating, as shown in figure 1a, is 
investigated to mimic the fast mechanical repair mechanism of parenchym cells in plants. 
Due to their internal pressure (turgor) these repair cells swell into growth related fissures 
and thus, seal them. Performing the foaming and curing reaction of the polyurethane 
coatings under overpressure enhanced the self repair efficiency within laboratory 
experiments up to 3 orders of magnitude.  
 
a) 
 
 

 

b) 
 

Figure 1: a) Membrane sample coated with PU foam. b) Experimental setup for the simultaneous 
investigation of the repair efficiency and sample deformation.  

 
The repair efficiency is the result of and is affected by the interplay of various parameters 
such as the material properties, the curvature of the inflated circular membrane sample as 
well as the pressure inside the pressure vessel. Thus, the mechanical properties of the 
employed materials as well as the experimental boundary conditions play a crucial role in 
understanding and enhancing the repair process. The experimental procedure and setup, as 
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shown in figure 1b, follows in principal membrane inflation experiments already 
documented in literature [6]. Optical deformation measurements compared with numerical 
simulations of the experiment, as presented in figure 2a and 2b, help to control the 
experimental boundary conditions as well as to understand the repair mechanism. 
 
a) b) 

Figure 2: a) Deformed shape of inflated membrane sample. b) Maximum displacement of inflated sample 
compared with FEM calculations. 

 
This project is funded by the German Federal Ministry of Education and Research (FKZ 
0313778A) and the EMPA Dübendorf, Switzerland.  
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Live cells are constantly exposed to mechanical forces induced by different physical 
interactions. One manner by which mechanical forces are sensed by cells is through cell-
substrate contacts called focal adhesion (FA) sites associated with the termini of actin 
stress fibers. These forces play essential roles in regulating various biological processes, 
including cell growth and tissue formation, cell mobility, differentiation, and apoptosis. 
Understanding the basic mechanisms by which cells interact with their environment could 
inspire the design of new biomaterials that mimic natural materials in the body. 
Furthermore, such knowledge may also lead to the development of a biomaterial that 
permits control of particular desired cell responses (such as cell differentiation, cell 
proliferation, cell migration etc'), which may be used to treat or replace non-functioning 
tissues or organs. For example, extra cellular matrix mimicking nanostructured 
biomaterials, such as nano-fibrous three dimensional scaffolds, have been shown to 
actively regulate cellular responses including attachment, proliferation, differentiation, and 
matrix deposition.   
In the present study we borrow theoretical and experimental tools from the materials 
science field to further understand the physical mechanisms involved in cell response to 
mechanical signals.  First, force transfer at cell-substrate adhesion sites (FA sites) was 
investigated by using a shear-lag type mechanical model classically used in composite 
material science. The shear stress profile produced along the cell-substrate interface was 
calculated and analyzed as a function of various material and geometrical characteristics of 
the adhesion region. It was found that at the front edge of the FA site there is a maximal 
shear stress. The full shape of the shear stress profile along the cell-substrate interface 
suggests a likely mechanism for the biochemical feedback activity leading to the growth of 
the adhesion region. Second, we studied how the shear stress profile varies during the 
temporal evolution of a single FA site, which was monitored and analyzed in detail for the 
first time using time-lapse video microscopy of rat embryonic fibroblasts. From image 
analysis of FA temporal evolution, it was found that single FA sites exhibit a consistent, 
recurring pattern of growth and saturation modes. On the contrary, disassembly mode of 
single FA sites exhibits an erratic behavior. Based on these results, the shear stress profiles 
were calculated at each step of the FA evolution process, and new aspects of a mechano-
sensing mechanism related to FA growth and saturation, were suggested. The resulting 
experimental data for FA growth, saturation and decay was also compared with predictions 
from a number of biophysical models.  
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Underwater adhesion is one of the most fascinating phenomena of marine organisms [1], 
but the bioadhesion mechanisms used by the organisms are not fully understood yet [2-5].  
Nevertheless, there exist already lots of possible applications for adhesives in the presence 
of water. For example tissues like bones and teeth, which are composed of porous 
hydroxylapatite (HAp), are intrinsically situated in a moist environment and therefore, are 
unfavourable for most commercial adhesives. Hence, a moisture compatible and peptide 
mediated adhesive would offer extraordinary advantages. Those range from excellent 
biocompatibility to a higher durability and a high tolerance to mechanical loads [6-8].  
 

 

Figure 1: Hybrid adhesive for the bonding of teeth following the example of nature. The adhesive system 
consists of hydroxylapatite and a mussel peptide/ PEG-polymer. 

 
The motivation of the work presented here is to bond teeth with ceramics for applications 
such as dental implants. Thus, the aim of our investigations is the creation of a hybrid-
adhesive based on HAp and a cutout of a mussel peptid sequence. The design-concept 
includes the formation of artificial HAp particles, the synthesis of the adhesive peptides 
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and a pegylation of these peptides. Finally, the HAp particles will be functionalised and 
connected with the peptides/ PEG-polymers. 
The intention is to let these hybrids enter the dentin tubes (shown in the top of Fig. 1). 
These tubes are underneath the enamel layer showing increasing diameters towards the 
pulp. Furthermore, our research targets the interfacial activities to boost the performance of 
the adhesive itself. 
It has been proven already by transmission electron microscopy that the HAps enter the 
tubes as well as the peptides. Furthermore, we verified the adhesion of the peptide on 
ceramics with bonding tests. 
After making sure that the components of the adhesive will behave as postulated we started 
to build up the hybrid material. For the functionalisation of HAp, an aminosilane was 
applied and the pegylation was accomplished by click reactions. 
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Introduction 
Over the past several years, development of (semi)conducting organic materials has 
become a major field of polymer science, with a multitude of promising applications, such 
as field-effect transistors (FETs), polymer light-emitting diodes (PLEDs), solar cells, and 
chemical sensors. Among the number of π-conjugated polymers suitable for organic 
(semi)conductors, polythiophenes (PTs) have good conductivity and chemical stability in 
both the natural and doped states [1]. To influence their electronic and (semi)conducting 
functions, their highly ordered nanostructure is manipulated by synthetic methods. One 
approach is to introduce pendant conjugated oligomers to non-conjugated polymers which 
can control their topology. These structures can impart (semi)conducting properties only if 
some distance requirements are exactly met. Cellulose, constructed by nature as a 
chemically deceptively simple, but supramolecularly intriguingly complex scaffold, is used 
as a molecular template to anchor moieties in those well-defined distances. Bio-inspiration 
is seen here in a way that the synthesis performance of nature is exploited to construct 
derived materials that were hard or even impossible to generate without the template effect 
of the natural polymer cellulose. Cellulose, a linear homopolymer consisting of regio- and 
stereo-specific β-1,4-glycosidic linked D-glucose units, is thus a very promising candidate 
for the well-defined molecular assembly with (semi)conducting organic polymers because 
of its stereoregularity, chirality, and the ability to form supramolecular structures, 
combined with stiffness, shape-stable structure, and physicochemical stability. In this 
paper, we describe the synthesis and properties of cellulose derivatives carrying oligo- and 
polythiophene moieties, which were regioselectively introduced.   
Besides the synthesis of (semi)conducting cellulose derivatives based on PTs, another aim 
of the work was the development of a cellulose-based conducting support material as a 
composite with the conducting polymers polypyrrole (PPy) and polyaniline (PAn). In 
contrast to other approaches well-known from literature (see [2-6]), no coating of cellulose 
or mixtures with cellulose derivatives, but a real cellulose composite was aimed, together 
with an in-depth description of structural varieties, performance and processability of the 
different products. 
 
Materials and methods 
Different cellulose derivatives having thiophene moieties, 6-O-(3-thiopheneacetyl)-, 6-O-
[(2,2’-bithiophene)-3-acetyl]-, and 6-O-[(2,2’:5’,2’’-terthiophene)-3’-acetyl]-2,3-di-O-
lauroylcellulose, were synthesized by the regioselective functionalization approach [7]. 
The cellulose derivatives were subject to oxidative polymerization with FeCl3 with 3-
hexyltihophene to afford π-conjugated copolymers as red-brown solids.  
Regarding the cellulose composites the focus was on the analysis of the differences 
between systems with in situ polymerization of the conducting component and simple 
mixing of the conductive polymers to the cellulose matrix. As matrix component different 
cellulose solution systems (BMIM-OAc, BMIM-Cl, NMMO, NaOH/Urea, DMAc/LiCl) 
were chosen as well as a heterogeneous system with microstructured cellulose (cellulose 
gel) and carboxymethyl cellulose (CMC). The regeneration procedures were optimized for 
the different approaches. 
 



168 
 

Results and discussion 
Microcrystalline cellulose was transformed into 2,3-di-O-lauroylcellulose by a standard 
sequence using p-methoxytrityl protection, followed by esterification with the 
corresponding thiophenecarboxylic acids catalyzed by dicyclohexyl carbodiimide / 
dimethylaminopyridine. The degrees of substitution (DSs) of the thiophene residues were 
dependent on the molar ratio of the remaining hydroxyl group to reagent. From UV-VIS 
spectroscopy, the absorption wavelength of all polymers in CHCl3 was slightly red-shifted 
relative to the corresponding low-molecular weight thiophene counterparts. Circular 
dichroism (CD) was used for further characterization. Oxidative polymerization (FeCl3-
catalyzed) with monomeric thiophene derivatives provided a soluble composite having an 
extended π-structure. Further studies on the relationship between the structure and 
optoelectronic properties are now in progress.  
Considerable differences in the electronic properties of all analyzed cellulose/PPy and 
cellulose /Pan composites were found. In situ polymerization is not favored in the analyzed 
systems, as it often causes deterioration of the solution or gel properties of the reaction 
system, so that no film formation is possible thereafter. Composites containing PAn as the 
conductive component mostly show conductivity with relatively small amounts of PAn, 
while PPy requires much larger amounts. Homogeneous systems with dissolved cellulose 
tend to have smaller conductivity by better isolating individual conductive particles from 
each other, but at the same time show better mechanical properties. 
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Nature makes use of insoluble organic matrices as well as of soluble biological 
macromolecules to direct and regulate the growth of biogenic calcite as it is found e.g. in 
mollusc shells or sea urchin spines. The resulting materials often exhibit fascinating 
properties such as enhanced resistance against fracture compared to synthetic ceramics and 
therefore act as a constant source of inspiration for materials science and 
nanotechnology.The study presented here is focussed on the investigation of bio-inspired 
calcite particles grown in the presence of a negatively charged polyelectrolyte 
(polystyrenesulfonate) via a gas diffusion technique [1]. During the crystallization process 
the macromolecules get incorporated into the mineral crystals which results in the 
formation of inner surfaces between the calcite and the organic phase. The interaction of 
the polymer and the mineral leads to a complex hierarchical structure. 
 
Due to the presence of the organic macromolecules in the crystallization solution the 
nucleation and the morphology of the bio-inspired calcite crystals are controlled. Light 
microscopy revealed that the composite particles, which had been grown on a glass plate, 
were all co-oriented along their c-axis and exposed the {001} plane on the surface (figure 
1a).  This charged high energy plane is usually never exposed by pure calcite crystals and 
has therefore seemingly been stabilized by electrostatic interactions with the 
polyelectrolyte molecules. By Raman imaging the microstructure of single particles 
nucleated on the (001) face was analyzed. A mineral deficiency (detected by imaging the 
intensity of the symmetric stretching mode of the carbonate group) was found in a 
triangular area around the centre of the bio-inspired crystals, while at the same time 
polystyrenesulfonate (detected by imaging the intensity of the symmetric ring stretching 
mode of the phenyl ring) was enriched exactly in this region (figure 1b). Therefore each 
particle is constituted of two phases of the polymer/mineral composite, one being richer 
and the other being deficient in polymer content. The nanostructure of single particles was 
investigated at the µ-spot beamline at the synchrotron facility BESSY II (Helmholtz-
Zentrum Berlin für Materialien und Energie) utilizing a setup allowing for simultaneous 
SAXS/WAXD detection [2]. The particles showed wide angle diffraction spots typical for 
single crystals as well as a pronounced anisotropic small angle scattering signal (figure 1c) 
due to the incorporation of polymer molecules into the particles. By combining small angle 
and wide angle information an orientation correlation between the organic inclusions and 
two specific planes ((104) and (006)) of the calcite lattice was observed. Furthermore high 
resolution powder diffraction at the ESRF (beamline ID31) revealed a distortion of the 
mineral lattice itself when compared to a control calcite sample, which was prepared 
according to the same method, but in the absence of polymer (figure 1d). This result allows 
the conclusion that even the arrangement of atoms (Å scale) in the mineral phase is 
affected by the presence of the organic macromolecules. Hence, the specific interaction 
between the polymer and the mineral plays a crucial role for the growth and the structure 
of the hybrid particles.  
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Figure 1: The presence of polystyrenesulfonate during the crystallization process of calcite leads to a 
structural organization on several length scales. a) A light microscopy image of bio-inspired calcite crystals 
grown on a glass plate is shown. The particles are all oriented along the crystallographic c-axis. b) Raman 
imaging of single particles revealed the polymer being enriched in a triangular area around the centre of each 
crystal. The intensity distribution of the symmetric ring stretching mode of polystyrenesulfonate over a single 
hybrid particle is shown. Spectra were collected with a spatial resolution of 0.5 µm c) A pronounced 
anisotropic small angle x-ray scattering signal was found. The maximum anisotropy correlates with the (104) 
and (001) directions of the calcite lattice. d) High resolution powder diffraction revealed lattice distortions in 
the mineral phase of the biomimetic particles (red dots) compared to a control calcite sample (black dots). 
 
 
In order to study how the polymer inclusions affect the mechanical properties we fractured 
the crystals and investigated the fracture surfaces in the electron microscope. In contrast to 
the control calcite sample which showed smooth fracture surfaces following the cleavage 
planes, the fracture of the bio-inspired particles was strongly influenced by the 
microstructure (polymer rich domains in the centre) and the organic/inorganic interface. 
Moreover, the mechanical properties of the bio-inspired crystals are currently investigated 
in more detail by nanoindentation.  
 
Our results should help to get a better understanding how organic macromolecules affect 
the structure and properties of biogenic and biomimetic minerals. 
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Aerogels are highly porous, extremely lightweight yet robust materials that feature a 
multitude of interesting properties, such as large specific surface area, extremely low 
thermal conductivity and sound propagation or excellent shock adsorption.[1,2] Due to the 
high porosity and the readily accessible inter-connected, open-porous structure, aerogels 
have been mainly investigated as filter materials, storage media for gases, especially for 
fuel cells, carrier for catalysts, heat and sound insulators or as scavengers for even smallest 
dust particles. 
 
Cellulosic aerogels – forming the relatively “young”, third generation succeeding the 
aerogels based on silica and synthetic polymer – are intriguing materials as they feature 
properties similar to those of their antecessors, with the additional advantages and 
characteristics of the regrowing and renewable biopolymer cellulose. Preparation and 
application of cellulosic aerogels are thus hot topic in current biomaterial science.  
A promising technique for obtaining shaped ultra light-weight aerogels from plant 
cellulose is based on the Lyocell technology and comprises the following steps: (1) 
dissolving cellulose in N-methylmorpholine-N-oxide monohydrate (NMMO·H2O) at 110-
120°C, (2) casting into shapes, (3) extracting the solidified castings with ethanol in order to 
initiate cellulose regeneration, and (4) drying of the obtained lyogels by supercritical 
carbon dioxide (scCO2).[3] 

All aerogels obtained from NMMO·H2O melts containing 3% cellulose (from different 
cellulose sources) have a largely uniform mesoporous structure with an average pore size 
of about 9 to 12 nm, surface areas of 190 to 310 m2 g-1 specific densities of 0.046 to 0.069 
g cm-3, but a rather low mechanical stability expressed as compressive yield strain ranging 
from 2.9 to 5.5%. All samples showed viscoelastic behaviour, Young’s modulus E ranging 
from about 5-10 N mm-2. Doubling the cellulose content in the NMMO·H2O melts from 3 
to 6% increased the Young’s moduli by about one order of magnitude. Shrinking of the 
fragile cellulose bodies during scCO2 drying is still an issue which is currently further 
investigated. Influencing parameters such as scCO2 pressure, cellulose content, 
regenerating solvent and the number of regenerating bathes have been optimized. 
 
