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Summary 

Mechanical vibration is widespread in modern society and manufacturing technologies. Vibrations 

typically occur in systems with dynamically moving parts. The development of materials capable of 

damping mechanical vibrations is crucial to prevent structural damage and to enable a reliable and 

seamless functioning of such systems. At the same time, materials need to be stiff, strong and light to 

also save resources and meet environmental demands. However, stiffness and damping are often 

antagonistic properties. Amongst the vast selection of construction materials, composites provide 

attractive potential solutions to this challenge because of their excellent property-to-weight ratio, 

large design freedom and in general good ability to suppress unwanted mechanical vibrations. While 

synthetic composites with high damping performance have been developed, current solutions are still 

limited by the trade-offs between stiffness and the energy dissipation mechanisms required for 

damping. Recent modelling studies have shown that biological composites known to combine stiffness 

and damping, such as nacre and bone, might provide powerful design principles for the manufacturing 

of synthetic materials with enhanced damping performance. Inspired by the evolved design of 

biological composites, the goal of this thesis is to study the damping behaviour of nacre-like staggered 

composites and to enhance the dissipation properties of natural fibre composites. To the best of our 

knowledge, the damping properties of bio-inspired composites featuring reinforcing elements on a 

similar length scale as observed in biological systems, is studied for the first time. Furthermore, the 

microstructure of highly anisotropic natural fibre composites is systematically altered to provide 

materials that offer a wider transverse design space without reducing the inherently high damping 

properties in the direction of the fibre. 

Polymers reinforced with a nacre-like staggered arrangement of stiff inorganic platelets were first 

prepared using a previously reported magnetic alignment technique. These bio-inspired composites 

contained up to 30 vol% of aligned platelets distributed in a polymer matrix consisting of either epoxy 

or poly(methyl methacrylate). Mechanical characterisation of the nacre-inspired composites showed 

that the loss modulus, which is defined as the damping figure of merit, can be systematically increased 

by a factor of 5 upon the addition of platelets to the polymer matrix. Interestingly and counter-

�]�v�š�µ�]�š�]�À���o�Ç�U�� �š�Z���� ���}�u�‰�}�•�]�š���[�•�� �o�}�•�•�� �(�����š�}r remained nearly unaffected. The rise of the damping 

performance with increasing platelet volume fraction is explained on the basis of micromechanical 

models developed for compliant materials reinforced with discontinuous stiff elements. Such models 

can be used to describe the effect of two different structural parameters, namely the platelet volume 

fraction and the aspect ratio, on the damping behaviour of the bio-inspired composite. This analysis 

shows the importance of replicating the design principles rather than copying per se the 

microstructure of the biological material. 

To leverage the high damping characteristics of flax fibres, natural composites comprising flax-based 

laminates reinforced by chopped carbon fibres were also developed and investigated. To achieve 

enhanced mechanical properties and damping behaviour, ultra-high modulus carbon fibres were 

introduced into the flax fibre laminate as discontinuous fillers blended into the matrix and aligned 
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during composite processing. Using matrix suspensions with up to 15 vol% of carbon fibres, a local 

fibre fraction of 48 vol% can be achieved within the flax fibre laminate. The alignment of such high 

volume fraction of carbon fibres orthogonally with respect to the principal direction of the flax fibres 

leads to a composite flexural stiffness that is 1.46-fold higher compared to the pristine coupons, 

without compromising the longitudinal performance. Furthermore, the damping properties are 

significantly enhanced, which is manifested by an increase of the loss modulus of the composite up to 

2.6-times relative to the laminate without carbon fibres. Such carbon fibres are also introduced into 

printable inks in order to deposit three-dimensional reinforcing ribs onto pre-fabricated flax fibre 

composites. Two-layer ribs with a carbon fibre volume fraction of 10 vol% were found to increase the 

bending stiffness of the composite by 60% and 600% for co-aligned and orthogonal ribs, respectively. 

Finally, the role of microstructural features on the viscoelastic response of nacre and nacre-like 

composites was investigated by creating brick-and-mortar structures with tuneable density of mineral 

bridges and nanoasperities. By keeping the platelet volume fraction of our nacre-like composite 

constant, we show that the damping performance is enhanced by increasing the fraction of such 

microstructural features. Samples exhibiting the highest fractions of mineral bridges and 

nanoasperities display 150% higher loss modulus and 31% higher storage modulus compared to 

composites displaying a low fraction of these reinforcing elements. This indicates the importance of 

nanoscale structural features in controlling the stiffness and the energy dissipating behaviour of nacre-

inspired composites.  

In summary, the research presented in this thesis provides useful guidelines for the design and 

fabrication of composite materials with ultra-high damping performance. Composites that exploit the 

inherent hierarchical structure of natural fibres or replicate design principles of nacre and bone can 

reach damping response that significantly exceed the properties of biological and state-of-the-art 

materials. The implementation of these design strategies in future composites should enable the 

fabrication of passive damping elements for a broad range of structural applications. 

 



IX 

Zusammenfassung 

Mechanische Vibrationen sind weit verbreitet und in unserem Alltag überall zu finden. Nicht 

wegzudenken sind sie in einer Vielzahl von Anwendungen und deren Herstellungsverfahren. 

Typischerweise entstehen Vibrationen dort, wo sich Maschinenelement hochdynamisch bewegen. Die 

verwendeten Materialien sind dabei sehr hohen Belastungen ausgesetzt. Deshalb ist die Entwicklung 

von Materialien, die unter solchen Vibrationsbedingungen schadensfrei funktionieren können, das 

heißt ein hohes Dämpfungsvermögen aufweisen, von sehr großer Bedeutung. Weitere Anforderungen, 

wie zum Beispiel hohe Steifigkeit, Festigkeit und geringe Werkstoffdichte müssen dabei ebenso erfüllt 

werden. Der Leichtbaucharakter ist hier von besonderer Bedeutung. Mechanische Systeme und 

Maschinen mit sehr geringem strukturellem Gewicht können sehr ressourcenschonend arbeiten. Sie 

sind somit prädestiniert, ökologische Anforderungen einzuhalten. Da aber Steifigkeit und Dämpfung 

antagonistisch sind, ist es immer wieder eine Herausforderung, diese beiden Eigenschaften in einem 

Material zu vereinen. Verbundwerkstoffe bilden aufgrund ihres ausgezeichneten Eigenschaft-zu-

Gewicht Verhältnisses unter der Vielzahl von möglichen Konstruktionswerkstoffen eine gute 

Ausgangslage für die Entwicklung von vibrationsstabilen Werkstoffen. Allerdings weisen auch 

Verbundwerkstoffe, die typischerweise mittels synthetischer Endlosfaserwerkstoffen gefertigt 

werden, Kompromisse hinsichtlich Steifigkeit und Dämpfungsvermögen auf. Im Gegensatz dazu haben 

Studien auf Basis analytischer Modelle gezeigt, dass biologische Verbundwerkstoffe wie das Perlmutt 

in Muschelschalen und aber Knochen dank ihrer komplexen Mikrostruktur sehr nützliche Gestaltungs-

vorlagen für die Herstellung von Materialien mit einem erhöhten Dämpfungsvermögen liefern können. 