Cellulose phosphate aerogels were shown to be promising cell scaffold and bone 
replacement materials. They were obtained in a similar way as their non-substituted 
counterparts and have similar mechanical and pore’s characteristics. Preliminary 
haemocompatibility tests clearly demonstrated that the high inflammatory response of non-
derivatized cellulose was almost completely abolished after phosphorylation, even at rather 
low DSPO4 values (0.13-0.14). Binding of Ca2+ ions to the phosphate groups had no 
influence on inflammation, however, mainly the platelet-dependent parameters of 
haemostasis increased. As platelet adhesion and activation by positive surface charges is 
suspected, this type of cellulose modification may be particularly appropriate with regard 
to osseointegration. 
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Bacterial cellulose as another renewable source is of increasing interest as it features some 
outstanding properties. In particular, purity, average molecular weight, fibre strength and 
degree of hydratization are normally significantly higher compared to plant celluloses. 
Therefore, the number of bacterial cellulose-based applications has been permanently 
increasing mainly in the medical and cosmetic sector.[4,5]  
Ultra-lightweight aerogels can be readily obtained also from purified bacterial cellulose 
(Gluconacetobacter xylinum) after thorough solvent exchange and subsequent scCO2 
drying.[6] Compared to analogous aerogels – either obtained from shaped Lyocell dopes or 
other cellulose solutions – the novel bacterial cellulose aerogels were found to be superior 
in terms of their dimensional stability throughout the preparation procedure (very little 
shrinkage) despite their significantly lower cellulose content. Their extremely low density 
of only about 8.25 mg cm-3 and their high pore volume along with the hierarchical 
structure of the open-porous cellulose network structure render the bacterial cellulose 
aerogels very attractive materials for a multitude of applications. 
 

  
SEM image 2000x Electrostatic attraction 

Figure 1: Cellulose aerogel derived from bacterial cellulose 
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Because insects possess a more or less reinforced exoskeleton, all actuators (e.g. legs, 
wings and other moveable parts like mandibles or ovipositors) as well as all external parts 
of sensors (i.e. the cuticular components of sensilla) are also made of this composite 
material. Consequently the material properties have to be fine-tuned to the specific 
function of the respective part [1]. However, even sophisticated functional components of 
the cuticle are strongly miniaturized and often show a very complex construction. In order 
to test mechanical properties like hardness, Young’s modulus and wear resistance, 
appropriate test procedures have to be used.  
We tested mechanical properties of different parts of insect cuticle by using a Hysitron 
nanoindenter also capable of nanoscratching and topographical imaging (Fig. 1).   
 

 

Figure 1: A Three indentations made with different loads (arrows) and one 10 µm nanoscratch (between 
arrowheads) on the pronotum of the beetle Merimna atrata. Topographical image scanned with the diamond 
tip of the indenter. Width of the image 20 µm. B Load versus displacement curves allowing the analysis of 
the initial unloading contact stiffness S. Finally, reduced Young’s modulus (Er) and hardness (H) can be 

calculated [2]. 
 
In our comparative study we measured hardness (H) and reduced Young’s modulus (Er) of 
the pronotum, the elytra and the abdominal sternites of the buprestid beetle Merimna 
atrata. In order to measure the mechanical properties of the different layers of cuticle, we 
embedded pieces of abdominal sternites in Epon resin and cut semithin cross sections from 
the top of the embedded specimens until the cuticular layers were exposed. The 2-
dimensional cut surface was examined with the nanoindenter. In summary, values 
measured for hardness were between 0.27 (abdominal exocuticle) and 0.68 GPa (elytra); 
values of Young´s modulus ranged from 3.1 GPa (abd. exocuticle) to 9.5 GPa (elytra). 
Significant differences were found between the different regions examined as well as 
between the different types of cuticle (i.e. exo-, meso-, and endocuticle). For reasons of 
comparison, mechanical properties of the different layers of cuticle of cross sections 
through a femur and a mandible of a locust were also investigated. Additionally first 
preliminary data for wear resistance of different cuticles (e.g. the digging claw of a mole 
cricket) will be presented. 
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Results may foster the development of new biomimetic materials which show superior 
mechanical properties whereas being lightweight and cheap. Those materials are of special 
interest in all kinds of vehicles (cars, aeroplanes) in order to save fuel. 
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Thickened laminating resin (TLR) is used for bonding of lightweight structures in 
airplanes. In order to reduce weight and increase the fracture thoughness, the pure resin is 
mixed with natural additives like cotton flocks or synthetic additives like micro-cellular 
fillers. Cotton flocks increase the fracture thoughness, the micro-cellular fillers reduce 
weight.  

 

Figure 1: Interface between adherent (GFRP) and thickened laminated resin (right side) Clearly visible is the 
porous structure of TLR with voids, cotton fiber and micro-bubble clusters 

 
In a study by Tschegg et. al. [1], specific fracture energy and notch tensile strength of TLR 
and 4 alternative bonding pastes were measured by the wedge-spliting test [2]. A 
comparison of the results shows that the natural cotton fiber significantly increases fracture 
thougness of TLR (the alternative adhesives don’t contain cotton flocks). In the future 
natural fibers should be increasingly used for improving the properties of bonding pastes. 
The bio-inspired nature of the material is also clear in the function of micro-cellular fillers 
and air voids which reduce the density of the material as in the bones of birds. 
These bio-inspired materials are expected to show great benefits in weight and fracture 
thoughness compared to common synthetic agents. 
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Figure 2: comparison of 4 bonding pastes and TLR 
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Many materials found in nature such as cell membranes, tendons, bone, and wood exhibit a 
combination of properties that have yet to be matched by any synthetic material.[1,2] 
These materials are not unique molecules, but rather a complex multi-component system 
composed of both organic components like lipids and biopolymers (proteins and 
polysaccharides), and inorganic compounds. The cell wall is an excellent example of a 
hierarchically organized biomaterial. 
 

 

Figure 1: the hierarchical structure of wood [3]. 
 
For many years it has been believed that cellulose is the primary structural component with 
respect to self-assembly and molecular organization and that lignin and hemicelluloses are 
the matrix in which cellulose is embedded. [4,5]  
The hemicellulose xylan belongs to the biopolymers that are most abundant in wood and 
other plants such as grasses, cereals, and herbs. The polymer backbone consists mainly of 
β-1,4-linked xylose units.[6] Recently, the xylans gain an increasing importance as basis 
for new biopolymeric materials and functional polymers accessible by chemical 
modification reactions.[7]  
The properties of paper are influenced by a variety of chemical and physical factors and 
the biomimetic effect of hemicelluloses [8,9,10] is known to improve the strength 
properties of paper for a long time. In general, the activity of the xylan depends strongly on 
the interaction with the pulp surface. Due to the negative charge of fibers in pulps by a 
slight amount of carboxylate and depending on pulp source rests of sulfonic acid results in 
decreased fiber-fiber-linking areas. Therefore a suitable chemical modification of xylan is 
a practical way to design new biopolymer-based products that show an enhanced 
interaction with the cellulose fibers.  
The aim of our work was to point out general correlations between the influence of xylan 
and the hydroxypropyltrimethylammonium xylans [11] with various degrees of 
substitution (DS) to the adsorption behavior on different model surfaces on the one hand 
and to the mechanical properties of differing pulps on the other hand. Despite of the 
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comparatively low adsorption behavior of onto model cellulose surfaces and carboxylate 
modified surfaces an increased tensile strength resulted after the addition of the unmodified 
birch xylan to a spruce sulfite pulp as well as to a birch kraft pulp. Furthermore, depending 
on the DS of the cationic xylan, a better adsorption behavior especially on the carboxylate 
modified surface was determined compared to the unmodified xylan with the surface 
plasmon resonance spectroscopy technique. Moreover, this DS – dependence of the 
adsorption behavior of the cationic xylans onto an anionic charged surfaces correlates 
strongly with our studies using them as a tensile strength additive in both pulps. 
With this a contribution to a deeper understanding of the xylan and cationic additive – 
cellulose interaction will be given.  
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Nacre is composed of inorganic particles held together by a flexible polypeptide mortar.  
This mortar is composed of natural α-peptides which adopt secondary structures such as 
beta-sheets, robust motifs that utilize breakable/reformable hydrogen bonds as a structural 
component. Force-extension experiments on this organic material are typified by an 
irregular "saw-tooth" profile [1]. This nanomechanical behavior has been attributed to 
sequential unfolding of the α-peptides, and contributes to nacre toughness [2]. 
 
Although the energy absorbing interfacial polymers in nacre are effective when platetelet 
filler is packed in a stacked and ordered arrangement, it is not known if this mechanism is 
effective in a particle- or fiber-reinforced composite.  An analytical composite model could 
be useful in detemining the potential for toughening by interphase polymer unfolding.  We 
modeled the mechanical behavior of the composite using RVE’s built in ABAQUS as 
shown in Figure 1a. These unit cells can be discretized into three components: polymer 
matrix (elastoplastic), inorganic filler particle or fiber (elastic), and interphase.  The 
interphase is modeled by a constitutive law that assumes sequential force-induced 
unfolding of the polypeptide mortar.  For comparison, an elastic interphase was also 
modeled.  Both particle and fiber composites had a filler volume fraction of 0.55. The fiber 
aspect ratio was 20. 
 
Figure 1b shows the stress-strain curves of the composite unit cells under tension. The data 
indicate that progressive unfolding of the modules in the organic interphase provides a 
macroscopic "softening" mechanism. An interphase that is elastic only, such as the 
currently used methacryloxypropyltrimethoxy silane, fails during deformation. This 
softening mechanism can enable greater strain-to-failure. As a result, the work of fracture 
of the composite increases. 
 

 
 
With this background motivation, we wish to synthesize interphase materials analagous to 
nacre proteins.  To mimic these natural α-peptides, the interphase material should contain 
similar secondary structures.  The homologous β-peptides are composed of amino acids 
with one additional carbon in the monomer subunit.  β-Peptides form all of the secondary 
structures found for α-peptides, including the α-helix, β-sheet, etc [3].  The opportunity to 
introduce two or more substitutions between the carbonyl and nitrogen makes the 

Figure 1: (a) Three-dimensional 
representation of the volume 
element for polymer matrix 
composites; (b) Stress-strain 
behavior of the composite unit 
cell. 

 

a 
b
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structures of β-peptides far more variable and designable than their natural counterpart.  
The propensity for β-peptides to adopt specific secondary structures is closely related to 
their substitution and substitution stereochemistry [4]. 
 
Few β-amino acids are naturally occurring, but they can be prepared readily in a variety of 
ways.  With two positions for substitution, there are four fundamentally different structures 
(without considering 2,2- or 3,3-disubstitution options), Figure 2.  Appropriate substitution 
and stereochemistry can dictate the secondary peptide conformations adopted by polymers 
of these amino acids.  In contrast to the natural amino acids, dehydration of the β-amino 
acids yields a β-lactam which is capable of direct ring-opening polymerization thermally or 
by treatment with base [5]. 
 

Figure 2: Four β-amino 
acids and a reactive β-
lactam monomer. 

 
We have taken amine-derivatized silica surfaces and attached a linking group containing an 
activated β-lactam terminus, Figure 3.  Treatment of this surface with a β-lactam and a 
catalytic amount of base leads to polymerization from the activating group.  The resulting 
polymer ends with an activated β-lactam terminus, capable of further chemical 
modification.  This allows the production of block co-polymers or termination with a 
matrix-polymerizable end group.  The modified silica (particles and fibers) were 
compounded into composites with BisGMA/TEGDMA matrices and specimens fabricated 
for mechanical testing. 
 

Figure 3: A 
functionalized surface is 
coupled to an initiating 
linker which acts as a 
polymerization site for β-
peptide growth.   
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Tissue engineering is an interdisciplinary field that has attempted to utilize a variety of 
processing methods with synthetic and natural polymers to fabricate scaffolds for the 
regeneration of tissues and organs. Many extracellular proteins have a fibrous structure 
with diameters on the nanometer or sub-micrometer scales, and electrospinning has been 
considered as one of the techniques to prepare the scaffold of biomimetic materials fibers. 
For some of the tissues, such as tendons and ligaments, tensile modulus and strength are 
critically important. 
 
In this work, electrospun fibers made of polymethyl methacrylate (PMMA) and of multi-
wall carbon nanotubes (MWCNTs) with either pristine or covalently functionalized 
surfaces were prepared and then tested using a nano tensile tester mounted on an inverted 
optical microscope. Transmission electron microscopy (TEM) reveals significantly 
enhanced nanotube dispersion in the polymer following covalent surface modification. The 
tensile tests were recorded by a digital camera attached to the microscope for later analysis. 
As seen in Figure 1, the electrospun fiber is clamped between a bead of epoxy glue (the 
black part) and an atomic force microscope (AFM) cantilever. The epoxy bead is attached 
to a nano-manipulator, and activating the latter results in the deflection of the cantilever 
and deformation of the fiber. The value of the force is derived from the deflection and 
spring constant of the AFM cantilever.  
 

 

Figure 1: Nanotensile test of an electrospun fiber (a, b) before and (c) after failure. Extensive necking is 
observed in pristine CNTs based nanofibers. Scale bar is 50 micron. 

 
Typical stress-strain curves are shown in Figure 2. As seen: (i) non-functionalized 
(pristine) MWCNT-based PMMA fibers are considerably stiffer, stronger and tougher than 
both fibers based on functionalized MWCNTs and pure PMMA fibers; (ii) COOH-
MWCNT/PMMA fibers perform better that pure PMMA fibers; (iii) f-MWCNT/PMMA 
fibers are mechanically worse than even pure PMMA fibers. Thus, despite the improved 
nanotube dispersion, the mechanical properties of the fibers containing the surface 
modified nanotubes generally fall below those of the fibers with pristine nanotubes, at 
times below even those of pure polymer fibers. Higher failure strains are systematically 
observed in pristine CNT-based fibers, which may tentatively be explained as follows: (i) 
Pristine CNTs have a weak interface with PMMA, and the composite fiber fails by 
debonding and CNT pull out, as indeed seen by TEM. This results in higher strains and 
therefore higher toughness (the latter being simply defined as the amount of energy per 
unit volume that a material can absorb before rupturing, and is approximated by the area 
below the stress-strain curve); (ii) Functionalized CNTs have relatively stronger interaction 
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with the matrix PMMA, which benefits the stress transfer. In this case the composite fibers 
are brittle and less tough. As to the fiber strength and modulus, unlike the pristine CNTs, 
the functionalized CNTs have most likely been structurally affected by the chemical 
treatment of their surfaces, causing a reduction in mechanical performance. Indeed, TEM 
and Raman spectroscopy data show that covalent functionalization introduces defects into 
the graphene structure, leading to mechanical weakening of the CNTs and, therefore, of the 
nanocomposite. 
 

 

Figure 2: Typical stress-strain curves of the specimens. Modulus is is defined as the slope of its stress-strain 
curve in the elastic deformation region, and toughness is the area underneath the curve. 

 
The present study demonstrates that (i) PMMA electrospun fibers based on pristine 
MWCNT are much tougher than fibers based on functionalized MWCNTs and than pure 
PMMA fibers; (ii) surface functionalization of MWCNTs may be viewed as a double-edge 
sword, which at the same time brings about improved tube dispersion in polymers but also 
degrades the structural integrity of the tube walls, the consequence of which is a decrease 
in mechanical properties.  
 
The electrospinning and nano tensile test techniques used here can be applied to various 
other fibrous materials for tissue engineering, such as collagen and spider silk fibers. 
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Polymers are increasingly used in applications which require high mechanical resistances. 
Such components may fail spontaneously even below their maximum critical load due to 
micro-cracks growing up to overcritical lengths under continuous mechanical stress. 
Stopping or healing cracks may inhibit or at least decelerate crack expansion. Thus 
equipping components with self-healing capabilities is a smart way of failure prevention. 
Most of the current technical self-healing concepts do not work autonomously and depend 
on a stimulus to start the self-healing process (e.g. heating).  
 
Nature provides a variety of remarkable concepts for autonomic self-healing processes of 
non-critical micro-cracks as by the cross-linking of latex particles. This phenomenon may 
serve as a model for a transfer to technical applications. For example, the latex of Hevea 
brasiliensis seals the lesion after injury by releasing the protein hevein which leads to 
coagulation of latex by cross-linking rubber particles. The difference between turgor 
pressure and atmospheric pressure causes a burst of compartmentalised structures 
containing hevein [1]. Here, the coagulation of Ficus benjamina latex (Fig. 1A) has been 
analysed. In our experiments the formation of amide bonds during coagulation as well as 
the finding that an outer pressure of minimum 2 bar was able to inhibit coagulation, 
indicate that the above mentioned coagulation theory is valid for F. benjamina as well. 
 
Among different plant genera and species, the time span of latex coagulation varies, e.g. 
from a few seconds in case of Campanula to several minutes for F. benjamina (Fig. 1B). 
As these time spans are short compared to self-repairing growth processes in plants, latex 
coagulation may be a good model for self-healing polymers. Tensile tests of injured and 
non-injured bark of F. benjamina reveal its self-healing abilities. 35 min after being 
injured, the tensile strength is partly restored to the values of non-injured bark [2]. 
 
A transfer of these findings derived from biological systems into technical materials may 
yield self-healing concepts for polymers resulting in prototypal seals or compensators with 
self-healing functionality. In laboratory experiments, three different types of technical 
relevant elastomers were chosen for self-healing test series. These matrix materials differ 
in their chemical composition and their kind of vulcanisation. SEBS (Styrol-Ethylen-
Butylen-Styrol-co-polymer), a thermoplastic elastomer, already exhibits minor 
autonomous, intrinsic self-healing effects after a centrical splitting of died-cut elastomer 
strips, which are probably caused by molecular inter-diffusion processes as postulated by 
Wool and O’Connor [3]. However, this effect is rather unincisive. In contrast to SEBS, 
NBR (Nitril-Butadien-Rubber) as well as EPDM (Ethylen-Propylen-Dien-terpolymer type 
M) show no such intrinsic self-healing which can be ascribed to their rather stiff und cross-
linked structure. Injured specimens from EPDM and NBR do not exhibit subsequent 
vulcanisation that might initiate intrinsic self-repairing. 
 



184 
 

 

Figure 1: Coagulation of Ficus benjamina latex. A) IR-Spectra of the latex. Major changes, e.g. an  
increase in amide bonds are observed about 6 to 9 min after injury. The time of the Z-axis is given in minutes 

after injury [4]. B) Duration of latex coagulation. The time is given in minutes after injury. 
 
The addition of middle- or high-molecular polymers adhering by non-covalent interactions 
and presenting a high creep modulus results in distinctive self-healing effects for SEBS 
and for EPDM as well. This effect is visible up to a blending limit of about thirty per cent. 
 
For SEBS, these additives lead to breaking elongations of about 35 per cent. Compared to 
3 per cent breaking elongation the pure SEBS restores, this effect is quite distinctive. 
Blends of EPDM with a low-molecular silicone network lead to breaking elongations of up 
to 14 per cent. This surely is a surprisingly good result for such a stiff matrix polymer. 
Furthermore, first experiments suggest the great potential of 2-K-adhesives as self-
repairing agents by encapsulating one component and compounding the second one 
directly into the elastomeric matrix. The inserted capsules exhibited a diameter from 5 to 
about 35 µm, depending on the processed carrier material. Compared to self-healing 
experiments with non-covalent binding additives, such a 2-K-adhesive system may just 
once cure a micro-crack. After discharging and hardening, the encapsulated adhesive is 
depleted. One aim of ongoing experiments is to show, which concept is more effective for 
self-healing in technical applications.  
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Usage of foams is widespread in packaging to protect goods from impact damages due to 
acceleration or deceleration forces. Also they are used in protection gear for humans (e.g. 
helmets) to avoid injury in case of accidents. There is a wide range of open-pore or closed-
pore technical foams differing in materials and pore sizes. Desirable properties of foams in 
these areas of interest are low weight, high energy absorbing capacity and shape recovery 
after large deformations. 
 
Many fruits also have to cope with high deceleration forces during impact on the ground. 
Pummelos (Citrus maxima) fall from heights up to 10 m. Regarding fall height and weight 
of the fruit (> 1 kg) the protecting peel consisting of epidermis, dense flavedo and spongy 
albedo is comparably lightweight (figure 1a). To build this protective layer the pummelo 
has a very limited choice of available materials. Hence these materials have to be 
combined in a smart manner to produce the tissues with their different properties. 
 
Until now the properties of a foam can be tailored to its specific use by choosing the right 
material and by adjusting its relative density [1]. The aim of this project is to understand 
how the hierarchical structure and material of the spongy pummelo peel are combined to 
ensure a high damping capacity. The knowledge obtained from our investigations will lead 
to a more profound understanding of how to alter the properties of a foam without 
necessarily altering the material used for its production. 
 

 

Figure 1: a. Citrus maxima, b. radial section trough the peel (scale bar = 1 cm), c. transition between pulp and 
albedo,   d. albedo, e. flavedo and epidermis.  

 
The peel or pericarp of C. maxima is thick compared to other citrus fruits. The thickest part 
of the peel, the white albedo, is composed of interconnected cells forming a three 
dimensional netlike structure with intercellular spaces gradually increasing in size from 
outside towards the inside of this tissue (figure 1b-e). Directly above the pulp, a few cell 
layers of the albedo are more densely packed again (figure 1c). 
 
Free fall tests with whole fruits from a height of 6 m showed that 90% of the initial 
potential energy was dissipated during impact. The fruit did not split open and seemed 
macroscopically undamaged and not deformed [2]. This high energy damping capacity and 
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viscoelastic behaviour correspond with values obtained from compression tests that were 
performed on cylindrical samples of the pericarp. 
Cyclic compressive loading and unloading of the sample to 40% of its initial height 
resulted in energy dissipation between 55% and 70%. The linear elastic part of stress-strain 
diagrams obtained from the compression tests was very small or even undetectable. To 
describe the viscoelastic properties, stress relaxation tests were conducted in which strain 
was increased stepwise by 5%. After each step there was a pause of 60 s during which 
strain was kept constant. During the pauses the compressive force decreased by 
approximately 30%. The time dependency of this decrease in force can be represented by a 
generalized Maxwell model. This model consists of a parallel combination of one Hookean 
spring and a defined number of Maxwell elements. A Maxwell element is a combination of 
a Hookean spring and a dashpot in series. A viscous constant can be associated with each 
dashpot and an elastic constant to each spring. This allows formulating a relaxation 
function: 

 
with t = time, F = force and τ = relaxation time (= viscous constant / elastic constant). A 
Maxwell model composed of one spring and three Maxwell elements fits the experimental 
results quite accurate (figure 2). 

 
As outlined above the pummelo peel meets all properties desired 
from a material designed for protection from impact damage. 
Understanding the principles of energy dissipation of the 
hierarchically structured foamy peel of C. maxima will help to 
develop technical foams which are adapted to specific applications 
not only by means of material characteristics and pore size. 
 
We appreciate the funding of this project within the framework of 
the DFG – SPP 1420 “Biomimetic Materials Research: 
Functionality by Hierarchical Structuring of Materials”. 
 

Figure 2: Relaxation function (red line) fitted to the original data (black line).  
 
Reference 
[1] – L.J. Gibson and M.F. Ashby, Cellular Solids – Structure & Properties, Pergamon Press, Oxford, (1988) 
[2] – R. Seidel, A. Bührig-Polaczek, C. Fleck and T. Speck, Impact resistance of hierarchically structured 
fruit walls and nut shells in view of biomimetic applications, In: Proceedings of the 6th Plant Biomechanics 
Conference (ed. Bernard Thibaut), French Guyana (2009), in press. 



187 
 

Lightweight, Large Area and Thick Nacre-Mimetic Materials with Superior Material 
Properties  

Andreas Walther, Ingela Bjurhager*, Jani-Markus Malho, Lars Berglund* and Olli Ikkala  
Molecular Materials Group, Department of Applied Physics, School of Science and Technology, 

Aalto University, Helsinki, Finland  
*Fibre and Polymer Technology, Division of Biocomposites, Department of Materials Science 

and Engineering, Royal Institute of Technology, Stockholm, Sweden 

 
Nature provides us with the prime examples of lightweight, strong, stiff and yet tough 
materials. The unique and exceptional properties are realized via a hierarchical ordering of 
hard (inorganic) and soft (organic, polymeric) building blocks. Nacre serves as an excellent 
example. The structure therein is based on a layered arrangement of CaCO3 platelets held 
together with a protein glue into a brick-and-mortar structure. The combination of a 
majority fraction of hard, reinforcing material with the soft and energy-dissipating organic 
phase, is one of the basic design principles leading to superior mechanical properties. In 
terms of materials science, nacre is considered to be a perfect marriage of hard and soft 
materials and thus biomimetic materials of this structure are in the focus of research. 
 
Significant efforts have been devoted to the generation of nacre-mimics by various 
techniques such as layer-by-layer (LbL) and other multilayer deposition strategies, ice-
templating of ceramics, uncontrolled co-casting of polymer/clay mixtures or processes at 
interfaces.[1] In particular Kotov has shown remarkable mechanical properties via the step-
wise assembly of clay and polymers.[2] Although the materials exhibit superior properties, 
their preparation suffers from being laborious, step-wise and extremely time-consuming. 
Days to weeks are necessary to prepare films with thicknesses of only a few micrometers. 
Thus, all these strategies face tremendous obstacles to allow a transfer of concepts beyond 
the laboratory scale.  
 
Thus to promote these structures into true 21st century biomimetic materials with advanced 
properties, we have to think of more innovative strategies. 
In this contribution, we will show how to overcome many obstacles and how to create 
large-area brick-and-mortar nacre-mimics (Figure 1a) with sub-millimeter thicknesses and 
potentially unlimited lateral dimensions via continuous roll-to-roll processes. We combine 
concepts of colloid chemistry with hierarchical self-assembly and well-developed up-
scaled preparation strategies.  
Our concept makes use of solution-based self-assembly of platelet-shaped inorganics and 
polymers and subsequent fast self-ordering methods on a second length scale.  
The resulting materials show a highly ordered layered arrangement of the platelet-shaped 
inorganic nanoparticles, surrounded by an organic polymer matrix (Figure 1b&d). Due to 
the utilization of well-defined building blocks, the structures are composed of an optimized 
hard/soft ratio and a majority fraction of hard reinforcing material. Hence, the resulting 
material properties demonstrate outstanding stiffness and strength, being in the range or 
even surpassing the values of natural nacre (Figure 1c). We will also show how the 
mechanical characteristics can be tuned and improved via chemical and physical 
crosslinking.  
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Figure 14: (a) Schematic structure of brick-and-mortar nacre mimics based on hard inorganic nanoplatelets 
and soft organic polymers. (b) SEM image demonstrating the strongly aligned layered orientation of the 
platelet-shaped inorganics. The image was taken at the center of the cross section of a 0.1mm thick film. 
(c) Specific mechanical property selector chart adapted from Ashby et al.[3] The mechanical properties of 
our materials are in range with strong biological materials and can compete with metals, ceramics and glass 
fiber reinforced composites (GFRP). (d) High-Resolution TEM micrograph showing the layered arrangement 
of hard (dark) and soft material (gray) within the biomimetic composite. The inset shows the grayscale 
analysis of the blue section, highlighting the alternating contrast.  
 
Furthermore, our nacre-mimics combine these superior mechanical properties with high 
optical transparency, ultralow gas permeability and an amazing shape-persistent fire 
resistant.   
These simple and quick processes are a particularly valuable pathway towards high-
performance biomimetic coatings and film applications and may well pave the way for the 
first nacre-mimetic 21st century materials beyond model studies.  
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The display function of bird's feathers for sexual attraction implies very specific needs of 
evolutionary relevance: the tail feathers should be as long, thin, and light as possible. Our 
work demonstrates that this is achieved by the geometric conical self-similarity of the 
rachis. The composite structure of outer cortex and inner medulla leads to a division of 
labour. It benefits from a strengthening effect: the sum of cortex and medulla is better than 
the sum of its parts, due to considerable incompatibility interfacial strengthening. For 
bending of the feather the cortex provides all the rigidity, while transversial compression of 
the quill is resisted almost entirely by the medulla. The cortex material, beta-keratin, is 
homogeneous over about 80% of the length of the feather, leading to constancy of 
longitudinal and transverse Young’s moduli and fracture stress. 
The tail cover feathers, long and thin, produce mechanical forces and moments on the 
feather follicle. Because they are not used for flying, their complete mechanical history, 
due to gravity alone, is known. The phenomenon of mechanotransduction, the influence of 
mechanical forces on biological processes, is universal, for human bone it is known as 
Wolff’s law [1]. The peacock’s tail feathers can be considered one of the very rare systems 
on Earth, where the influence of gravity on cellular activities can be quantified [2]. Our 
ongoing research aims at understanding what exactly happens in the feather follicle under 
load, thus creating a basic link between gravity and life. This would as well be relevant for 
understanding complex structured materials such as plants. 
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Plant cell walls are natural occurring composite materials. They envelop the whole cell, 
form its shape, provide mechanical stability and connection to neighbour cells [1]. The 
characteristics like flexibility or mechanical strength depend on cell type and function as 
well as on differentiation state. The properties are strongly influenced by the cell wall 
composition and architectural structure. 
 
Cellulose is one of the main plant cell wall components. It is composed of parallel aligned 
β-1,4 glucan chains. A distinct number of glucan chains self-assemble during biosynthesis, 
forming microfibrils and higher cellulose organisation structures [2]. A microfibril has 
highly ordered, crystalline zones and less ordered, “amorphous” zones. After controlled 
acid hydrolysis of the less ordered zones only the crystalline fractions remain. Due to their 
shape and dimensions, these crystallites are also called cellulose whiskers. Incorporated in 
a polymer matrix cellulose whiskers can act as reinforcing agent [3]. Cellulose whiskers 
also show interesting optical properties like birefringence [4]. 
 
Mostly sulphuric acid is applied for whisker production creating sulphate groups on the 
whisker surface which enable colloidal stable suspensions. In some cases the excellent 
properties of charged cellulose whiskers go along with some disadvantages. After drying 
sulphate groups cause a decreasing thermal stability [5]. Regarding whiskers as model 
substance for plant cell walls, sulphate groups, not present in plant cell walls, could hinder 
the accessibility for enzymes [6]. 
 
Hydrolysis of cellulose with hydrochloric acid leads to cellulose whiskers without sulphate 
groups but higher tendency for aggregation. However, homogenous dispersion of cellulose 
whiskers is essential for their reinforcing capacity [7] and their general accessibility. In 
order to be able to use non-charged cellulose whiskers as a model system for plant cell wall 
cellulose, aggregation has to be avoided. 
 
In a preliminary study bacterial cellulose whiskers (BCW) were prepared by applying 
hydrochloric acid. The effect of several polysaccharides as xyloglucan (XG), 
carboxymethyl cellulose (CMC) and arabinogalactan (AG) on the colloidal stability and 
dispersion of BCW suspensions was examined. For some of the polysaccharides it is 
known that they have an affinity for cellulose. Colloidal stability of suspensions was tested 
by centrifugation. Thereby changes were detected measuring turbidity, performing 
conductometric analysis and determining polysaccharide content and composition. In 
addition, transmission electron microscopy (TEM) was used to visualise the degree of 
BCW dispersion depending on polysaccharide type and concentration (figure 1). Moreover 
well dispersed polysaccharide/BCW suspensions were spin-coated on silicium wafers and 
the surface morphology was analysed by atomic force microscopy (AFM). 
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 (a) BCW  
   

(b) CMC + BCW (c) XG + BCW 

Figure 1: TEM images of negatively stained BCW and polysaccharide/BCW mixtures. 
 