Inspiriert durch diese Gestaltungsvorlagen besteht das Ziel dieser Arbeit darin, das 

Dämpfungsverhalten perlmuttartiger Komposite zu studieren und das Energiedissipationsvermögen 

von Naturfaserverbundwerkstoffen zu verbessern. Dabei ist zu betonen, dass entsprechend unseres 

derzeitigen Wissenstandes, die Dämpfungseigenschaften von biologisch inspirierten Werkstoffen mit 

Verstärkungselementen, die sich auf einer ähnlichen Längenskala wie das natürliche Vorbild befinden, 

hier zum ersten Mal untersucht werden. Des Weiteren wird systematisch die Mikrostruktur 

anisotroper Naturfaserverbunde so verändert, dass auch quer zur Faserrichtung die Eigenschaften 

verbessert werden können, ohne dabei das hervorragende Dämpfungsvermögen in Faserrichtung 

nachteilig zu beeinflussen. 

Kunststoffe mit einer perlmuttartigen, staffelförmigen Verstärkungsstruktur sind in einem ersten 

Schritt mittels eines magnetischen Ausrichtungsverfahrens hergestellt worden. Diese Komposite 

bestehen aus bis zu 30 vol% Keramikplättchen. Diese Plättchen wurden gezielt in eine Matrix aus 

Epoxidharz oder Polymethylmethacrylat eingebettet. Mechanische Messungen zeigten, dass der 

Verlustmodul, welcher als charakteristischer Kennwert für die Dämpfung gilt, systematische um den 

Faktor 5 erhöht werden kann. Bemerkenswert und gleichzeitig entgegen jeglicher Intuition ist, dass 

der Verlustfaktor dabei annähernd unverändert bleibt. Die Erhöhung des Dämpfungsvermögens mit 

steigenden Plättchengehalt ist mithilfe eines mikromechanischen Modells zu erklären, das 

ursprünglich zur Beschreibung der Steifigkeit von diskontinuierlich verstärken Polymeren entwickelt 
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wurde. Das Modell bietet zusätzlich die Möglichkeit, den Zusammenhang zwischen Dämpfung und 

geometrischen Parametern wie Volumenanteil und Längenverhältnis der Plättchen zu beschreiben. 

Ausgehend von diesen Erkenntnissen sollte man das dem biologischen Verbundwerkstoff 

zugrundeliegendem Gestaltungsprinzip reproduzieren und nicht die Mikrostruktur unverändert 

kopieren. 

In einem weiteren Schritt wurden die Dämpfungseigenschaften von Flachsfaserverbundwerkstoffen 

mittels Kohlenstofffasern erweitert und deren Einfluss auf die Energiedissipation untersucht. Um eine 

Verbesserung der mechanischen Eigenschaften zu erreichen, wurden sog. Ultra-Hochmodul-Fasern in 

Form von Kurzfasern in den Verbund integriert. Dabei erhielten die Fasern während des 

Herstellungsverfahrens definierte Ausrichtungen. Durch die anschließende Konsolidierung und die 

damit verbundene Naturfaserinfiltration kann der lokale Kohlenstofffaservolumenanteil von 

ursprünglich 15% auf bis zu 48% angehoben werden. Aufgrund dieser dichten Schicht aus hochsteifen 

Kohlenstofffasern, die beispielsweise orthogonal zu den Flachsfasern ausgerichtet wurden, konnte die 

Beigesteifigkeit um das 1.46-facher erhöht werden, ohne dabei die Eigenschaften in Faserrichtung zu 

kompromittieren. Darüber hinaus war eine Erhöhung der Dämpfung um den Faktor 3.6 zu ermitteln. 

Die Eigenschaftssteigerung gab Anlass, diese Kurzfasern in 3D-Druck-Materialien einzuarbeiten und 

mithilfe druckbarer Pasten dreidimensionale Versteifungselemente auf vorgefertigte Flachsfaser-

laminate zu applizieren. Doppellagige Versteifungsrippen mit einem Kohlenstofffaservolumenanteil 

von 10% sorgten dabei für einen Anstieg der Biegesteifigkeit von 60% für parallel gedruckte Rippen 

und sogar von 600% für senkrecht gedruckte Rippen. 

Der dritte Schritt bestand darin, das Verständnis des Dämpfungsverhaltens und -mechanismen von 

perlmuttinspirierten Verbundwerkstoffen zu erweitern. Der Fokus lag dabei auf der Bestimmung des 

Effektes unterschiedlich hoher einstellbarer Dichten von Mineralbrücken und Oberflächen-

unebenheiten auf die Dämpfungseigenschaften. Unter der Voraussetzung eines konstanten 

Volumenanteils an Plättchen konnte gezeigt werden, dass vor allem der Anteil an Mikrostrukturen 

zwischen den Plättchen und auf den Plättchenoberflächen für den Anstieg des Dämpfungsvermögens 

verantwortlich ist. Die Probekörper mit dem höchsten Anteil an Mineralbrücken und Oberflächen-

unebenheiten wiesen einen Anstieg des Verlustmoduls von mehr als 150% und einen Steifigkeits-

anstieg von 31% auf. Diese Eigenschaftssteigerungen verdeutlichen die Relevanz dieser strukturellen 

Merkmale für die Steifigkeit und das Dämpfungsvermögen perlmuttinspirierter Verbundwerkstoffe. 

Zusammenfassend kann gesagt werden, dass die Forschungsaktivitäten, die in dieser Thesis enthalten 

sind, wichtige Anhaltspunkte für die Gestaltung und Herstellung von Verbundwerkstoffen mit 

besonders hohen Dämpfungseigenschaften zur Verfügung stellen. Dabei ist zu unterstreichen, dass 

mithilfe der vorgestellten Konzepte und Materialien verbesserte Energiedissipationsvermögen 

erreicht werden können. Diese Materialien zeigen ein wesentlich höheres Potenzial als moderne 

synthetische und natürlich verfügbare Verbundwerkstoffe. Die Erkenntnisse, die im Rahmen dieser 

Dissertation gewonnen wurden, bilden eine wesentliche Grundlage für die Entwicklung neuartiger 

Leichtbaumaterialien und können bei der Gestaltung struktureller Bauteile mit hohem passivem 

Dämpfungsvermögen in zukünftigen Hochleistungsanwendungen sehr hilfreich sein. 
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Chapter 1 Introduction 
__________________________________________________________________________________ 

Introduction 

1.1 A vibrating world 
Life in modern society is surrounded by mechanical vibrations. Every day humans are exposed to 

vibrations that can be of desired or unintentional nature. Devices such as headphones, car springs, 

���Z�]�o���Œ���v�[�•�� �š�}�Ç�•, and sport equipment only function because of vibrations. An Olympic diver, for 

example, aims to gain height by exploiting the vibrational abilities of the springboard through its 

excitation and by extraction of the energy put into the system. Another example are music instruments 

such as guitars and drums, which can only generate a sound because of the oscillation of strings and 

membranes. Those are just two instances where vibrational motion is explicitly desired. Crucially, the 

response desired by the operator, which is the diver or the musician, is only achieved by accurately 

controlling such vibrations. In the engineering world, the knowledge and adjustment of vibrations is 

essential to ensure the mechanical stability and structural integrity of structures, to enable 

manufacturing of high-precision devices and to build structures with decreased weight, which allows 

for reduced carbon emissions in transportation systems. 