The region “Pays de la Loire” and the french National Research Agency ANR (Programm: 
Analogs BLAN08-3_310735) are acknowledged for financial support of this work. 
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In Malaysia, oil palm empty fruit bunches (EFBs) are a major byproduct of the oil palm 
industry. They are produced at palm oil mills. Every ton of fresh fruit bunches produce 
approximately 0.22 tons of EFBs after being milled. The total amount of EFBs is 
approximately 10 million tones per year (1). This paper will discuss the preparation of 
green phenolic resin from EFB as an alternative raw material to replace petrol chemicals. 
We are aiming at using the natural polymer lignin as a structural role model for the 
development of new (and, similar to their role model lignin, environmentally compatible) 
green resins and duroplast materials. Bio-inspiration is seen in way that lignin is a highly 
resistant and durable material, yet biodegradable and fully natural.  
Preparation of a novolak-type resin by liquefaction of oil palm empty fruit bunch (EFB) in 
phenol was carried out in the reflux condenser system in the presence of various types of 
acids as catalyst. The reaction was carried out at 140 and 170 ºC in the presence of phenol. 
The highest reaction yield was achieved when sulfuric acid was used as the catalyst. Figure 
1 shows the XRD diffractograms of phenolated EFB (PEFB) and commercial novolak 
resin. Both PEFB and commercial novolak resin show the broad peak at the same location 
that is 2θ = 19.1º. The width of peaks in a particular phase pattern provides an indication of 
the average crystallite size. Large crystallites give rise to sharp peaks, while the peak width 
increases as crystallite size decreases. The amorphous materials show a broad peak in the 
XRD diffractogram. The novolak resin is known to be a non-crystalline polymer. Hence, 
comparing to the XRD diffractogram of PEFB, one can concluded that PEFB is also non-
crystalline polymer due to the similar XRD diffractogram of PEFB and commercial 
novolak resin. 
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Figure 1: X-ray diffractograms of the PEFB and commercial novolak resin 
 
Table 1 shows the melt viscosity (η) and melt flow rate (MFR) of phenolated EFB (PEFB) 
which is obtained with 5% sulfuric acid as the catalyst with various initial input ratios 
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phenol/EFB (P/E) in the liquefaction reaction. These results explicitly show that the melt 
viscosity of PEFB is higher than in the case of commercial novolak resin. When the 
phenol/EFB ratio is 4, the melt viscosity value of PEFB is close to the value of commercial 
novolak resin. It can bee seen from the data in Table 1 that the MFR value decreases by 
increasing the melt viscosity. Increasing the viscosity of the fluid resulted in flow 
difficulties. Data in Table 1 also show that melt the viscosity of PEFB increases 
significantly when the ratio of phenol/EFB (P/E) decreases. It is likely that this 
phenomenon is due to the increase of the average molecular weight ( M w) of the PEFB by 
decreasing the P/E ratio. It was reported that during liquefaction of cellulose or other 
biomass the increase of the phenol/biomass ratio can significantly restrain the 
recondensation by blocking reactive sites on the liquefied component, consequently 
preventing further increase in molecular weight (2,3).  
 
Table 1. Effect of initial phenol/ EFB ratio on the PEFB melt viscosity and melt flow rate 
 

 P/ E       R.t(min)     R.T(oC)      η(Pa.S)     MFR(g/ 10 min) 
 
 

Novolak      --              --                41.1              343.7 
4                 90            130              62                 194 
3                 90            130              465               34 
1                 90            130              9300             1.16 

 
The SEM micrograph (figure 2) of a fractured surface of moulding board indicated a better 
compatibility between phenolated EFB matrix and EFB fillers as compared with novolak 
matrix and EFB filler.  
 

   
A                                                            B 

Figure 2: A- Fractured surface of the novolak molding with 50% of EFB filler 
B- Fractured surface of the PEFB-base molding with 50% of EFB filler 
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Crustacean exoskeleton is constructed of a calcified extracellular matrix named cuticle. 
Cuticle is a complex hierarchically structured biological composite material, consisting of 
chitin, proteins, minerals and lipids [1]. Crustacean cuticle comprises four main layers: the 
outermost epicuticle, underlying exocuticle and endocuticle and the innermost 
membraneous layer. The cuticle is periodically shed and replaced during molting. 
Nanoscale self-assembly of the components and development of hierarchical structures are 
characteristic for biological systems and implementation of these approaches is expected to 
lead to new improvements in the synthesis of bioinspired materials [2].  Cuticle formation 
involves secretion of the new cuticular components by the underlaying epithelial cells; 
formation of the new cuticular layers, including elaboration of chitin-protein network and 
calcification; degradation of the old cuticle and resorption of its constituents. A 
combination of interrelated structural, chemical and mechanical information at different 
size scales down to nanometers is indispensable to get a detailed insight into cuticle 
structure at different stages of its cycle. One of the difficulties in resolving the 
microstructure of the cuticle is accurate preservation and imaging of all its different 
constituents. 
In order to investigate the principles of cuticle design a microscopic characterization of the 
newly forming, mature and degrading cuticles of an amphibious seashore crustacean Ligia 
italica (Crustacea: Isopoda) was performed in this study. Structural and analytical TEM 
analyses of ultrathin sections were correlated with the data on morphology and mechanical 
properties obtained by AFM imaging of the block face in the same sample [3].  
Endocuticular layers of mature, calcified cuticle display alternating narrow electron dense 
and wide electron light sublayers in TEM, which were revealed as harder and softer zones 
in AFM phase images, respectively. Structural details of the chitin-protein network 
architecture in the intact, i.e. non-decalcified and non-deproteinated endocuticle, are 
successfully resolved by AFM of the sample block face (Fig. 1a). In the middle of the 
narrow hard zones we can clearly follow single fibers parallel with the layers, while the 
majority of fibers were cut transvesally or obliquely. We localized calcium in the electron 
dense (harder) sublayers of the endocuticle by energy filtered transmission electron 
microscopy, while no calcium signal was detected in the intermediate electron light (softer) 
sublayers. This demonstrates that calcium forms are not distributed homogenously within 
the endocuticle of Ligia italica. Interestingly, Hild et al. (2008) reported about the 
variations in the intensity of the organic signal in the endocuticlar layers in terrestrial 
isopods, obtained by Raman spectroscopic imaging [4]. Ecdysal space is an unique 
extracellular compartment between the old detaching cuticle and the newly forming one, 
where dynamic resorption processes of the old cuticle constituents take place. Ecdysal 
space harbours spherules and nanotubules involved in elaboration of the new cuticle. Their 
composition and function need further clarification. We distingish several types of ecdysal 
spherules in this study, differing in ultrastructure and texture displayed in TEM and AFM 
phase images. At the base of the old, detaching cuticle, layers disintegrate and numerous 
spherules form from the endocuticular material (Fig. 1b). Some spherules display 
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alternating concentric electron dense and light layers in TEM, while in AFM phase images 
they show alternating hard and soft rings. Spherules located near the newly forming 
epicuticle exhibit hard granular texture and many of them are directly attached to the new 
epicuticle surface. The characterization of the spherules content and their dynamics is 
underway. Unraveling the processes of formation and degradation of natural mineralized 
nanocomposites (e.g. cuticle) implemented by living organisms is expected to lead to 
advances in man-made nanoscale composites construction. Our results demonstrate that a 
combination of TEM and AFM imaging presented is a suitable methodological approach to 
use the advantages of both techniques for visualization and characterization of cuticle 
architecture and structures in the ecdysal space at the micro- and nanoscale. Correlative 
AFM-TEM method is appropriate for the characterization of various other nanocomposite 
materials. Complementary ultrastructural, mechanical and chemical composition details of 
cuticle in different phases of its cycle obtained in our study provide new information on 
principles of its structure and formation. Knowledge on the nanoarchitecture and 
elaboration of this mineralized chitin-protein based natural composite is potentially 
applicable in the development of artificial tissue scaffolds in bone tissue engineering. 
 

   

Figure 1a: Endocuticle of the Ligia italica tergite. Structural and mechanical details of sublayers as revealed 
by AFM phase imaging of the sample block face. Figure 1b: Basal part of the disintegrating endocuticle and 

formation of spherules in the ecdysal space. 
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Institute of Physics and Materials Science, University of 
Natural Resources and Applied Life Sciences (BOKU)  

Head of Christian Doppler Laboratory for Fundamentals of 
Wood Machining 

Background and research fields/interests 
Research on fatigue, damage and fracture, especially at 
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ultrasonic frequencies 

Structure, mechanical and fracture mechanical properties of 
different materials (metals, composites, wood, bio-inspired 
materials, etc), machining processes 

Development of material testing methods 

315 scientific papers, from which more than 100 are in peer 
reviewed journals 

Member of international editorial board and reviewer of Int. J. 
of Fatigue, Fatigue and Fracture of Engineering Materials and 
Structures, Materials Science Research, International and 
organizer of several international conferences 

Awards and Honors 
1977 Theodor Koerner Price for excellent scientific work on 
fatigue of metals 

1980 Kardinal Innitzer Price for excellent scientific 
investigations on structure and mechanical properties of solid 
materials 

1983 Best lecture at ASTM conference – “landmark-
development” 

2006 Tamman-Medal of DGM (Deutsche Gesellschaft für 
Materialwissenschaft) for outstanding research work on 
ultrasonic fatigue  

   
Selected 

publications/patents 
 S.E. Stanzl-Tschegg, “Fatigue crack growth and thresholds at 

ultrasonic frequencies” in International Journal of Fatigue, Vol.  
28, 2006, 1456-1464 

S.E. Stanzl-Tschegg and P. Navi, “Fracture behavior of wood 
and its composites” in Holzforschung, Vol. 63-2, 2009, 139-
149 

S.E. Stanzl-Tschegg, “Fracture properties of wood and wood 
composites” in Advanced Engineering Materials, DOI: 
10.1002/academ.200900048 
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 Robin Seidel (Co-Chair) 

Organisation  University of Freiburg, Freiburg  

Department  Plant Biomechanics Group 

Position  Groupleader Bio-inspirierte Materials 

Location/Country  Germany 

E-mail address  robin.seidel@biologie.uni-freiburg.de 

Short biography  Professional Experience  

06/2008 – today: Plant Biomechanics Group, University of 
Freiburg, Freiburg 
Groupleader Bio-inspired Materials  

Scientific project management, acquisition of national and 
international funding, research focus on bio-inspired impact 
and puncture resistant materials  

05/2007 – 06/2008: Centre for Musculoskeletal Surgery, 
Charité, Berlin  
Team leader Mechanobiology  

Scientific project management, congress organization, 
multivariate analysis of fracture healing, non-invasive imaging  

01/2006 –04/2007: Department of Biomaterials, Max-
Planck-Institute of Colloids and Interfaces, Potsdam  
Postgraduate Researcher  

Bioinspired composite materials, development of custom made 
image analysis software, microscopy and imaging  

09/2002 – 12/2005: School of Construction Management 
and Engineering, University of Reading, Great Britain  
PhD Researcher at the Centre for Biomimetics  

Biomechanic properties of insect flow sensors, vibration and 
high speed camera analysis, finite element modeling  

11/2001 – 07/2002: Glamus Multimedia Company, Bonn 
Webmaster  

Development of database driven dynamical websites  
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08/1994 – 10/1995: Emergency Medical Services, 
Königswinter  
Paramedic  

Training as a professional paramedic during civil service  

Ph.D.  

10/2002 – 12/2007: School of Construction Management 
and Engineering, University of Reading, Great Britain  
Title: Biomechanic properties of insect flow sensors 
Supervision: Professor George Jeronimidis  

 

University and Education  

10/1995 – 09/2001: Biological studies; Diploma degree  
Institut für Biologie, Friedrich-Wilhelms-Universität, Bonn  

Main focus on neuroscience, biomechanics and physics 
Diploma thesis: Ultrastructural analysis of infrared sensors of 
beetles  

09/1998 – 09/1999: Erasmus scholarship by the European 
Union 
Dipartimento di Agrobiologia e Agrochimica, Universitá della 
Tuscia, Viterbo, Italy  

Carcinogenicity of endocrine disrupting agents on CHO cells  

08/1985 – 06/1994: Gymnasium; Allgemeine Hochschulreife 
Privates Ernst-Kalkuhl-Gymnasium, Bonn  

08/1991 – 08/1992: High School; American High School 
Diploma  
Private Brentwood High School, Los Angeles, USA  

 

Awards  

1st Prize, Oxford Materials Society Young Lecturer 
Competition; Biomaterials - A biomimetic Approach to new 
Flow Sensors, Oxford, UK, February 2004  

2nd Prize, IOM3 Young Lecturer Competition; The Beauty of 
Biomimetics - Novel Flow Sensors inspired by Insect 
Mechanoreceptors, London, UK, March 2004  
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 Eduard Arzt 

Organisation 
 INM – Leibniz Institute for New Materials and 

Saarland University 

Position 
 Scientific Director / Chairman (CEO) and 

Professor for New Materials 

Location/Country  Saarbruecken/Germany 

E-mail address  eduard.arzt@inm-gmbh.de 

Website  www.inm-gmbh.de 

Short biography  Eduard Arzt studied Physics and Mathematics at the University 
of Vienna (AT) and the University of Leoben (AT). He 
obtained his PhD in Physics from the University of Vienna in 
1980. After a postdoctoral stay at the Department of 
Engineering at University of Cambridge (UK), he accepted a 
position as research group leader at the Max Planck Institute 
for Metals Research in Stuttgart (DE) in 1982. In 1990, he 
became a director there with a joint appointment as Professor 
of Metals Physics at the University of Stuttgart. He was a 
Visiting Professor at Stanford University (USA, 1989/90) and 
Massachusetts Institute of Technology, Cambridge (USA, 
1996/97). Further research sabbaticals led him to the 
University of Minnesota and the University of California. 
Since 2007, Arzt has been the Scientific Director and 
Chairman at INM – Leibniz Institute for New Materials in 
Saarbruecken and has held the Chair for New Materials at 
Saarland University (DE).  

He has received several awards, among them the Max-Planck-
Research Award and the Gottfried Wilhelm Leibniz-Prize from 
the German Research Foundation. He is member of the 
German Academy of Sciences Leopoldina and Corresponding 
Member of the Austrian Academy of Sciences.  

Arzt has published more than 220 articles in refereed journals. 
Since 2003, he has been recognized as a Highly Cited 
Researcher in the field of Materials Science by the Institute for 
Scientific Information (ISI). His research interests range from 
nanomechanics of materials and plasticity in thin film systems 
to micromechanics of biological and biomimetic systems. 



206 
 

   
Selected 

publications/patents 
 A. S. Schneider, D. Kaufmann, B. G. Clark, C. P. Frick, P. A. 

Gruber, R. Mönig, O. Kraft and E. Arzt, “Correlation between 
critical temperature and strength of small-scale bcc pillars”, 
Phys. Rev. Lett. 2009, 103, (10), p. 105501. 

C. Greiner, R. Spolenak and E. Arzt, “Adhesion design maps 
for fibrillar adhesives: the effect of shape”, Acta Biomater. 
2009, 56, pp. 597-606. 

E. Arzt, S. Gorb, H. Gao and R. Spolenak, Verfahren zur 
Herstellung mikrostrukturierter Oberflächen mit gesteigerter 
Adhäsion und adhäsionssteigernd modifizierte Oberflächen, 
DE 102 23 234 B4, February 3, 2005, US patent pending. 
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 Friedrich G. Barth 

Organisation  University of Vienna 

Department  Neurobiology 

Position  Professor em. 

Location/Country  Austria 

E-mail address  Friedrich.g.barth@univie.ac.at 

Website  http://neuro.univie.ac.at 

Short biography  • 1959-1964 Studies in biology and human physiology at 
the University of Munich,Germany  and studies in 
neurobiology at the University of California Los 
Angeles,USA . 

• 1964-1967 Electrophysiological research in sensory 
biology at the University of Munich and Dr. rer.nat.   

• 1974-1987 Full Professor at the University of 
Frankfurt am Main, Germany; 1987-2008 Full 
Professor for Zoology/Neurobiology at the University 
of Vienna,Austria; since 2008 Prof.em. 

• Particular interests are in invertebrate neurobiology 
with an emphasis on sensory systems and 
neuroethology, in biomechanics, and in 
communication in meliponine bees.   

• Guest professorships in India, Japan, USA and lectures 
worldwide. 1959-1967 Member Studienstiftung des 
Deutschen Volkes;1962 Travel Grant Rockefeller 
Foundation; 2001 Karl-von-Frisch Medal and Award 
of the  German Zoological Society; 2002 Kardinal-
Innitzer Award; 2007 Award of the City of Vienna for 
Science 

• Member Academia Europaea, Austrian Academy of 
Sciences, Bavarian Academy of Science, Leopoldina 
National German Academy. 

• Editor in Chief: Journal of Comparative Physiology A 
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Selected 
publications/patents 

 F.G. Barth, “A Spider’s World: Senses and Behavior”. 
Springer Verlag, Berlin Heidelberg New York, 2002, 394pp. 

F.G.Barth, J.A.C. Humphrey, T.W. Secomb (eds.) ” Sensors 
and Sensing in Biology and Engineering”, Springer Verlag, 
Wien New York, 2003, 399pp. 

P. Fratzl, F.G.Barth, “Biomaterial Systems for 
Mechanosensing and Actuation”. Nature vol. 462, 2009, 
pp.442-448 
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 Yuri Estrin 

Organisation  Monash University 

Department  Materials Engineering 

Position  Professor  

Location/Country  Melbourne/Australia 

E-mail address  yuri.estrin@eng.monash.edu.au 

Website  http://www.eng.monash.edu.au/materials/staff/estriny1.html 

Short biography  Yuri Estrin is Professor of Physical Metallurgy in the 
Department of Materials Engineering of Monash University, 
Melbourne (conjoint appointment with CSIRO Division of 
Process Science and Engineering). He received a Masters 
degree from the Moscow Institute of Physics and Engineering 
(1969), a PhD from the Institute of Crystallography of the 
Academy of Sciences in Moscow (1975) and a habilitation 
degree from the University of Technology of Hamburg-
Harburg (1986). 

Professor Estrin held professorial positions in Hamburg and 
Clausthal (Germany) and Perth and Melbourne (Australia), as 
well as a number of visiting appointments in Australia, France, 
Germany Korea, Israel, and the US. Currently, he holds a 
visiting appointment with the Department of Materials Science 
and Engineering of Seoul National University. 

Professor Estrin’s research interests are focusing on the 
mechanical properties of metallic materials, particularly on 
modelling the mechanical response by using fundamental 
concepts of crystal plasticity and dislocation theory. A further 
area of research is producing ultrafine grained light alloys that 
can be used as superior structural materials using special 
severe plastic deformation techniques. Strength and plasticity 
of nanomaterials is a further area to which he is dedicating a 
great deal of research activities. His research also covers such 
aspects as suitability of nanostructured metals for applications 
in hydrogen storage systems, biomedical implants and micro-
electro-mechanical systems (MEMS) are also a significant part 
of research. Professor Estrin takes great interest in geometry-
inspired design of novel materials and structures with unusual 
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combinations of properties.  

Professor Estrin’s work has been recognised through numerous 
distinctions, including an Alexander von Humboldt Award 
(Germany), an honorary doctorate from the Russian Academy 
of Sciences, as well as a KOSEF Award and a World-Class 
University professorship (Korea). 

Selected 
publications/patents 

 Yuri Estrin, Arcady Dyskin, Elena Pasternak, Stephan Schaare, 
“Topological Interlocking in Design of Structures and 
Materials”, in: Architectured Multifunctional Materials, edited 
by Y. Brechet, J.D. Embury, P.R. Onck (Mater. Res. Soc. 
Symp. Proc. Volume 1188, Warrendale, PA, 2009, 1188-
LL05-06. 

V. M. Skripnyuk, E. Rabkin, Y. Estrin and R. Lapovok. “The 
effect of ball milling and equal channel angular pressing on the 
hydrogen absorption/desorption properties of Mg–4.95 wt% 
Zn–0.71 wt% Zr (ZK60) alloy”, Acta Materialia, Vol. 52 
(2004) pp. 405-414 

Y. Estrin, C. Kasper, S. Diederichs, R. Lapovok, “Accelerated 
growth of preosteoblastic cells on ultrafine grained titanium”, 
J. Biomed. Mater. Res. A, 90A (2009) pp. 1239-1242. 
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 Peter Fratzl 

Organisation  Max Planck Institute of Colloids and Interfaces 

Department  Biomaterials 

Position  Director 

Location/Country  Potsdam / Germany 

E-mail address  fratzl@mpikg.mpg,de 

Website  mpikg.mpg.de 

Short biography  Peter Fratzl is director at the Max Planck Institute of Colloids 
and Interfaces in Potsdam, Germany, and honorary professor 
of physics at Humboldt University, Berlin (since 2004) and at 
Potsdam University (since 2009). He received an engineering 
degree from the Ecole Polytechnique in Paris, France (1980), 
and a doctorate in Physics from the University of Vienna, 
Austria (1983). Before moving to Potsdam in 2003, he has 
been holding professor positions in materials physics at the 
Universities of Vienna and of Leoben in Austria and has been 
director of the Erich Schmid Institute of materials science of 
the Austrian Academy of Sciences.  

Peter Fratzl’s lab studies the relation between (hierarchical) 
structure and mechanical behaviour of biological materials, 
such as bones, teeth or plant cells, as well as bio-inspired 
composite materials. His bone research includes extensive 
work on osteoporosis and on bone regeneration. He is also co-
ordinating the Priority Programme 1420 on Biomimetic 
Materials of the German Science Foundation (DFG).  

Peter Fratzl has published more than 300 papers in journals 
and books, mostly on interdisciplinary materials science topics. 
He received several international awards for his work 
including the Max Planck Research Award 2008 from the 
Humboldt Foundation and the Leibniz Award 2010 from the 
German Science Foundation. Peter Fratzl is also a foreign 
member of the Austrian Academy of Sciences.  
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Selected 
publications/patents 

 P. Fratzl and F. G. Barth, “Biomaterial systems in 
mechanosensing and actuation”, Nature 462, 2009, pp. 442 – 
448. 

P. Fratzl and R. Weinkamer, “Nature’s hierarchical materials”, 
Progress in Materials Science 52, 2007, pp. 1263 – 1334. 

P. Fratzl, “Biomimetic materials research: what can we really 
learn from nature's structural materials?” Journal of the Royal 
Society Interface 4, 2007, pp. 637 – 642. 
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 Lorna Gibson 

Organisation  MIT 

Department  Materials Science and Engineering 

Position  Matoula S. Salapatas Professor  

Location/Country  USA 

E-mail address  ljgibson@mit.edu 

Website  http://web.mit.edu/dmse/csg/ 

Short biography  Professor Lorna Gibson graduated in Civil Engineering from 
the University of Toronto in 1978 and obtained her Ph.D. from 
the University of Cambridge in 1981.  Between 1982 and 1984 
she was an Assistant Professor in Civil Engineering at the 
University of British Columbia. 

In 1984 she moved to MIT where she is currently the Matoula 
S. Salapatas Professor of Materials Science and Engineering.  
Her research interests focus on the mechanics of materials with 
a cellular structure such as honeycombs and foams. 

Current projects include the mechanics of fluid-filled open-cell 
foams for energy absorption; the mechanics of porous 
scaffolds for tissue engineering and the mechanical interactions 
of biological cells in tissue engineering scaffolds.  At MIT, she 
has served as Chair of the Committee on Women Faculty in the 
School of Engineering (1999-2001), Chair of the Faculty 
(2005-06) and as Associate Provost (2006-2008).  

   
Selected 

publications/patents 
 LJ Gibson and MF Ashby “Cellular Solids: Structure and 

Properties” Cambridge University Press. 1997. 

LJ Gibson, MF Ashby and BA Harley “Cellular Materials in 
Nature and in Medicine” Cambridge University Press, to be 
published in 2010. 

LJ Gibson “Biomechanics of cellular solids” Invited Review. J. 
Biomechanics Vol. 38, 2005, pp377-399. 
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 Anja C. Hänzi 

Organisation  ETH Hönggerberg 

Department  Metal Physics and Technology 

Position  Researcher 

Location/Country  Zürich/Switzerland 

E-mail address  anja.haenzi@mat.ethz.ch 
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 Helmut Kirchner 

Organisation  INM 

Department  Biomaterials 

Position  Scientist 

Location/Country  Saarbruecken/Germany 

E-mail address  kirchnerhok@hotmail.com 

Short biography  Dr. phil. (University of Vienna), 

Ph.D. (Cambridge University, D.Sc. (Cambridge University).  

1972 – 1989 Professor, University of Vienna 

1989 – 2009 Professor, University of Paris-Sud 

2009 - INM  

Selected 
publications/patents 

  H. Kirchner, “Ductility and Brittleness of Bone”. Int. J. Fract. 
139, 509-516 (2006). 

H.S. Gupta et al., “Evidence for an Elementary Process in 
Bone Plasticity with an Activation Enthalpy of 1eV” Roy. Soc. 
J. Interface, 4, 277-282 (2006). 

H.O.K. Kirchner and M. Lazar, “The thermodynamic driving 
force for bone growth and remodelling: a hypothesis”, Roy. 
Soc. J. Interface 5, 183-193 (2008) 

 



216 
 

 

 

 Takuya Kitaoka 

Organisation  Kyushu University 

Department  Department of Agro-environmental Sciences 

Position  Associate Professor 

Location/Country  Fukuoka, Japan 

E-mail address  tkitaoka@agr.kyushu-u.ac.jp 

Website  http://bm.wood.agr.kyushu-u.ac.jp/index-e.html 

Short biography  Takuya Kitaoka is Associate Professor of Kyushu University, 
Japan, and a chemist in the fields of agro-environmental 
sciences and sustainable bio-resources science. He graduated 
from the University of Tokyo, Japan in 1993, and received his 
M.Sc. (Forest Products Science) in 1995 and his Ph.D. 
(Agricultural Science) in 2000, both from the University of 
Tokyo, Japan. He started his career at the National Printing 
Bureau (Banknote maker) in 1995, and worked on research and 
developments for anti-counterfeiting measures. In 1998, he 
changed his occupation to Kyushu University, as an assistant 
professor. He promoted the current position in 2003. He was 
engaged in paper & cellulose chemistry, especially for paper 
sizing, wet-end chemistry and cellulose derivatives. In recent, 
he has played active roles in the advanced fields of 
biomaterials and catalysts, e.g. nonaqueous biocatalysis for 
glyco-synthesis, metal nanoparticles conjugated with 
carbohydrates and nanofibers, cellulosic bio-interfaces for cell 
culture, and paper-structured catalysts for bio, energy and 
environmental applications. In 2007, he was awarded “The 
Young Scientists' Prize, the Commendation for Science and 
Technology” by the Minister of Education, Culture, Sports, 
Science and Technology, Japan. 
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Selected 
publications/patents 

 S. Egusa, T. Kitaoka, M. Goto, H. Wariishi, “Synthesis of 
cellulose in vitro by using a cellulase/surfactant complex in a 
nonaqueous medium”, Angewandte Chemie International 
Edition, 46, 2063-2065 (2007). 

S. Yokota, T. Kitaoka, M. Opietnik, T. Rosenau, H. Wariishi, 
“Synthesis of gold nanoparticles for in situ conjugation with 
structural carbohydrates”, Angewandte Chemie International 
Edition, 47, 9866-9869 (2008). 

H. Koga, T. Kitaoka, H. Wariishi, “In situ synthesis of silver 
nanoparticles on zinc oxide whiskers incorporated in a paper 
matrix for antibacterial applications”, Journal of Materials 
Chemistry, 19, 2135-2140 (2009). 
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 Cecilia Laschi 

Organisation  Scuola Superiore Sant’Anna 

Department  ARTS Lab (Advanced Robotics Technologies and Systems 
Laboratory) 

Position  Associate Professor 

Location/Country  Pisa, Italy 

E-mail address  cecilia.laschi@sssup.it 

Website  www.sssup.it 

Short biography  Cecilia Laschi is Associate Professor of Biorobotics at the 
Scuola Superiore Sant’Anna in Pisa, Italy. She graduated in 
Computer Science at the University of Pisa in 1993 and 
received the Ph.D. in Robotics from the University of Genoa in 
1998. Since 1992 she is with the ARTS Lab (Advanced 
Robotics Technology and Systems Laboratory) of the Scuola 
Superiore Sant'Anna in Pisa, Italy. From July 2001 to June 
2002 she was visiting researcher at the Humanoid Robotics 
Institute of the Waseda University in Tokyo, as JSPS (Japan 
Society for the Promotion of Science) Fellow. She is also with 
the RoboCasa and Robot-An joint labs of the Scuola Superiore 
Sant'Anna and Waseda University and with the Research 
Centre on Sea Technologies and Marine Robotics of the Scuola 
Superiore Sant'Anna in Livorno. 

Her research interests are in the field of biorobotics. She has 
been working in neuro-robotics, that is the application of 
robotics in neuroscience research. She investigated and 
developed bioinspired sensory-motor control schemes for 
humanoid robotics. She is currently working on biomimetic 
robotics, investigating animal and vegetal systems and 
designing robotic replicas that can fully explain the biological 
working principles. She works in neurodevelopmental 
engineering, designing and developing sensorized devices 
(toys) for quantitative monitoring of children grasping 
development. 

She has been and currently is involved in many National and 
EU-funded projects, in the field of biorobotics. She has 
authored/co-authored more than 100 papers, appeared in 
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international journals and conference proceedings. She is 
Guest Co-Editor of Special Issues of Autonomous Robots, 
IEEE Transactions on Robotics, Applied Bionics and 
Biomechanics, Advanced Robotics. She is member of the 
IEEE, of the Engineering in Medicine and Biology Society, 
and of the Robotics & Automation Society. She is member of 
the IEEE, of the Engineering in Medicine and Biology Society, 
and of the Robotics & Automation Society. 

   
Selected 

publications/patents 
 M. Cianchetti, V. Mattoli, B. Mazzolai, C. Laschi, P. Dario, “A 

new design methodology of electrostrictive actuators for 
bioinspired robotics”, Sensors and Actuators Part B, Vol.142, 
No.1, pp.288-297. 

C. Laschi, B. Mazzolai, V. Mattoli, M. Cianchetti, P. Dario, 
“Design of a biomimetic robotic octopus arm”, Bioinspiration 
& Biomimetics, Vol.4, No.1, 2009. 

C. Laschi, F. Patanè, E.S. Maini, L. Manfredi, G. Teti, L. 
Zollo, E. Guglielmelli, P. Dario, “An Anthropomorphic 
Robotic Head for Investigating Gaze Control”, Advanced 
Robotics, Vol.22, No.1, 2008, pp.57-89. 
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 Loredana Moimas 

Organisation  Inion Oy 

Department  R&D 

Position  R&D Manager 

Location/Country  Tampere/Finland 

E-mail address  loredana.moimas@inion.com 

Website  www.inion.com 

Short biography  Loredana Moimas is a Research and Development Manager at 
Inion Oy, a Finnish medical device company she joined in 
2001 to carry out her Master thesis. Loredana gained her MSc 
in Materials Engineering in 2003 from the University of 
Trieste (Trieste, Italy) and was awarded in 2007 a PhD in 
Materials Science and Engineering from the same university 
with a thesis on her studies towards third generation bone 
substitutes. Loredana continued her work at Inion Oy as 
Project Manager and was responsible for the development of a 
new synthetic bone substitute.  

Loredana’s expertise over the last nine years has been the 
development and characterization of synthetic bone substitutes 
and in particular of bioactive glass three-dimensional scaffolds. 
During the years, Loredana’s research interests range over 
many different aspects of bioactive glass materials, from new 
material compositions to drug delivery systems, from Raman 
characterization to animal testing, from cell culturing to 
clinical testing thanks to the collaboration with different 
European research groups. At the moment Loredana’s work 
focuses on the development of clinically suitable solutions for 
bone repair in trauma and spine. 