 

Figure 1-1 Importance of vibration control to (a) avoid catastrophic failure, (b) allow for subsequent damage 

mechanisms to occur and (c) ensure high precision manufacturing of semiconductor elements 1�t3. 
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The effect of vibration on the systems described above depends largely on the materials selected for 

the relevant structures. Therefore, the selection and design of appropriate materials is of major 

importance for the control of the vibration response and performance of load-bearing mechanical 

systems in real-world scenarios. 

1.2 Materials Selection 
The performance of mechanical systems is predominantly determined by the selection of materials 

that a physical construction is made of. The properties of these materials along with the dimensional 

design are key aspects as to whether the system capable of meeting meet the structural requirements. 

Today, engineers can choose from a vast number of materials that possess very different properties, 

ranging from soft to hard and compliant to stiff. This allows for the design of highly specialised 

structures that demonstrate tailored functionalities so that the mechanical system is capable of 

functioning according to the defined specification. Those may be light weight, minimal deformation, 

very high load-bearing ability, high resistance against failure and longevity under given loading or 

environmental conditions. All these named conditions can be directly related to one specific material 

property, such as low density, elastic modulus, strength, toughness, and fatigue resistance, 

respectively. Material properties may be the limiting factor for the performance of a mechanical 

system. Very seldomly the behaviour of a single component or a complex mechanical system depends 

on just one property. This makes the materials selection and the way one can construct with this 

material crucial aspects in an early design phase. Indeed, most structures are initially designed to 

withstand high loads at low load-inducing deflection and perhaps at low mass. However, to achieve 

longevity, not only strength and stiffness are important. Many other materials properties may play a 

role in guaranteeing durability. For example, one could design with the stiffest material, but would in 

most cases inevitably need to accept a brittle behaviour in the case of structural failure. Unfortunately, 

a material that combines all properties simultaneously does not exist. Some properties may be 

combined relatively easy, such as high stiffness and high strength. Other property combinations are 

considered as mutually exclusive and are very hard to unite in one single material. Consequently, it is 

the objective of material scientists and engineers to develop or select materials capable of meeting 

mechanical, economic and ecological requirements. A particular combination of antagonistic 

properties is stiffness and vibration damping. Since stiff materials are needed to construct buildings or 

fabricate aeroplanes, the vibration damping capability is still often secondary and is achieved by added 

materials or even additional systems to mitigate vibrations.  

The development of materials that can combine stiffness and vibration damping is the main scope of 

this thesis. Therefore, the following sections and paragraphs of the opening chapter will introduce the 

concept of vibration damping, types of damping and its importance for dynamic mechanical systems 

(section 1.3). Furthermore, the materials that were used in the experimental work of this thesis as well 

as the materials from which we took inspiration to create novel materials are presented (section 1.4). 

In section 1.5, relevant mechanical concepts to describe material behaviour along with damping 

characteristics with an emphasis on viscoelasticity and viscoelastic damping of brick-and-mortar 
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architectured composites are introduced. This is followed by a brief description of experimental 

methodologies commonly used to measure the damping behaviour of materials (section 1.6). Finally, 

the overall aim and the structure of this thesis is presented to guide the reader through the different 

research topics covered in this work (section 1.7). 

1.3 Vibration and Damping 
Vibration (from Latin: vibrationem �t shaking, brandishing) is a phenomenon in mechanical systems 

characterised by dynamic (time-dependent) movement around a point of equilibrium. This dynamic 

movement also referred to as oscillation, can be identified by a transformation of potential into kinetic 

energy and back. One might even distinguish between oscillation and vibration. In oscillation, a particle 

or mechanical system moves periodically around the equilibrium without any body deformation, 

whereas vibration involves periodic deformation of the structure. This description of an oscillating 

system is very idealised and assumes that without an external perturbation, the vibration would 

continue infinitely. In machinery with dynamic moving parts powered by an engine, excessive dynamic 

displacements may increase the risk of component failure due to fatigue resulting from cyclic variations 

of induced stresses. This would require a time-independent vibration amplitude. In reality, however, 

the amplitude decays over time. This phenomenon is called damping. Damping is the ability to reduce 

vibrational motion over time because of the dissipation of mechanical energy. Such vibratory motions 

may be mechanical oscillations, noise and alternating electric currents. The damping corresponds to 

this part of the stored mechanical energy that is dissipated irreversibly. The knowledge of the level of 

damping within a single material or complex system is very important since the damping is an 

important property that �����š���Œ�u�]�v���•���š�Z�����•�Ç�•�š���u�[�•���o�}�v�P���À�]�š�Ç�X���������}�Œ�Œ�����š�������•�]�P�v�������v���•�]�P�v�]�(�]�����v�š�o�Ç���]�v���Œ�����•����

the service-life of mechanical systems by reducing the risk of failure because of its ability to suppress 

vibrations4�t8. There are many examples in the past where structures did not have the capability to 

dissipate enough energy in time and hence suffered by catastrophic failure. The most prominent 

building damaged by vibration is probably the Tacoma bridge in the United States of America. This 

bridge was subjected to wind loads which led to enormous dynamic excitation. Because of the poor 

damping, the system could not suppress the low frequency vibrations and collapsed in 1940, a few 

months after its inauguration (Figure 1-1a)9. 

Several types of damping are inherently present in dynamic systems and their constituent materials, 

which can be categorised by their underlying mechanism. There exist differences in the literature in 

how to define damping mechanisms. Sometimes one may even find the same name with a different 

definition10. In this thesis, the nomenclature presented in the textbook of de Silva is used11: 

1. Structural damping 

2. Fluid damping  

3. Internal (material) damping 

Structural damping can be achieved by the relative motion of mechanical systems with common 

points, joints or supports. Fluid damping as the second category can be created through fluid-structure 

interactions, mainly by generating drag forces. The third form of damping, which is the most relevant 
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mechanism in the scope of this thesis, is internal or material damping. The energy dissipation 

mechanism in a material is characterised by macro- and microscopic processes. Usually, such a system 

is also referred to as a system of passive damping without the need for an external power source. A 

system that only works with an external power supply for the dissipation of energy is a system with 

active damping11. 

Internal, also called material damping, originates from the dissipation of mechanical energy associated 

with features and phenomena on a microstructural scale. Features such as defects, grain boundaries 

and impurities alongside phenomena such as dislocation motion in metals and chain motions in 

polymers are responsible for the transformation of mechanical energy into heat. Due to the large 

number of available materials, several damping models have been developed. In these models, the 

material behaviour is described in terms of series and/or parallel combinations of elastic springs and 

viscous dashpots. The springs capture the elastic behaviour, whereas the dashpots simulate the viscous 

behaviour. Classical models are the Maxwell (Figure 1-2a), Kelvin-Voigt (Figure 1-2b) and standard 

linear viscoelastic solid model (Figure 1-2c)12,13.  

 

Figure 1-2 Spring-dashpot models. �'  represents the spring stiffness and �ß the dashpot viscosity. (a) Maxwell-

Model, (b) Kelvin-Voigt-Model and (c) Standard linear viscoelastic solid model in the Maxwell notation 12,13. 