During her PhD studies Loredana was awarded in 2004 of the 
Poster Presentation Award at the ECM V, in 2005 of the Poster 
presentation Award at the 19th European Conference on 
Biomaterials, and in 2006 of the 5th CCT prize for oral 
presentation at the 10th CCT: Materials for Scaffolding of 
Biologically Engineered systems. 
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Selected 
publications/patents 

 US 7,189,409 Bone grafting material, method and implant 

L. Moimas, G. De Rosa, V. Sergo and C. Schmid, Bioactive 
porous scaffolds for tissue engineering applications: 
investigation on the degradation process by Raman 
spectroscopy and Scanning Electron Microscopy. JABB, 2006, 
4 (2): 102 

Haimi S, Moimas L, Pirhonen E, Lindroos B, Huhtala H, Räty 
S, Kuokkanen H, Sandor G, Miettinen S, Suuronen R. Calcium 
phosphate surface treatment of bioactive glass causes a delay 
in early osteogenic differentiation of adipose stem cells. J 
Biomed Mater Res A 2009 Nov;91(2):540-7 
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 Jose Perez-Rigueiro 

Organisation  Universidad Politécnica de Madrid 

Department  Ciencia de Materiales 

Position  Associate Professor 

Location/Country  Madrid/Spain 

E-mail address  jperez@mater.upm.es 

Website  www.mater.upm.es 

Short biography  At present, Jose Perez-Rigueiro is Associate Professor in the 
Department of Materials Science of the Universidad 
Politécnica de Madrid (Madrid, Spain). He received his Solid 
State Physics (1991) and Molecular Biology and Biochemistry 
(1995) in Universidad Autónoma de Madrid, and his PhD in 
Materials Science (1995) in the same University. He moved to 
the Materials Science Department of the Universidad 
Politécnica de Madrid in 1996, where he started my work on 
Biological Materials and Biomaterials. Since then his main 
research field has been focused on the mechanical and 
microstructural characterization of spider silk fibers for its 
application to the development of high performance 
bioinspired fibers. 

   
Selected publications  Perez-Rigueiro, J., Elices, M. and Guinea, G. V. (2003). 

"Controlled Supercontraction Tailors the Tensile Behaviour of 
Spider Silk". Polymer 44, 3733-3736.  

Perez-Rigueiro, J., Elices, M., Plaza, G. R. and Guinea, G. V. 
(2007). "Similarities and Differences in the Supramolecular 
Organization of Silkworm and Spider Silk". Macromolecules 
40, 5360-5365.  

Plaza, G. R., Corsini, P., Marsano, E., Perez-Rigueiro, J., 
Biancotto, L., Elices, M., Riekel, C., Agullo-Rueda, F., 
Gallardo, E., Calleja, J. M. et al. (2009). "Old Silks Endowed 
with New Properties". Macromolecules 42, 8977-8982.  
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 Dierk Raabe 

Organisation  Max-Planck-Institut für Eisenforschung GmbH 

Department  Microstructure Physics and Metal Forming 

Position  Director 

Location/Country  40237 Düsseldorf, Germany 

E-mail address  d.raabe@mpie.de 

Website  www.mpie.de 

Short biography  Professional background: Diplom (1989) RWTH Aachen, 
Germany; Dissertation (1992) RWTH Aachen, Germany; 
Habilitation (1997) RWTH Aachen, Germany; (all degrees 
are in Metal Physics and Physical Metallurgy) 

Current position: since 1999 member of the Max-Planck 
Society; Director at Max-Planck Institut für Eisenforschung, 
Düsseldorf, Germany; Professor at RWTH Aachen and at 
Carnegie Mellon University 

Previous positions: researcher and DFG-funded Heisenberg 
scholar at Carnegie Mellon University, USA; researcher and 
DFG-funded Heisenberg scholar at the High Magnetic Field 
Laboratory in Tallahassee, USA; researcher and lecturer at 
the Institut für Metallkunde und Metallphysik, RWTH 
Aachen, Germany  

Main research fields: Computational Materials Science, 
Micromechanics of Materials, Textures; Biological 
Materials 

Teaching: various courses on computational materials 
science, materials mechanics, history of metals, and textures 
at: RWTH Aachen (Germany), Carnegie Mellon University 
Pittsburgh (USA), and at Ruhr-Universität Bochum 
(Germany) within the International Max-Planck Research 
School; 25 Ph.D.s (status after examination) 

Main Awards: Adolf-Martens Award of the German 
Society for Materials Testing; Friedrich-Wilhelm Award of 
RWTH Aachen; Best - Paper Award (Steel Research); 
Masing Memorial Award of the German Society of 
Materials Science; Heisenberg Stipendium of the German 
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Research Foundation; Materials Science and Technology 
Award of the Federation of European Materials Societies 
(FEMS); Meyer-Struckmann-Award of University Cottbus; 
TMS Gold Medal Poster Award 2004; Best-Poster Award of 
Nanomech 2005; Gottfried Wilhelm Leibniz Award 2004 of 
the German Research Foundation; election among the TOP-
10 of the most eminent German researchers below the age 
of 45 years; Member of Nordrhein-Westfälische academy of 
sciences; Lee Hsun Award of the Chinese Academy of 
Sciences 2009 

Publications and Editorials: more than 200 papers in peer-
reviewed magazines; 3 books; Member of Editoral Board of 
various international Journals 

Selected 
publications/patents 

 H. Fabritius, C. Sachs, P. Romano, D. Raabe : Adv. Mater. 
21 (2009) 391-400: Influence of structural principles on the 
mechanics of a biological fiber based composite material 
with hierarchical organization: the exoskeleton of the 
lobster Homarus americanus 

D. Raabe: Advanced Materials 14 No. 9 (2002) p. 639-650: 
Challenges in Comput. Mater. Science 

A. Al-Sawalmih, C. Li, S. Siegel, H. Fabritius, S.B. Yi, D. 
Raabe, P. Fratzl, O. Paris: Advanced functional materials 18 
(2008) 3307-3314.: Microtexture and Chitin/Calcite 
Orientation Relationship in the Mineralized Exoskeleton of 
the American Lobster 
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 Robert O. Ritchie 

Organisation  University of California Berkeley 

Department  Materials Science and Engineering 

Position  MSE Chair and H.T & Jessie Chua Distinguished Professor  

Location/Country  USA 

E-mail address  roritchie@lbl.gov 

Website  http://www.lbl.gov/ritchie 

Short biography  Robert O. Ritchie is the H.T. & Jessie Chua Distinguished 
Professor of Engineering and Chairman of the Department of 
Materials Science and Engineering at the University of 
California, Berkeley; he is also Senior Faculty Scientist in the 
Lawrence Berkeley National Laboratory. He received B.A., 
M.A. and Ph.D. degrees in physics/materials science from 
Cambridge University (1966-1973) and the Sc.D. degree from 
there in 1990. Before joining the Berkeley faculty in 1981, he 
was the Goldsmith’s Junior Research Fellow at Churchill 
College, Cambridge (1972-74), a Miller Research Fellow for 
Basic Research in Science in Berkeley (1974-76), and an 
Associated Professor of Mechanical Engineering at M.I.T. 
(1977-81).  

He is known for his research into the mechanics and 
micromechanisms of fracture and especially fatigue in a broad 
range of structural and more recently biological materials, 
having published over 600 papers and edited 19 books in the 
technical literature. His current interests are focused on the role 
of biological factors, such as aging, disease and therapy, on the 
fracture of bone and teeth, and on the development of new 
structural materials based on natural hierarchical design. He is 
a member of the U.S. National Academy of Engineering and a 
Fellow of the Royal Academy of Engineering in the U.K.  
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Selected 
publications/patents 

 R. V. Marrey, R. Burgermeister, R. B. Grishaber, and R. O. 
Ritchie, “Fatigue and life prediction for cobalt-chromium 
stents: A fracture mechanics analysis”, Biomaterials, 2006, 
vol. 27 (9), 2006, pp. 1988-2000. 

E. Munch, M. E. Launey, D. H. Alsem, E. Saiz, A. P. Tomsia, 
and R. O. Ritchie, “Tough bio-inspired hybrid materials”, 
Science, 2008, vol. 322 (5907), pp. 1516-1520. 

R. O. Ritchie, M. J. Beuhler, and P. Hansma, “Plasticity and 
toughness in bone”, Physics Today, 2009, vol. 62 (6), pp. 41-
47. 

 



227 
 

 

  Subra Suresh 

Organisation  Massachusetts Institute of Technology 

Position  Dean of the School of Engineering, Vannevar Bush Professor 
of Engineering of Engineering 

Location/Country  Cambridge/United States of America 

E-mail address  ssuresh@mit.edu 

Website  http://sureshgroup.mit.edu/ 

Short biography  Subra Suresh is the Dean of Engineering and Vannevar Bush 
Professor of Engineering at Massachusetts Institute of Technology 
where he holds joint faculty appointments in Materials Science 
and Engineering, Mechanical Engineering, Biological 
Engineering, and Health Sciences and Technology. He is 
recognized internationally for his contributions to the areas of 
mechanical behavior of materials, surface engineering, thin films, 
nanotechnology, and cell and molecular nanomechanics with 
particular connections to infectious diseases and cancer. His 220 
journal articles, three authored books, and 16 patents have had a 
major impact on education, research and industrial practice in 
mechanical and aerospace applications, microelectronics, 
materials science, and biomedical engineering. The technologies 
and analyses developed by Suresh and his coworkers are widely 
adapted by industry for the extraction of mechanical properties of 
large and small volume structures and thin films. 

Suresh has been elected to US National Academy of Engineering, 
American Academy of Arts and Sciences, Indian National 
Academy of Engineering, Indian Academy of Sciences, Royal 
Spanish Academy of Sciences, Academy of Sciences of the 
Developing World based in Trieste, Italy, and German National 
Academy of Sciences. He has been elected a Fellow or Honorary 
Member of all of the major materials professional societies in the 
USA and India. A recipient of the 2006 Acta Materialia Gold 
Medal, 2007 European Materials Medal (the first non-European 
selected to receive this prize given jointly by 26 European 
materials societies), 2008 Eringen Medal of the Society of 
Engineering Science, and a Senior Humboldt Research Prize, 
Suresh holds an honorary doctorate from Sweden’s Royal 
Institute of Technology.  
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 David Taylor 

Organisation  Trinity College Dublin 

Department  Trinity Centre for Bioengineering 

Position  Professor of Materials Engineering 

Location/Country  Dublin, Ireland 

E-mail address  dtaylor@tcd.ie 

Short biography  David Taylor is Professor of Materials Engineering at Trinity 
College Dublin, Ireland. He is a Member of the Royal Irish 
Academy, and also holds fellowships of the Institution of 
Engineers of Ireland and of the Royal Academy of Medicine in 
Ireland. He is a director of the Association of Consulting 
Forensic Engineers. A graduate of the Materials Science 
Department at Cambridge University, he is interested in the 
strength and fracture of materials, including both engineering 
materials and biological tissues.   

  
Selected 

publications/patents 
 Taylor D, Hazenberg JG and Lee TC (2007) Living with cracks: 

damage and repair in human bone. Nature Materials 6: 263-268. 

Taylor D. (2007) The Theory of Critical Distances : a New 
Perspective in Fracture Mechanics Publ. Elsevier 285 pages. 

Hazenberg JG, Freeley M, Foran E, Lee TC and Taylor D. 
(2006) Microdamage: a cell transducing mechanism based on 
ruptured osteocyte processes. J.Biomechanics 39: 2096-2103 
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  Yasumitsu Uraki 

Organisation  Hokkaido University 

Department  Research Faculty of Agriculture 

Position  Professor 

Location/Country  N-9, W-9, Kita-ku Sapporo 060-8589, Japan 

E-mail address  uraki@for.agr.hokudai.ac.jp 

Website  http://www.agr.hokudai.ac.jp/fres/forchem/ 

Short biography  I graduated from Department of Polymer Science, Faculty of 
Science, Hokkaido University in 1984, and got Master of 
Science, Polymer Science, Hokkaido University in1986. I was 
quit of PhD course in 1987 because of  getting job as a 
research associate, Department of Polymer Science, Faculty of 
Science, Hokkaido University in 1987-1989. I got PhD (Doctor 
of Science, Hokkaido University) in 1989.  

In 1989-1994, I started with conversion of lignin, one of 
woody cell wall components, to carbon fibers and activated 
carbon fibers as an assistant Professor, Department of Forest 
Products, Faculty of Agriculture, Hokkaido University. I 
promoted to associate professor in the same Lab. In 1994, and 
began with preparation of amphiphilic compounds from woody 
cell wall components. In 1995 I studied on sonolysis of 
chlorinated phenolic compounds as a research fellow of 
Ministry of Education, Japan in North Carolina State 
University. I started with fabrication of cell wall-mimicking 
materials since 2000. In 2008, I was a Professor of Forest 
chemistry Lab.,  Research Faculty of Agriculture, Hokkaido 
University 

Award:  

2004 Hyyashi Jisuke Award of The Cellulose Society of Japan 

2007 The Japanese Wood Research Society Prize for 2006  

Selected 
publications/patents 

 S. Kubo, Y. Uraki and Y. Sano: Preparation of carbon fibers 
from softwood lignin by atmospheric acetic acid pulping. 
Carbon, 36(7-8), 1119-1124 (1998). 

Y. Uraki, J. Nemoto, H. Otsuka, Y. Tamai, J. Sugiyama, T. 
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Kishimoto, M. Ubukata, H. Yabu, M. Tanaka and M. 
Shimomura: Honeycomb-like architecture produced by living 
bacteria, Gluconacetobacter xylinus. Carbohydrate Polymers, 
69(1), 1-6 (2007). 

Y. Kanazawa, T. Kishimoto, K. Koda, K. Fukushima and Y. 
Uraki: Evaluation of Reaction Efficiency of Thioacidolysis for 
Cleavage of β-O-4 Interunitary Linkages by Using β-O-4 Type 
Artificial Lignin Polymer. Journal of Wood Chemistry and 
Technology, 29(1), 178-190 (2009). 
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 Sybrand van der Zwaag 

Organisation  Delft University of Technology 

Department  Aerospace Engineering 

Position  Professor 

Location/Country  Delft, the Netherlands 

E-mail address  S.vanderzwaag@tudelft.nl 

Website  www.novam.lr.tudelft.nl 

Short biography  Sybrand van der Zwaag holds the chair Novel Aerosapce 
Materials and has been professor at the TU Delft since 1992. 
His research interest is the microstructure of materials and its 
relation to properties and its dependence on processing. His 
main research topics are in the field of metals and polymers 
and since 2004 self healing materials.  

He is the chairman of the Dutch National Research program in 
this field. He holds an MSc in metallurgy (TU Delft) and a 
PhD in applied physics (Cambridge University). He has 
published over 300 papers in ISI journals and holds several 
patents. He is fellow of the Institute of Materials, Minerals and 
Mining (UK) and fellow of the Royal Society for Science (the 
Netherlands). 

   
Selected 

publications/patents 
 S. van der Zwaag (editor). Self Healing Materials: an 

alternative strategy to 20 centuries of materials science. 
Springer (2007)  ISBN 978-1-4020-6249-0 

S. van der Zwaag, N.H. van Dijk and H.M. Jonkers. Self 
healing behaviour in man-made engineering materials. Phil 
Trans Roy Soc 1894 (2009) 1689-1704 

R.J Varley and S. van der Zwaag. Self healing of ionomer 
systems. Acta Mater 56 (2008) 5737-5750 
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 Viola Vogel 

Organisation  ETH Zürich 

Department  Laboratory for Biologically Oriented Materials - Department 
of Materials 

Position  Professor 

Location/Country  Zürich / Switzerland 

E-mail address  viola.vogel@mat.ethz.ch  

Website  http://www.nanomat.mat.ethz.ch  

Short biography  Viola Vogel is a Professor in the Department of Materials 
heading the Laboratory for Biologically Oriented Materials at 
the ETH Zürich.  

After completing her graduate research at the Max-Planck 
Institute for Biophysical Chemistry (Profs. Hans Kuhn and 
Dietmar Möbius), she received her Ph. D. in Physics at the 
Johann-Wolfgang Goethe University in Frankfurt/Main, 
followed by two years as postdoctoral fellow at the University 
of California Berkeley, Physics (Prof. Y. Ron Shen), where she 
applied nonlinear optical techniques to analyze fluid interfaces. 
She became an Assistant Professor in Bioengineering at the 
University of Washington/Seattle in 1991, with an Adjunct 
appointment in Physics, to launch a new program in Molecular 
Bioengineering, and was later promoted to Associate (1997) 
and Full Professor (2002). She was the Founding Director of 
the Center for Nanotechnology at the University of 
Washington (1997-2003), and moved to Switzerland in 2004 to 
join the Department of Materials at ETH.  

Her work was internationally recognized by awards, including 
the Otto-Hahn Medal in 1988; NIH FIRST Award from 
General Medicine 1993; Philip Morris Foundation Research 
Award 2005; Julius Springer Prize 2006 for Applied Physics, 
and the European Research Council Advanced Investigator 
Award 2008. 
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Selected 
publications/patents 

 A. Rezi and M. Allam, "Techniques in array processing by means 
of transformations, " in Control and Dynamic Systems, Vol. 69, 
Multidemsional Systems, C. T. Leondes, Ed. San Diego: 
Academic Press, 1995, pp. 133-180. 

G. O. Young, "Synthetic structure of industrial plastics," in 
Plastics, 2nd ed., vol. 3, J. Peters, Ed. New York: McGraw-Hill, 
1964, pp. 15-64. 

S. M. Hemmington, Soft Science. Saskatoon: University of 
Saskatchewan Press, 1997. 
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 Ernst Wolner 

Organisation  University of Vienna 

Position  Professor emeritus of Surgery 

Location/Country  Vienna/Austria 

E-mail address  Ernst.wolner@meduniwien.ac.at 

Short biography  1963 MD.Univ.Vienna 

1973 Assistent Prof.of Surgery,Univ.Vienna 

1978 associate Prof.of Surgery,Univ.Vienna 

1981 full Prof.of Surgery, Head Dept.of Surgery 
II,Univ.Vienna 

1994-2oo8,chairman,Dept.of cardiothoracic 
Surgery,Univ.Vienna 

1995-President National Health Council 
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 Mao See Wu 

Organisation  Nanyang Technological University 

Department  Engineering Mechanics Division, School of Mechanical and 
Aerospace Engineering 

Position  Associate Professor 

Location/Country  Singapore 

E-mail address  mmswu@ntu.edu.sg 

Short biography  Dr. Wu is currently Associate Professor in the School of 
Mechanical and Aerospace Engineering, Nanyang 
Technological University, and was formerly a faculty member 
in the Department of Engineering Mechanics at the University 
of Nebraska-Lincoln, USA. He received his B.Sc. degree from 
University College London in 1985, and his S.M. and Ph.D. 
degrees from the Massachusetts Institute of Technology in 
1987 and 1990, respectively.  

His research interests include mechanics of defects, 
computational materials science, and the constitutive 
modelling of soft matter. His research has been funded by the 
National Science Foundation, the Office of Naval Research 
and the Army Research Office in the USA, and also the 
Agency for Science, Technology and Research in Singapore.  

   
Selected 

publications/patents 
 M. S. Wu and H.O.K. Kirchner, “Nonlinear elasticity modeling 

of biogels,” Journal of the Mechanics and Physics of Solids, 
Accepted for Publication, 2009.  

M. S. Wu, “Analysis of dislocation wall formation in a 
disclinated nanograin,” International Journal of Plasticity, In 
Press: doi: 10.1016/j.ijplas.2009.10.007, 2009, 12 pages.  

K. Zhou, A. A. Nazarov and M. S. Wu, “Competing relaxation 
mechanisms in a disclinated nanowire: temperature and size 
effects,” Physical Review Letters,  Vol. 98, 2007, 035501-1 to 
4. 
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Curricula Vitae 
COST Reciprocal Agreement Partners 
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 Mike Arnold 

Organisation  Industrial Research Ltd (a Crown Research Organisation of 
New Zealand) 

Department  Nano and Micro Fluidics 

Position  Team Leader 

Location/Country  PO Box 31-310, Lower Hutt, New Zealand 

E-mail address  m.arnold@irl.cri.nz 

Website  http://www.irl.cri.nz/ 

Short biography  Mike Arnold studied Biochemistry at the University of 
Cambridge and was awarded the BA (Hons) in 1974. He went 
on to study Marine Science (MSc, 1977) and then Electronic 
Engineering Science (PhD, 1984), both at the University of 
Wales. During post-doctoral work at the Nuclear Research 
Centre at Jülich and the University of Würzburg, Germany he 
was involved in the development of electronics for cell-fusion 
and initiated the single-cell dielectric technique known as 
electrorotation. Following appointment to the teaching staff of 
the University of Würzburg and further publications in 
membrane biophysics and dielectrics, he was awarded the 
Habilitation (Dr. rer. nat. habil., 1993). Dr. Arnold took up a 
position at Industrial Research Limited (1994 onwards) and 
worked on dielectrics, dielectrophoresis and microfluidics. The 
materials involved have included carbon nanotubes, bacteria 
and yeasts, the latter in both short-term measurements and 
longer-term cultivation. He presently leads a team involved in 
the development of analytical microfluidic devices, and has 
continued interest in electric-field manipulation of cells and 
other micro- or nano-particles. 

Dr Arnold has 47 peer-reviewed journal publications and 32 
other publications, as well as 8 international patents. 

   



240 
 

Selected 
publications/patents 

 W.M. Arnold. “Particle Patterning Using Fluidics and Electric 
Fields”, IEEE Transactions on Dielectrics and Electrical 
Insulation, Vol. 15, 2008, pp. 144-151. 

W.M. Arnold, “Positioning and Levitation Media for the 
Separation of Biological Cells”. IEEE Transactions on Industry 
Applications Vol 37, 2001, pp. 1468-1475. 

W.M. Arnold, H.P. Schwan and U. Zimmermann, “Surface 
conductance and other properties of latex particles measured 
by electro-rotation”, Journal of Physical Chemistry Vol. 91, 
1987, pp. 5093-5098. 
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 Cathy Foley 

Organisation  CSIRO  

Department  Materials Science and Engineering 

Position  Research Program Leader: devices, engineering and systems 

Location/Country  West Lindfield / Australia 

E-mail address  Cathy.Foley@csiro.au 

Website  http://www.csiro.au/org/CMSE.html 

Short biography  Dr Cathy Foley is a Research Program Leader with CSIRO 
Materials Science and Engineering Division. The program Dr 
Foley manages, Devices, Engineering and Systems, covers 
the scientific disciplines of wave physics, superconductivity 
and magnetism and fluids. 

Dr Foley joined CSIRO in 1985 to work on amorphous 
metals and magnetics. Highlights of her career include 
moving to CSIRO's high temperature superconductivity group 
in 1988, and becoming its leader in 1995. Dr Foley also 
instigated CSIRO’s presence in quantum engineering in 2001. 

Dr Foley is very active in the promotion of science, including 
being recently elected President of the Australian Institute of 
Physics (the first woman to hold the position), on the board of 
the United Kingdom's Institute of Physics' journal 
Superconductor Science and Technology and President of the 
Federation of Australian Scientific and Technological 
Societies (FASTS). 
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 Kathryn McGrath 

Organisation  MacDiarmid Institute, Victoria University of Wellington 

Department  School of Chemical and Physical Sciences 

Position  Associate Professor 

Location/Country  Wellington, New Zealand 

E-mail address  kathyrn.mcgrath@vuw.ac.nz 

Website  http://www.victoria.ac.nz/scps/ and 
http://www.macdiarmid.ac.nz/  

Short biography  Kathryn McGrath is an Associate Professor in the School of 
Chemical and Physical Sciences, Victoria University of 
Wellington, and a Principal Investigator in The MacDiarmid 
Institute for Advanced Materials and Nanotechnology. She has 
a BSc (Hons) degree in Chemistry (Canterbury University) and 
a PhD from The Australian National University (Department 
of Applied Mathematics), Canberra, Australia.  After 
completing her PhD Kate took up a post-doctoral position at 
L’Université de Pierre et Marie Curie – Paris VI (Laboratoire 
de Mineralogie et Cristallographie), in Paris, working with 
Maurice Kléman. Her second post-doc was in the Physics 
Department at Princeton University, Princeton, with Sol 
Gruner. This was followed by her joining the Department of 
Chemistry, University of Otago, as a lecturer. 

Kate stayed at Otago for six years, completing a PGDip Com 
in Finance in her spare time. In January 2004 she moved to 
Victoria University of Wellington. 

Kate is also an Associate Investigator in the Riddet Institute, 
like The MacDiarmid Institute this is a New Zealand 
Government Centre of Research Excellence (CORE). 

Kate has been heavily involved in administrative duties and 
leadership roles both within her School, the wider University 
and the MacDiarmid Institute, organising for example AMN-3 
(The Third International Conference on Advanced Materials 
and Nanotechnology), held in February 2007, hosted by The 
MacDiarmid Institute.  

Kate has received the Easterfield Medal, awarded jointly by 
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the New Zealand Institute of Chemistry and The Royal Society 
of Chemistry, UK (2003) and the Research Medal awarded by 
the New Zealand Association of Scientists (2007).  

Her research expertise is in the areas of soft matter and 
biomineralisation. In particular, she is interested in the 
fundamental molecular-level control of 3D pattern formation in 
liquids and solids as inspired by Nature. 

   
Selected 

publications/patents 
 C.D. Lendrum and K.M. McGrath, “Calcite nucleation on 

mixed acid/alcohol monolayers, Crystal Growth & Design, 9 
(10):4391–4400, 2009. 

P. Savigny, J.J. Evans and K.M. McGrath, “Cell membrane 
structures during exocytosis”, Endocrinology, 148: 3863-3874, 
2007. 

C.R. MacKenzie, S.M. Wilbanks and K.M. McGrath, 
“Superimposed effect of kinetics and echinoderm 
glycoproteins on hierarchical growth of calcium carbonate”, 
Journal of Materials Chemistry, 14: 1238-1244 , 2004. 
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 Francois Prinsloo 

Organisation  Council for Scientific & Industrial Research 

Department  National Laser Centre 

Position  Contracts R&D Manager 

Location/Country  South Africa 

E-mail address  fprinsloo@csir.co.za 

Website  www.csir.co.za/nlc 

Short biography  Francois Prinsloo has a M.Sc in Physics and is currently the 
Contracts R&D Manager at the CSIR National Laser Centre. 
He has 20 years experience in management of large photonics 
and manufacturing R&D projects as well as the design and 
manufacturing of customized laser systems, subsystems, and 
processes for industry and research and development 
applications. He is also the National Contact Point (NCP) for 
Nanosciences, Nanotechnologies, Materials, and New 
Production Technologies (NMP) of South Africa. 

He studied at the University of Stellenbosch and did his post-
graduate work in the development of laser based spectroscopic 
techniques for use in the monitoring of the enrichment of 
Zirconium. On completion of his Masters degree in 1988, he 
joined the Atomic Energy Corporation of South Africa as a 
laser scientist. From 1989 to 1999 he worked in the field of 
laser optics and was at the time of his departure, project 
manager of the optics group in the MLIS program.  

On leaving the Atomic Energy Corporation, he was a founding 
member of SDI, a private sector company specializing in the 
development of systems and subsystems in the photonics and 
nuclear industries. In the period 1999 to 2009 he was 
responsible for the management of photonics related product 
and applications developments for a diverse range of clients in 
the aerospace, military, space, and medical industries. 

He joined the CSIR National Laser Centre in 2009 as Contracts 
R&D Manager to promote local and international cooperation 
and collaboration in the South African photonics industry. This 
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involves developing a national Photonics Initiative for South 
Africa in areas such as advanced manufacturing and laser 
source development. At the same time he was appointed as 
NCP by Department of Science & Technology to promote new 
materials and advanced manufacturing within South Africa in 
general. 

   
Selected 

publications/patents 
 F.J. Prinsloo, P.W. Fecsik; “Laser Based Paint Decoating at 

Air Force Plant 44”; 2nd Advanced Laser Applications 
Information Exchange, Chicago, August 2006 

L.R. Botha, F.J. Prinsloo, S.P. van Heerden; "Picosecond mid-
infrared amplifier for high average power”; XVI International 
Symposium on Gas Flow, Chemical Lasers, and High-Power 
Lasers, Vol. 6346, Gmunden, September 2006 

F.J. Prinsloo, L.R. Botha, S.P. van Heerden, E. Ronander; 
“Efficient TEA CO2 laser based coating removal system”; 
XVI International Symposium on Gas Flow, Chemical Lasers, 
and High-Power Lasers, SPIE, Vol. 6346, Gmunden, 
September 2006 

 
 



246 
 



247 
 

 

 

 

 

Curricula Vitae 
COST Ambassadors 
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 Patrick Flammang 
Chair COST Action TD0906 

Organisation  Université de Mons 

Department  Marine Biology 

Position  Senior Research Associate 

Location/Country  Mons, Belgium 

E-mail address  Patrick.Flammang@umons.ac.be 

Website  http://www.ulb.ac.be/sciences/biomar/html/body_adherence.html 

Short biography  Patrick Flammang, Ph.D., is a Senior Research Associate of the 
Belgian National Fund for Scientific Research (F.R.S.-FNRS) at 
the University of Mons, Belgium since 1999. He received his 
Ph.D. in Zoology in 1994 from the University of Mons under the 
supervision of Prof. Michel Jangoux, and did formative post-
doctoral studies at the National University of Singapore and at the 
University of Delaware (USA) in Prof. Herbert Waite’s laboratory. 

Patrick Flammang’s research group seeks to elucidate adhesion 
mechanisms in marine invertebrates by integrating the results from 
different approaches - biomechanical (the measurement of 
adhesion strengths and of material properties of the adhesive), 
morphological (the ultrastructural description of the adhesive 
organs), and biochemical (the molecular characterization of the 
adhesive secretions). With European colleagues, he recently 
launched a new COST Action titled “Biological Adhesives: from 
Biology to Biomimetics” (TD0906). 

Selected 
publications/patents 

 R. Santos, S. Gorb, V. Jamar and P. Flammang, “Adhesion of 
echinoderm tube feet to rough surfaces”, Journal of Experimental 
Biology, 2005, 208: 2555-2567.  

E. Hennebert, P. Viville, R. Lazzaroni and P. Flammang, “Micro- 
and nanostructure of the adhesive material secreted by the tube feet 
of the sea star Asterias rubens”, Journal of Structural Biology, 
2008, 164: 108-118. 

P. Flammang, A. Lambert, Ph. Bailly and E. Hennebert, 
“Polyphosphoprotein-containing marine adhesives”, Journal of 
Adhesion, 2009, 85: 447-464. 
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 Georg M. Guebitz 
Chair COST Action 868 

Organisation  Graz University of Technology 

Department  Institute for Environmental Biotechnology 

Position  Professor, Vice-head of Institute 

Location/Country  Graz / Austria 

E-mail address  guebitz@tugraz.at 

Website  www.ima.tugraz.at 

Short biography  Georg Guebitz is biotechnologist at the Institute of 
Environmental Biotechnology at Graz University of 
Technology. He graduated from the same University as Master 
in biochemistry and food chemistry in 1992. He obtained his 
PhD at the Department of Biotechnology in 1996. Prof. 
Guebitz has spent one year (1993) in Managua, Nicaragua 
investigating the potential biotechnology for upgrading 
byproducts from oil seed plant processing. From 1996 – 1998 
G. Guebitz investigated new enzymatic processes related to 
upgrading of cellulosic fibres at the University of British 
Columbia, Canada. 

At Graz University of Technology, G. Guebitz participated in 
16 and coordinated 5 European research projects apart from 
various nationally funded projects related to polymer 
processing and enzyme remediation. In 2007 he became a full 
professor at the Department of Environmental Biotechnology. 
He is also the coordinator of the European COST 868 network 
on Biotechnical Functionalization of Renewable Polymeric 
Materials and of the International Network on Textile 
Biotechnology (INTB). Additionally, he is a member of 
editorial boards and was guest editor of special issues in 
various biotechnology related journals. His current research 
interests are the biotechnical functionalisation of polymeric 
materials using oxidoreductases and hydrolases including 
bleaching enzymes. In this area G. Guebitz has published more 
than 150 papers in peer reviewed journals; he holds 9 patents 
and has edited various books. 
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Selected 
publications/patents 

 T. Kudanga, E. Nugroho Prasetyo, P. Widsten, A. 
Kandelbauer, S. Jury, C. Heathcote, J. Sipilä, H. Weber, G.S. 
Nyanhongo, G. Guebitz, “Laccase-catalyzed covalent coupling 
of fluorophenols increases lignocellulose surface 
hydrophobicity” in Bioresource Technology, Vol 101, 2010, 
pp. 2793-2799. 