The three models depicted in Figure 1-2 are single degree of freedom mass-spring-dashpot models 

used to describe the motion of an oscillating mechanical system. Complex systems with multiple 

degrees of freedom can be modelled by excluding a single vibration mode and applying a single degree 

of freedom system to describe the mode-dependent behaviour. Despite the challenge to categorise 

damping and to model mechanical vibration, mass-spring-dashpot systems are used to describe the 

dynamic behaviour of materials that exhibit oscillatory motion. 

The characterisation of the dynamic behaviour of structural materials, in particular their vibration 

damping behaviour, are in praxis usually not modelled with masses, dashpots and springs. Other 

engineering, more convenient approaches have been established to quantify a m���š���Œ�]���o�[�•�� �����]�o�]�š�Ç�� �š�}��

dissipate mechanical energy. Selected concepts will be further discussed in detail in section 1.5. 
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1.4 Composite Materials 
Common engineering materials such as metals, polymers and ceramics have been increasingly 

complemented since the 1960s by composite materials, which exhibit outstanding mechanical 

properties by merging two or more distinct phases into one material to evoke a synergistic effect. The 

high mechanical efficiency of composites results from the principle of structural reinforcement 

through strong fibres along the direction of the highest loads14. Generally, composites have been used 

for thousands of years, for example the reinforcement of mud by straw fibres. In contrast, only recently 

have composites gained great popularity and are today used in structurally relevant lightweight 

applications utilising large-scale manufacturing infrastructure. Composite materials such as carbon 

(CF) and glass fibre (GF) reinforced polymers (CFRP and GFRP) are established high-performance 

materials for structural applications in the aerospace, automotive, construction, naval, sport and 

leisure industries. The outstanding mechanical properties, and here in particular the high property-to-

weight ratio of composites, allow for significant weight reduction of structural components. The lower 

weight at similar or even higher mechanical performance brings various advantages depending on the 

field of application. The aerospace and automotive industry for example benefits from a reduced 

demand of fuel when the vehicles are lighter. Consequently, the range of travel can be increased, and 

carbon emissions during operation are reduced. 

�����•�‰�]�š���� �š�Z���]�Œ�� ���Æ�����o�o���v�š�� �u�����Z���v�]�����o�� �‰�Œ�}�‰���Œ�š�]���•�� ���v���� �š�}�����Ç�[�•�� �Á�]������ ���‰�‰�o�]�����š�]�}�v�U��the production of such 

lightweight components still highly depends on fossil resources and requires a great amount of energy. 

The growing global environmental awareness as a result of the high rate of depletion of natural 

resources has called for more energy efficient and sustainable designs of composite materials.15�t19 

Therefore, other classes of composites have recently gained interest. Amongst those are composites 

with renewable reinforcing fibres that occur in the environment and can be either readily used as 

structural material (section 1.4.1) or serve as a biological model system for the development of bio-

inspired composites (section 1.4.2). Another class of composites that has become increasingly popular 

are composites reinforced by fibres derived from natural resources such as plants, namely natural fibre 

composites (section 1.4.3). Such materials developed through the adaptation of the microstructure of 

biological model systems and natural fibre composites can be manufactured by employing 

conventional composite fabrication techniques or by novel technologies such as three-dimensional 

printing (section 1.4.4). The mechanical behaviour of such composites with respect �š�}���š�Z�����u���š���Œ�]���o�[�•��

ability to suppress vibrations is discussed in further detail in Section 1.5. 

1.4.1 Biological composites 

The main difference between synthetic composites and biological materials lies in the way they are 

built. Synthetic materials are usually characterised by a high complexity concerning their chemical 

composition and are commonly designed for static applications aiming for high longevity. In contrast, 

biological materials are created by the growth of macromolecules and strong mineralised tissues. This 

implies that biological materials are highly dynamic and that �š�Z�����u���š���Œ�]���o�[�•�����Œ���Z�]�š�����š�µ�Œ�����u���Ç�����Z���v�P����

significantly over the phases of the life of the living organisms20. Biological materials have developed 
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and adapted themselves over billions of years to fulfil specific functions that allow species survival. 

This evolution has produced extremely efficient natural materials, which have become the source of 

inspiration for material scientists and engineers21�t24. Interestingly, from a mechanical point of view, 

natural materials are not necessarily superior compared to their synthetic counterparts. Living 

organisms that emerged from natural evolution are highly constrained to a restricted choice of 

chemical constituents, which are abundant and readily available in the environment23. It is thus the 

structure and arrangement of the building blocks that leads to their outstanding efficiency24. In these 

materials, the building blocks and structural features are downscaled to such an extent that it unlocks 

mechanical properties that cannot be attained with the bulk equivalents25,26. Most of such natural 

materials exhibit very sophisticated hierarchical structures26. A hierarchical material architecture is 

characterised by the structuring of features and building blocks across multiple length scales. In other 

words, one cannot detect a length scale at which the materials can be considered homogeneous20. Due 

to this heterogeneous character and the presence of phases with distinct material properties, almost 

all natural materials can be classified as composites24. As in synthetic composites, anisotropic 

reinforcement is often embedded in a surrounding material, which is mostly considered as an isotropic 

matrix. Bone, wood and nacre are prominent examples of biological composites with an elaborate 

hierarchical structure, in which the architecture is key to achieve outstanding functionality and 

mechanical properties, including enhanced damping performance22. 

The nacreous layer is the iridescent inner layer of most mollusc shells. It is composed of 95 wt% of 

aragonite, a crystallographic form of calcium carbonate (CaCO3), and 5 wt% organic materials, mostly 

proteins and polysaccharides27�t31.  Figure 1-3 depicts the hierarchical structure of the red abalone shell 

and displays the complex arrangement of building blocks over several length scales ranging from macro 

to nanometre. On the macro scale, the seashell may have a size of 15-20 cm in diameter (Figure 1-3a). 

The shell is composed of two distinct layers. The outside layer consists of large calcite crystals, which 

makes this layer very hard but brittle. The layer inside is the nacreous layer (Figure 1-3b). At higher 

magnification, the nacreous layer displays separating lines, which mark pauses during the growth of 

the shell (Figure 1-3c). At the meso scale, the nacre bulk material lies between these growth lines and 

is approximately 300 µm thick. It is built of a layered structure of 0.5 µm thick polygonal aragonite 

platelets (Figure 1-3d). Such platelets, also referred to as bricks, are organised in stacked columns with 

overlaps between platelets from adjacent columns, forming a so-called brick-and-mortar (BaM) 

structure. The platelets themselves have a characteristic waviness, the amplitude of which can reach 

up to half of the tablet thickness (Figure 1-3e). At the lowest scale, the platelets are composed of 

aragonite nanograins hold together by organic material. The platelets are also separated by a thin layer 

of organic polymer, which acts as glue and is referred to as mortar. Within this layer, several other 

features such as nanoasperities and direct platelet connections, so-called mineral bridges, can be 

observed (Figure 1-3f)21,32. 
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Figure 1-3 Hierarchical structure of seashells: Constructed of an outer and inner layer. The inner layer, called 

the nacreous layer, is composed of 95 vol% of aragonite platelets arranged in a fine brick-and-mortar 

architecture and 5 vol% of an organic matrix (adapted from Barthelat 21 with permission from the Royal Society 

of London) 

The study of nacre has been an ongoing research topic for several decades33. The structure-property 

relationship of nacre has been reported in many studies, which helped to shed light into the design 

principles leading to the remarkable fracture toughness of this biological composite. Special attention 

has been given to �v�����Œ���[�•���Z�]���Œ���Œ���Z�]�����o���•�š�Œ�µ���š�µ�Œ�������v�����š�Z����specific features that can be found over several 

distinct length scales, from macro- to micro- to nano scale. The remarkable mechanical performance 

of nacre is the result of a synergy of mechanisms that act over such length scales, which include load 

transfer, energy dissipation and damage resistance and distribution21. However, not only the pure 

mechanical response under tensile, compressive and shear loading were addressed in these studies. 

The study of such biological material has also revealed nacre�[�•�� �Œ���u���Œ�l�����o���� �����]�o�]�š�Ç�� �š�}��combine 

properties that are generally mutually exclusive. Hereby high strength and toughness29,34,35 alongside 

high stiffness and toughness36�t38 are combinations of antagonistic properties widely discussed in the 

literature. The ability of nacre to dissipate energy has thus far been explained with various toughening 

mechanisms, such as crack arrest after failure initiation, crack deflection and platelet pull-out30,39,40. 

Those energy-dissipating mechanisms are all associated with irreversible materials fracture. So far, 

very little attention has been paid to energy dissipation mechanisms associated with purely elastic 

deformations that occur on undamaged materials. Microstructural features such as reversible domain 

unfolding of the biopolymer, the wavy shape of the platelets, the interplatelet mineral bridges as well 

���•�� �v���v�}���•�‰���Œ�]�š�]���•�� ���Œ���� ���}�v�•�]�����Œ������ �š�}�� �]�v���Œ�����•���� �š�Z���� �u���š���Œ�]���o�[�•�� �Œ���•�]�•�š���v������ ���P���]�v�•�š�� ���Œ�����l�� �P�Œ�}�Á�š�Z�X�� �^�µ���Z��

features may also significantly contribute to energy dissipation in the material within the elastic 

regime. Mineral bridges, for example, could increase the shear stiffness of the continuous phase 
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between adjacent platelets, whereas nanoasperities induce mechanical interlocking between the 

platelet, resulting in higher resistance to interfacial sliding41,42. 

1.4.2 Bio-inspired composites 

The need for high-performance materials has led to the development of lightweight composites with 

remarkable combinations of mechanical properties, such as high stiffness and strength. However, 

stiffness is often not enough in many load-bearing structural applications. Stiff and strong materials 

are inevitably brittle, whereas tough materials are usually compliant and weak. Materials that could 

combine more properties, such as stiffness/strength and toughness are highly desired. Such properties 

are usually mutually exclusive. Nature provides an immense base of examples of material systems that 

display property combinations one can usually not attain with artificial materials, as exemplified by 

nacre in the previous section. Indeed, the elegant, hierarchical arrangement of hard platelets across 

multiple length scales alongside the various features within the microstructure make the nacreous 

layer of seashells a stiff, strong, and tough material. The possibility to combine such material properties 

has led to many studies in which not only the biological design principles were studied and understood, 

but also suitable manufacturing techniques were developed.  

An obvious base to create hierarchical bio-inspired composites is biomimetic mineralisation. All hard 

materials in living organisms are mineralised from a limited number of inorganic components, such as 

calcium carbonate, silica or calcium phosphate. Biomineralisation is a process in living organisms, 

which involves the production and deposition of minerals to existing tissues to strengthen, harden 

and/or stiffen them. The manufacturing of bio-inspired composites by controlling the mineral growth 

in a polymer scaffold has been previously demonstrated in lab-scale experiments43�t45. However, this 

approach was shown to be less practical to fabricate structurally relevant large composites that also 

exhibit features in the micro- to macroscale29. To address this challenge, many techniques to produce 

nacre-like materials have been reported in the literature46. Manufacturing techniques such as freeze 

casting, slip casting, extrusion and roll compaction, and layer-by-layer self-assembly have been 

developed or adapted to create nacre-inspired composites using ceramic scaffolds or particle-

reinforced polymers. 

A very promising fabrication method is the assembly of mineral particles into nacre-like brick-and-

mortar structures using external stimuli. This has been identified as an efficient bottom-up route to 

create complex, bio-inspired structures with several hierarchical levels. In this approach, the mineral 

particles, either spheres or platelets, are functionalised with nanoparticles that physically or chemically 

adsorb on the mineral surface. Such nanoparticles are used to make the minerals responsive to 

external stimuli, such as electric or magnetic fields. It has been shown in a series of studies that alumina 

platelets with a micron-sized diameter and a few hundreds of nanometres in thickness can be 

functionalised with superparamagnetic iron oxide nanoparticles (SPIONs) to make the platelets 

responsive to external magnetic fields. Such functionalised platelets can be processed into castable 

suspensions or rheological inks for three-dimensional (3D) printing. Depending on the type of 

precursor, various processes can be employed to fabricate such bio-inspired composites. Those are 
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simple casting followed by matrix curing18,47�t49, magnetically assisted slip casting (MASC)50,51, freeze 

casting and vacuum-assisted magnetic alignment followed by a pressure-sintering process and fluid 

matrix infiltration36,52,53. All the aforementioned techniques were used to fabricate composites with a 

microstructure inspired by the nacreous layer of seashells. Very importantly, one has full control over 

the orientation and spatial distribution of the particles during processing, thus enabling the creation 

of unique bio-inspired architectures (Figure 1-4).   

 

Figure 1-4  Scanning electron microscopy (SEM) displaying the processing route of platelet-reinforced 

composites. (a) Alumina tablet coated with 0.5 vol% superparamagnetic iron oxide nanoparticles (SPIONs) 

(adapted from Erb et al. 48 with permission from the American Association for the Advancement of Science).  

(b) Microstructure of a nacre-inspired platelet-reinforced composite displaying the high alignment achieved by 

using functionalised platelets shown in a, which were oriented by an external magnetic stimulus (adapted from 

Grossman et al. 36). (c) Multi-layered structure with alternating layers of the same platelet orientation (adapted 

from Le Ferrand et al. 54 with permission from the Royal Society of Chemistry). 

1.4.3 Composites from natural resources 

Besides the manufacturing of bio-inspired composites, another strategy to reconcile antagonistic 

properties in the same material is to utilise natural building blocks as one of the constituent phases of 

the composite. Following this rationale and motivated by the increasing interest in sustainable 

materials, natural fibres has gained high acceptance as a raw material for composites over the past 

decades. Natural fibres, such as hemp and flax fibres, have high stiffness and strength at low density, 

resulting in materials with higher specific mechanical properties compared to equivalent glass fibre-

reinforced composites55�t59. In addition to their high specific mechanical properties, natural fibres also 

feature environmental compatibility, recyclability and CO2 neutrality, making them an attractive 

alternative to synthetic fibre materials. The low environmental impact of natural fibres is expressed by 

the carbon emissions produced during fibre manufacture. This value is reported to be up to 30-times 

lower for the manufacturing of natural fibres compared to conventional carbon fibre production60�t62. 

With an energy input of only 4.4 MJ/kg material, the production of flax fibres for example is also very 

efficient. In contrast, the manufacturing of glass fibres are estimated to consume an order of 

magnitude higher at 45 MJ/kg of production energy63. 