A. Eberl, S. Heumann, T. Brückner, R. Araujo, A. Cavaco-
Paulo, F. Kaufmann, W. Kroutil, G. Guebitz, “Enzymatic 
surface hydrolysis of poly(ethylene terephthalate) and 
bis(benzoyloxyethyl) terephthalate by lipase and cutinase in 
the presence of surface active molecules” in Journal of 
Biotechnology, Vol 143, 2009, pp. 207-212. 

S. Heumann, A. Eberl, G. Fischer-Colbrie, H. Pobeheim, F. 
Kaufmann, D. Ribitsch, A. Cavaco-Paulo, G. Guebitz, “A 
novel aryl acylamidase from Nocardia farcinica hydrolyses 
polyamide” in Biotechnol Bioeng., Vol 102, 2009, pp. 1003-
1011. 
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 Parviz Navi 
Chair COST Action FP0904 

Organisation  Bern University of Applied Sciences 

Department  Research unit and wood technology 

Position  Professor 

Location/Country  Biel / Switzerland 

E-mail address  Parviz.navi@bfh.ch 

Short biography  Parviz Navi received his PhD from the University of California 
at Los Angeles (UCLA), for his studies on wave propagation in 
heterogeneous materials. From 1984 to 1989 he was research 
associate at the “Ecole Nationale des Ponts et Chaussées” in 
Paris. During these years he developed a homogenization 
method for viscoelastic heterogeneous material and contributed 
to the wood micromechanical concepts.  

From 1989 to 2007 he was privat-docent at Swiss Institute of 
Technology –Lausanne (EPFL). In 1995 he published the 
concept of “Micromechanics of wood under tension” for his 
habilitation.  

Since 1986, he participated in research projects on wood 
micromechanics, fracture mechanics and viscoelasticity as well 
as wood mechanosorption effects.  He was also responsible for 
different courses on materials sciences. During last ten years 
he was interested on wood Thermo-Hydro-Mechanical 
behavior under high temperature and has contributed to wood 
densification and wood welding by friction movements. In 
2007 he was retired from EPFL and actually working at 
Research unit materials and wood technology of Bern 
University of Applied Sciences. He is author of two books 
“Comportement thermo-hydromécanique du bois” and 
“Propriétés Acoustiques des Matériaux” and has published 
more than 80 articles. 
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Selected 
publications/patents 

 P. Navi and S. E. Stanzel-Tschegg, "Micromechanics of Creep 
and Relaxation of Wood. A Review" Holzforschung, 2009, 
vol. 63, pp. 186-195. 

M. Sedighi-Gilani and P. Navi, "Micromechanical Approach to 
Wood Fracture by Three-Dimensional Mixed Lattice-
Continuum Model at Fiber Level," Wood Science and 
Technology, 2007, 41:619-634. 

P. Navi and F. Heger Comportement Thermo-Hydromécanique 
du Bois: Presses Polythechnique et Universitaires Romandes, 
2005. 
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 Lennart Salmén 
Co-Chair COST Action FP0802 

Organisation  Innventia 

Department  FMEK 

Position  Research Manager 

Location/Country  Stockholm/Sweden 

E-mail address  lennart.salmen@innventia.com 

Website  www.innventia.com 

Short biography  Lennart Salmén is currently Research Manager of Fibre & 
Material Science at Innventia and also deputy director of the 
Division of Fibre, Materials, Energy and Chemicals at 
Innventia. Salmén is also Associate Professor in Fibre and 
Polymer technology at KTH, Stockholm.  

Salmén has a Master degree in Chemical Engineering, 1975 
and a PhD in Paper Technology, 1982 both from KTH in 
Stockholm. Apart from a position as research associate at 
Paprican, Montreal, Canada Salmén has spent his research 
career in various positions at the former STFI/STFI-Packforsk 
now Innventia.  

Salmén’s research has mainly been devoted to the 
understanding of the relationship between the properties of the 
wood polymeric constituents and the macroscopic properties, 
mainly mechanical, of fibre, wood and paper materials 
exploring new and innovative techniques for enhancing the 
understanding. Studies of softening phenomena, cell wall 
properties, micro-mechanical modelling, water interaction, 
mechano-sorptive creep and fatigue of wood are among the 
areas of published work.  

Salmén is the author of about 150 reviewed scientific papers in 
the field of fibre, wood and paper physics and editor of 5 
books. Salmén is vice President of IAWS – the International 
Academy of Wood Science  
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Selected 
publications/patents 

 Lennart Salmén, Ingo Burgert “Cell wall features with regard 
to mechanical performance” COST Action E35: Wood 
machining – micromechanics and fracture, Holzforschung 
63(2009) 2:121-129 

Lennart Salmén, Elina Bergström “Spectral changes in FTIR as 
affected by the deformation of wood and cellulose” Cellulose 
16(2009) 6: 975-982. DOI 10.1007/s10570-009-9331-z 

Lennart Salmén, Jesper Fahlén “Reflections on the 
ultrastructure of softwood fibres” Cellulose Chem. Technol. 
40(2006) 3-4: 181-185 
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 Clara Silvestre 
Chair COST Action FA0904 

Organisation  Consiglio Nazionale delle Ricerche  

Department  Istituto di Chimica e Tecnologia dei Polimeri 

Position  Senior Researcher 

Location/Country  Via Campi Flegrei, 34 80078 Pozzuoli (Na) - Italy 

E-mail address  silvestre@ictp.cnr.it 

Website  www.ictp.cnr.it 

Short biography  Affiliation:  
Istituto di Chimica e Tecnologia dei Polimeri /Consiglio 
Nazionale delle Ricerche-(ICTP/CNR)  

Education:  
Maturità Classica 1971  

Ph.D. cum laude Industrial Chemistry, University of Naples,  
1977 

Position: 
Permanent Senior Researcher since 2001at ICTP-CNR 

Work experience: 

• Post doctoral research CNR fellow, 1978-1982 

• Visiting Researcher University of Bristol England, 1979 

• Associate Researcher at University of Massachusetts -
Amherst USA 1984/1985, 1990, 1998 

• Coordinator Mednet Head Office  

• Supervisor optical microscopy laboratory at ICTP/CNR 

• Member of ICTP Scientific committee  

• Coordinator and Scientific Representative of several 
National, International and FP Projects: (FP7 Napolynet*, 
FP6 WomenInNano**,Cost Action FA 0904 2010-
2014***, etc.)  

• Lecturer in several international schools and conferences  
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• Supervisor of Master and PhD thesis  

• Chairperson and Member of scientific committee of 
international seminars 

• Member of the MC Cost Action MP0701; Group Leader of 
the Cost Action P12 

• Referee of prestigious journals on polymer science, 
(Macromolecules, Polymer, J.Polym. Sci, etc.)  

• EU expert evaluator for 5-6-7 FP projects (since 2001) 

• EU Ambassador for Women and Science 2005-2008 

• Member of the CNR group Female Researchers in an 
Europe Window since 2007 www.cpo.cnr.it/friend/ 

Publications: 

• Over 130 Papers published on international scientific 
journals and books. 

• 10 Monographs on science and technology of polymer 
based material  

• Over 150 Communications at international meetings 

• 3 Patents 

Main research activity:  

• Correlation among molecular characteristic, morphology 
and structure and physical mechanical properties of 
polymer based systems (homopolymers, copolymers, 
polymer blends, nanocomposites); 

• Determination and control of physical and structural 
factors devoted to design and realize innovative eco-
sustainable polymer systems for application in the area of 
packaging, membranes, fire resistant textiles and 
biomaterials 
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 Lea Spindler 
Chair COST Action MP0802 

Organisation  (1) J. Stefan Institute  (2) University of Maribor 

Department  (1) Dept. of Complex Matter  (2) Faculty of Mechanical 
Engineering 

Position  (1) Research Associate  (2) Assist. Professor 

Location/Country  (1) Ljubljana and (2) Maribor, Slovenia 

E-mail address  lea.spindler@uni-mb.si 

Website  http://www.g4net.org/  

Short biography  My full time position is as assistant professor for the field of 
physics at the Faculty of Mechanical Engineering, Maribor. I 
am also part time employed at the J. Stefan Institute, Ljubljana 
where I work as a researcher in the field of soft condensed 
matter. I made my B.Sc. in physics in 1996 at the University of 
Ljubljana, then continued with a M. Sc. in Environmental 
Engineering at University of Maribor in 1999. I obtained my 
Ph.D. in physics in 2002 at University of Ljubljana. I was a 
postdoctoral researcher in the field of polymer physics in 
2004/2005 at Universite Haute Alsace, France. 

I am interested in the self-assembly of DNA and 
mononucleotides in solution and on surfaces. In my work the 
fields of soft matter physics, physical chemistry and 
nanotechnology merge. I co-organised the ESF Exploratory 
Workshop "Self-assembly of guanosine derivatives: from 
quadruplex DNA to biomolecular devices" in Bled, Slovenia in 
2006 and co-chaired the ESF Research Conference: "Self-
assembly of Guanosine Derivatives: from Biological Systems 
to Nanotechnological Applications" in Obergurgl, Austria in 
2009. 

I coordinate the COST Action MP0802 "Self-assembled 
guanosine structures for molecular electronic devices" from 
2008 to 2012.  
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Selected 
publications/patents 

 K. Kunstelj, L. Spindler, F. Federiconi, M. Bonn, I. 
Drevenšek-Olenik and M. Čopič; Sum-frequency generation 
spectroscopy of self-assembled structures of GMP on mica. 
Chem. Phys. Lett. 467, 159-163 (2008). 

A. Wong, R. Ida, L. Spindler, G. Wu; Disodium guanosine 5'-
monophosphate self-associates into nanoscale cylinders at pH 
8: A combined diffusion NMR spectroscopy and dynamic light 
scattering study. J. Am. Chem. Soc. 127, 6990-6998 (2005).  

L. Spindler, I. Drevenšek-Olenik, M. Čopič, et al;  Dynamic 
light scattering and 31P NMR spectroscopy study of the self-
assembly of deoxyguanosine 5'-monophosphate. Eur. Phys. J. E 
7, 95-102 (2002). 
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Biomedicine and Molecular Biosciences (BMBS) 
BMBS covers all areas of medicine as practiced in Europe and basic, 
preclinical and clinical medical research developed to materialise the 
“bench to bedside” concept. 

 

In Detail 
The following examples illustrate actual research within this Domain. The scope of the 
Domain is not restricted to these activities. 

• Molecular biosciences cover all areas of genomics, proteomics and metabolomics. 
They are not limited to research in humans, but may also concern research in plants, 
viruses, micro-organisms, and animals. Basic and applied biomolecular research is 
addressed, issues connected with forestry and agriculture included. BMBS research 
also includes issues of genome, proteins (structures and functions), lipids, study of the 
central nervous system and neuronal connections, cognitive neuroscience, immune 
system, cell migration, cell dysfunctions (cancer), cellular mechanisms of diseases, 
contagious diseases (animals to humans transmissible diseases included), tropical 
diseases. 

• Biomedicine and specific technologies: some of the related BMBS research areas 
include advanced imaging and treatment techniques (basic research, diagnosis and 
treatment procedures), medical devices and new medicines, advanced medical 
research on biomaterials. 

• Micro and nanomedicine (including nanotechnologies), biomedicine/molecular 
bioscience and pharmacology in extreme conditions such as climate change, and outer 
space conditions. 

• Interdisciplinary issues include research in fields such as bioinformatics, biomedical 
engineering, medical physics and chemistry, mathematical models in medicine. 
Therefore, new ideas and initiatives are welcome as well as those with high 
interdisciplinary elements, a high degree of innovation and close links and overlaps 
with other Domains. 

 

For more information: www.cost.esf.org/domains_actions/bmbs 

 

Your COST Contact 
Kalliopi Kostelidou  

Senior Science Officer Life Sciences and Science Officer Biomedicine and Molecular Science 

Tel. +32 2 533 38 16 
kkostelidou@cost.esf.org 
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Forests, their Products and Services (FPS) 
FPS has the mission to promote research along the whole forest-wood-chain 
by providing a platform for effectively coordinating nationally-funded 
research activities in the areas of forestry, wood technology, and pulp and 
paper. 

In Detail 
The following examples illustrate actual research within this Domain. The scope of the Domain is 
not restricted to these activities. 

• Forestry research supports activities aiming at meeting the social, economic, ecological, 
cultural, health and spiritual needs of present and future generations. In the light of the 
current international forest dialogue, the FPS offers a forum for encouraging a scientific 
debate to ensure sustainable provision of forest products and services, such as wood and 
wood products, water, bio-energy, rural development, recreation and public health, 
habitats for wildlife, landscape diversity, carbon sinks and reservoirs. 

• Forests and environment research activities focus on the protection of forests against the 
effects of pollution, including air-borne pollution, fires, pests and diseases, in order to 
maintain their full multiple values. So, it is important to provide reliable and accurate 
information on forests and forest ecosystems as they are essential for public understanding 
and knowledge-based decision-making. 

• The wood technology sector wants to increase research to broaden the use of timber as a 
sustainable resource. With the objective to enhance the competitiveness of timber, this 
Domain supports research activities focusing on the improvement of wood properties, the 
performance of timber and its indoor and outdoor usability. 

• The pulp and paper sector promotes research contributing to an increase in knowledge of 
the physical, chemical and biological characteristics of the pulps and the resulting 
products. High priority is placed on optimising the level of use of these resources and to 
improve both the sustainability of pulp and paper making paper products more 
competitive. 

• At a cross-sector level, FPS addresses issues such as life-cycle analysis, tourism, energy 
production, climate change and recycling to achieve sustainable development. Therefore, 
new ideas and initiatives are welcome as well as those with high interdisciplinary 
elements and close links and overlaps with other Domains. 

 

For more information: www.cost.esf.org/domains_actions/fps 

 

Your COST Contact 
Melae Langbein 

Science Officer Forests, their Products and Services 

Tel. +32 2 533 38 24 

mlangbein@cost.esf.org 
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Materials, Physical and Nanosciences (MPNS) 
MPNS is home to materials science and physics, extending from conception 
through production, characterisation, examination, evaluation, fabrication, 
joining to actual application and service, including related databases, 
simulation tools, standards and inspections. 

In Detail 

• New developments in industrial technology and technologydriven projects requiring the 
synthesis of new material. In this context, materials science, physics and nanoscience or 
combinations thereof will be supported by this Domain. Physics involves many industries 
and technological processes; it contributes to the synthesis of new materials and to a broad 
variety of new devices based on the progress made in areas such as optics, plasma physics, 
surface physics, materials simulation and others.  

• Emerging technologies: for energy supply, telecommunication biotechnology and related 
sectors which trigger innovative progress in conventional sectors such as power 
technology, transport, aerospace, lighting, and monitoring or the establishment of 
completely new technology areas. 

• Cultural heritage: the sciences contributing to this Domain are part of cultural heritage as 
they answer the most fundamental scientific questions related to the ageing of various 
kinds of objects of art. Therefore the Domain is also responsible for Actions in cultural 
heritage focusing on restoring and conserving ancient architecture, built environment and 
artefacts. 

• Multidisciplinary research: materials science, physics and, to an even larger extent, 
nanoscience are multidisciplinary research fields. The Domain maintains active 
interaction with other COST Domains on many relevant issues such as environment, 
global warming and social aspects of nanotechnology. By recognising the huge potential 
of nanosciences in such different areas the Domain encourages multidisciplinary actions 
and cooperates closely with the other Domains. Therefore, new ideas and initiatives are 
welcome as well as all ideas with high interdisciplinary elements, close links and overlaps 
with other Domains. 

 

For more information: www.cost.esf.org/domains_actions/mpns 

 

Your COST Contact 
Caroline Whelan 

Science Officer Materials, Physical and Nanosciences 

Tel. +32 2 533 38 14 

cwhelan@cost.esf.org 
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