The physical and ecological advantages of natural fibres over synthetic materials have already found 

appreciation in the sport, leisure and automotive industries as well as in the aviation sector. Natural 
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fibres have been increasingly used in recent years for low-cost secondary parts and load-carrying 

structural components. In the aforementioned sectors, a good number of synthetic fibre composites 

have already been replaced with environmentally friendly composites64,65. Natural fibres extracted 

from the bast of crop plants have great potential for application in structural components. Plants such 

as flax, hemp, jute, kenaf and banana offer fibrous material with specific properties higher than those 

of E-glass fibres. Due to their high strength, flax fibres are probably the most promising alternative as 

reinforcing fibre for structural applications66.  

The hierarchical structure of the flax fibre (Linum usitatissimum), with its typical multi-scale 

architecture (Figure 1-5), provides high specific stiffness and strength combined with outstanding 

vibration damping behaviour67. Extracted from the stem of the flax plant (Figure 1-5), the fibres belong 

to the group of bast fibres. On a macroscopic scale, the outer part of the stem is mainly composed of 

fibre bundles (Figure 1-5b), which comprise several elementary fibres held together by secondary 

amorphous materials, such as pectin, lignin and hemicelluloses68. When fibre bundles are used in 

composites, these are known as technical fibres (Figure 1-5c) and their final morphology, length, shape, 

thickness and number of elementary fibres not only depends on the biological structure of the plant 

and also on the extraction process used69. Technical fibres may exhibit a length of up to 1 m and a 

diameter between 100 and 200 µm. Elementary fibres (Figure 1-5d) are composed of concentrically 

arranged primary and secondary cell walls, which are about 20 �t 40 mm in length and about 10�t40 µm 

in diameter70�t72. The second, S2 layer, of the secondary wall consists of cellulose fibrils, which comprise 

crystallised and amorphous cellulose microfibrils. The molecules within the microfibrils interact via 

hemicellulose chains. These chains are connected by hydrogen bonds to the cellulose microfibril, 

forming the macrofibril, which is embedded in a matrix of hemicellulose and lignin73. The cellulose 

fibrils have a degree of crystallinity of up to 90% and are helically wound with a micro-fibrillar angle 

(MFA) of approximately 10°. The small MFA gives the fibre its excellent elastic properties, such as 

stiffness and strength, along the fibre direction. This is an important property that differentiates flax 

from other natural fibres68,74.  

Although most lightweight components are still built of carbon and glass fibre composites, there is 

currently an increasing utilisation of natural fibre composites and substitution of synthetic components 

by bio-based solutions. However, most natural fibre composites still comprise fossil-based matrices. 

Even though there are composites based on thermoplastic and even biodegradable thermoplastics75�t

79, the wide use of thermoset matrices comes from clear processing advantages and improved 

properties. These include their possibility to process at room temperature, their well-known curing 

cycles, their easy lab-scale fabrication and their excellent fibre/matrix interface due to the presence of 

covalent bonds. 
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Figure 1-5 Multi-�•�����o���� �Z�]���Œ���Œ���Z�]�����o�� �•�š�Œ�µ���š�µ�Œ���� �}�(�� �(�o���Æ�� �(�]���Œ���•�X�� �d�Z���� ���o�}�v�P���š������ �(�]���Œ���•�� ���Œ���� �•�]�š�µ���š������ �]�v�� �š�Z���� �•�š���u�[�•��

sclerenchyma, in which the bast fibre occur in bundles. The technical fibres consist of several elementary fibres 

which are held together by pectin. An elementary fibre is composed of concentrically arranged cell walls. The 

S2 layers in the secondary cell walls are assembled out of several laminae of highly aligned cellulose microfibrils 

embedded in a hemicellulose (20 wt%) and lignin (2 wt %) matrix which is connected through hydrogen bonds. 

(adapted from Woigk et al. 62 with permission from Elsevier Science & Technology Journals) 

1.4.4 Additive manufacturing of discontinuous fibre composites 

In addition to the use of natural composites, novel processing technologies have also been explored 

to produce composite materials with enhanced functionalities and properties. Among recently 

developed processing routes, additive manufacturing is particularly attractive given its capability to 

generate composites with complex geometries not accessible through traditional fabrication 

approaches. 

In additive manufacturing, structural materials are fabricated in a layer-by-layer fashion. The 

sequential deposition of material not only allows for complex part geometries but also enables the 

control of the local composition, reinforcement orientation and distribution. One printing strategy 

relies on the extrusion of a viscoelastic ink comprising epoxy-based resins filled with discontinuous 

fibres using direct ink writing (DIW) technique. Three-dimensional (3D) printing of discontinuous high-

aspect-ratio fibres has enabled the production of multi-scale hierarchical structures that are inspired 

by natural composites80. A major advantage of the additive introduction of reinforcements is the 

fabrication of highly customised parts with locally tuned mechanical properties that reduce stress 

concentrations and minimise damage through the generation of local stiffness gradients.  

During printing of the viscoelastic ink, the embedded fibres tend to align along the printing direction 

due to the shear and extensional flow developed within the extrusion nozzle. To reliably fabricate 3D-
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printed structures with highly aligned fibres, the print parameters and the ink properties are crucial. 

Indeed, the composition and rheology of the ink directly affect the printability, the architecture and 

the mechanical properties of the 3D-printed structure51,80. Printing of pure resins can be difficult due 

to their Newtonian flow behaviour, which causes flow of the deposited material and distortion of the 

printed structure. In such fluids, the viscosity, �ß, does not depend on the shear rate, �Û�6. Because most 

resin systems are designed to infiltrate porous media such as fibre preforms or wood cores, they are 

designed to exhibit initially very low viscosity. While low viscosities aid the alignment of particles in 

the uncured resin, it is certainly adverse for the printability. Therefore, rheological modifiers, such as 

nano-clay80,81, cellulose nanocrystals (CNC)82, fumed silica83 (FS) and others84 are incorporated into the 

resin to increase the initial viscosity and tune the viscoelastic properties of the ink. Such modifiers are 

designed to create a percolating network that does not chemically react with the surrounding medium, 

thus keeping the original reactivity of the resin.  

In DIW, the ink exhibits a viscoelastic response to shear. With the right amount of rheology modifier, 

inks with a well-defined apparent yield stress can be formulated. The apparent yield stress is defined 

as the minimum shear stress needed to induce flow of the viscoelastic material. This important 

rheological property can be experimentally quantified from the intersection point between the shear 

storage �u�}���µ�o�µ�•�U���'�[�U and shear loss modul�µ�•�U���'�[�[�U��measured by oscillatory rheology. In contrast to the 

Newtonian behaviour of pure resins, printable inks show a clear intersection of the measured storage 

and loss moduli (Figure 1-6a). The viscoelastic inks used for DIW also exhibit a shear thinning 

behaviour, which is characterised by the reduction in viscosity with increasing applied shear rate. Shear 

thinning is an essential characteristic for paste extrusion (Figure 1-6b), which combines fluid and solid-

like behaviour within the ink. The combined fluid-solid viscoelasticity can be quantified by steady-state 

rheological experiments. The viscoelastic nature of the ink allows for the printing of distortion-free 

structures83,85. Stiff fillers incorporated in the viscoelastic ink significantly increase the mechanical 

properties of the printed structure (Figure 1-6c). Because of the outstanding stiffness and the high 

aspect ratio of carbon fibres (CF, diameter 7-10 µm), many studies have focused on printing of CF-

reinforced thermoset inks80,86,87 or thermoplastics88,89. Figure 1-6d and e show examples of carbon 

fibre-reinforced structures printed via the DIW technique. 

1.5 Mechanics of Composites and Damping 
To design and interpret the mechanical damping behaviour of composite materials, it is important to 

understand how composites with different architectures deform under the action of oscillatory 

mechanical forces. Therefore, the next sections focus on theoretical models that have been used to 

describe the damping properties of composite materials with distinct architectures. 
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Figure 1-6 Direct ink writing of viscoelastic inks. (a) Shear storage and loss moduli for viscoelastic and 

Newtonian inks (reproduced from Compton et al. 80 with permission from Wiley - V C H Verlag GmbH & CO. 

KGAA, and Tagliaferri et al. 90). (b) Viscosity dependence on the applied shear rate for shear thinning viscoelastic 

ink and Newtonian fluids (pure resin). (c) Increase in elastic modulus with increasing filler content. (d,e) Direct 

ink wiring of carbon fibre-reinforced epoxy inks into complex structures (adapted from Compton et al. 80 with 

permission from Wiley - V C H Verlag GmbH & CO. KGAA, and Lewicki et al. 87) 

1.5.1 Linear elasticity 

An arbitrary acting external force on a body will cause a deformation of the solid, given the body is 

statically constrained. The correlation between the deformation field and the corresponding applied 

strains and stresses �����‰���v���•���}�v���š�Z�����u���š���Œ�]���o�[�•���u�����Z���v�]�����o���‰�Œ�}�‰���Œ�š�]���•. The simplest form to describe 

the mechanical behaviour of a material is to assume linear elasticity. Provided the displacements are 

small, the behaviour of solid materials can be considered as linear if the relation between strains and 

stresses is characterised by a constant factor. The material behaviour is elastic, or ideally elastic, if 

there is no residual deformation after a loading and unloading cycle and if the displacement follows 

the stress without a temporal delay91�t94.  

The constitutive law to describe such a material system can be expressed using Hooke�[�•���o���Á�X���/�š���Œ���o���š���•��

stresses, �ê, to strains, �Ý, with a 4th-order tensor, �o�Ü�Ý�Þ�ß, also called stiffness tensor. 

 �ê�Ü�Ý
L �o�Ü�Ý�Þ�ß���Ý�Þ�ß �E�á�F�á�G�á�H
L �s�á�t�á�u (1.1) 
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Figure 1-7 Stress components on an infinitesimal volume element 

Assuming a transversely isotropic material and considering �T�5 (see Figure 1-7) as the normal direction 

to the plane of isotropy (�T�6���� ���T�7) then the stiffness matrix �%�ç�å�Ô�á�æ is 
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The transversely isotropic material behaviour can be applied to a unidirectional (UD) reinforced fibre 

composite. 

A convenient way to relate the stiffness matrix �o �š�}�� ���v�P�]�v�����Œ�]�v�P�� ���}�v�•�š���v�š�•�� �•�µ���Z�����•�� �z�}�µ�v�P�[�•�� �u�}���µ�o�]�U��

�•�Z�����Œ�� �u�}���µ�o�]�� ���v���� �W�}�]�•�•�}�v�[�•�� �Œ���š�]�}�•�U�� �]�•�� �š�}�� �µ�•���� �š�Z���� ���}�u�‰�o�]���v������ �u���š�Œ�]�Æ���•, which can be obtained by 

inverting �• 
L �o�?�5. The Hooke�[�•���o���Á���(�}�Œ�����v���}�Œ�š�Z�}�š�Œ�}�‰�]�����u���š���Œ�]���o���µ�•�]�v�P���š�Z�������}�u�‰�o�]���v�������u���š�Œ�]�Æ���� can then 

be written as 
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�×

 (1.3) 

Assuming a state of plane stress, in which all out-of-plane components are zero, reduces the 

compliance matrix �• to a 3-by-3 matrix, reduced compliance matrix. Consequently, Eq. (1.3) simplifies 

to 
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a (1.4) 
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This system can be directly related to the 5 independent constants of an orthotropic material 
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a (1.5) 

The reduced stiffness matrix �}  can be written as the inverse of �• 
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a (1.6) 

with the definitions �3�Ü�Ý: 

 

�3�5�5
L
�' �5

�s
F�å�5�6�å�6�5
 

�3�5�6
L
�å�5�6�' �6

�s
F�å�5�6�å�6�5
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�s
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�3�6�6
L
�' �6

�s
F�å�5�6�å�6�5
 

�3�:�: 
L �)�5�6 

(1.7) 

The complexity of the entries, with the exception of �3�:�: , makes it is easier to formulate the reduced 

compliance matrix �• instead of the reduced stiffness matrix �} . 

Micromechanics of laminated materials 

Composites are composed of two or more constituent materials, which are structured at the 

microscopic scale and possess very distinct properties (Figure 1-8a). The mechanical behaviour of 

composites may be determined with the aid of two areas of analysis, namely micromechanics and 

macromechanics. Micromechanics models describe the mechanical behaviour of a composite by 

examining the inner interaction of the individual elements within a single layer, also called lamina, and 

considers the material as a heterogeneous composite material (Figure 1-8b). 

The goal of micromechanical descriptions is to mathematically predict the composite properties based 

on the constituent materials. In a single layer, the volume fractions of the constituents play a crucial 

role and is an important design parameter which is controllable to a certain extent94,95. The volume 

fraction of the reinforcing phase, which is in this case the fibre volume fraction, �R�Ù, is defined as the 

ratio of the fibre volume, �8�Ù, to total composite volume of a laminae or laminate, �8�Ö, and can be 

expressed as follows: 
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 �R�Ù
L
�8�Ù
�8�Ö

 (1.8) 

  

 

Figure 1-8 Schematic of a fibre-reinforced composite. (a) Unit cell of distributed fibres embedded in a matrix 

material. (b) Idealised schematic of a single orthotropic laminae. (c) Laminate built out of single layers arranged 

with different fibre orientations with respect to the x-y plane in the reference coordinate system. 

Since the sum of all volumes must equal 1, the volume fraction of the fibre-surrounding matrix, �R�à , 

can be calculated with the knowledge of the fibre and composite volume. In reality, the void content, 

�R�é, must also be taken into account, which leads to 

 �R�Ù
E�R�à 
E�R�é 
L �s (1.9) 

The fibre volume fraction is an important parameter, which significantly affects the mechanical 

properties of the composites as well as builds the foundation of micromechanical models. 

To calculate the modulus of elasticity of a composite in the longitudinal direction (1-direction), �' �Ö�5, 

one can consider a unidirectional fibre-reinforced material subjected to a uniaxial load along the fibre 

direction. Assuming perfect fibre/matrix bonding, the strain in the fibre, �Ý�Ù, and in the matrix, �Ý�à , are 

the same as in the composite, �Ý�Ö�5, which is given by the extension of the composite due to the applied 

load, �¿�H, divided by the initial length, �H�4 

 �Ý�Ù
L �Ý�à 
L �Ý�Ö�5 
L
�¿�H
�H�4


L �Ý (1.10) 

Ignoring transverse strain effects and using the individual constitutive behaviour following Hooke�[�•��

law, one obtains  

 

�ê�Ù
L �' �Ù�Ý 

�ê�à 
L �' �à �Ý 

�ê�Ö
L �' �Ö�Ý 

(1.11) 
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Since the stress in the composite, �ê�Ö is the sum of the stresses acting in the fibres and the matrix 

 �ê�Ö
L �ê�Ù
E�ê�à  (1.12) 

and the axial stress in the �E-th component is defined by  

 �ê�Ü
L
�(�Ü
�#�Ü

 (1.13) 

one obtains 

 �' �Ö�5 
L �' �Ù
�#�Ù
�#�Ö


E�' �à
�#�à

�#�Ö
 (1.14) 

The fibre and matrix area fractions �#�Ù���#�Ö and �#�à ���#�Ö can be transformed into volume fractions by 

multiplying �š�Z�������Æ�‰�Œ���•�•�]�}�v�•���Á�]�š�Z�������µ�v�]�š���o���v�P�š�Z�X���h�•�]�v�P���š�Z�������}�v�•�š�]�š�µ���v�š�[�•���À�}�o�µ�u�����(�Œ�����š�]�}�v�•�U���R�Ü, leads to 

the final form of the rule of mixtures (RoM) 

 �' �Ö�5 
L �' �Ù�R�Ù
E�' �à �R�à 
L �' �Ù�R�Ù
E�' �à 
k�s
F�R�Ù
o (1.15) 

Since the strain of the composite equals the strain in the individual constituents (see Eq. (1.10)), the 

RoM in Eq. (1.15) can be schematically taken as parallel-spring model, which describes the composite 

behaviour along the fibre direction (longitudinal). Consequently, the composite behaviour 

perpendicular to the fibre direction (transverse) can be described by the springs-in-series model, in 

which the composite strain is calculated by the sum of the fibre and the matrix strain 

 �Ý�Ö�6 
L �R�Ù�Ý�Ù
E�R�à �Ý�à 
L �R�Ù
�ê�6
�' �Ù

����
E�R�à
�ê�6
�' �à

 (1.16) 

 The ���}�u�‰�}�•�]�š���[�•��transverse modulus can be calculated with 

 �' �Ö�6 
L
�' �Ù�' �à

�' �Ù
F �R�Ù�:�' �Ù
F�' �à �;
 (1.17) 

Macromechanics of laminated materials 

In contrast to the micromechanical approach, micromechanics models describe the individual layers 

of a stacked laminate as homogeneous plies, in which the fibre and matrix properties are presented as 

the property of the layer. Due to the stacking of several layers and the variations of fibre orientation 

(see Figure 1-8c), the material properties through the thickness are inhomogeneous92. To describe the 

properties of the laminate, the properties of the individual layers need to be referred to a reference 

system �T�U�V. This is done by coordinate transformation from the principal material system �s�á�t�á�u via a 

rotation about the thickness direction �V of the laminate, or �u of the individual layers. Usually, the �V 

and �u ���Æ���•�����}�]�v���]���������•���š�Z�����o���Ç���Œ�•�����Œ�����‰�o�����������‰���Œ���o�o���o���š�}���š�Z�����o���u�]�v���š���[�•���u�]��-plane. The transformation 

of stresses and strains from the material into the reference coordinate system is done by multiplying 

the respective tensor with the transformation matrix �� . It holds that �Ì �5�6�7
L �� �Ì �ë�ì�í, with its inverse 

relation �Ì �ë�ì�í 
L �� �?�5�Ì �5�6�7 
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a (1.18) 

Following Hooke�[�•���o���Á���]�v���š�Z����principal material coordinates (Eq. (1.6)), global stresses, �Ì �ë�ì�í, can be 

described by the reduced stiffness matrix with respect to the reference system, �}
% (bar symbol 

indicates matrices within the reference coordinate system) and the global strains �¿�ë�ì�í 
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�ì�ë�ì


a
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]
�Ý�ë
�Ý�ì
�Û�ë�ì


a (1.19) 

Here, the �}
% matrix contains layer properties, that are expressed in terms of properties within the 

material principal axes �s�t�u, by using 

 �}
%
L �€�?�5�}�~�€�~�?�5 
L �€�?�5�} �€�?�Í  (1.20) 

with �~ being the so-called Reuter matrix92,94. 

Employing this relationship for the reduced compliance matrix, �• 

 �•
%
L �~�€�?
Ú�~�?
Ú�•�€
L �€�Í �•�€ (1.21) 

one obtains a set of equations to calculate the entries of �•
%. As an example, �5�§�5�5 is the reciprocal of the  

laminate�[�• �z�}�µ�v�P�[�•���u�}���µ�o�µ�•�U���' �%, in global coordinates, which can be expressed as a function of the 

fibre angle �ö  
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L
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�s
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p�…�‘�•�6�ö�•�‹�•�6�ö 
E
�s
�' �6

�•�‹�•�8�ö (1.22) 

The elastic or engineering constants �' �5, �' �6, �)�5�6 and �å�5�6 can be directly obtained from physical test on 

standardised specimens with a unidirectional fibre orientation. Eq. (1.21) can be utilised to calculate 

the shear modulus, �)�%�U�����v�����š�Z�����W�}�]�•�•�}�v�[�•�U���å�%. Such elastic properties can then be plotted in a polar 

diagram to support the understanding of the properties with respect to the fibre angle in UD 

composites (Figure 1-9).  

Until here, the elastic properties of a single homogenous layer were described with respect to a global 

coordinate system. To analytically describe a layered composite, which consist of multiple vertically 

stacked layers, possibly with different fibre orientations, as shown for example in Figure 1-8c, the 

classical laminate theory (CLT) is commonly used. The CLT is a homogenisation method that describes 

the stiffness of thin plates based on the material properties of the individual layers, and considering 

the fibre orientation, stacking sequence and thickness. The CLT is usually applied to continuous fibre-

reinforced polymers. Therefore, the derivation of the governing equations and the model utilisation 

will be not be further discussed in this thesis. 
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Figure 1-9 Polar diagrams of fibre angle dependent properties for a unidirectionally reinforced fibre composite. 

(a) �z�}�µ�v�P�[�•���u�}���µ�o�µ�•�U���' �% (b) Shear modulus, �)�% (c) �W�}�]�•�•�}�v�[�•���Œ���š�]�}, �å�% (Toray T700 carbon fibre epoxy composite 

was used to create the polar diagrams) 

1.5.2 Viscoelasticity 

Most solid materials are described, for small strains, by the Hooke�[�•�� �o���Á�� �}�(�� �o�]�v�����Œ�� ���o���•�š�]���]�š�Ç�U�� �Á�Z�]���Z��

relates stress, �ê, and strain, �Ý, through the stiffness tensor, �o�Ü�Ý�Þ�ß  (see Eq. (1.1) in section 1.5.1). In 

contrast to elastic solids, viscous fluids follow a time-dependent stress-strain relation 

 �ê�:�P�; 
L �ß
�@�Ý
�@�P


L �ß���Û�6�� (1.23) 

where �ß is the viscosity and �Û�6 the shear rate.  

In reality, most materials exhibit both a fluid-like viscous and solid-like elastic behaviour, which is 

referred to as viscoelastic material behaviour. The sensitivity to time of viscoelastic materials leads to 

the following phenomena13: 

1. Creep: If stress is held constant, the strain increases with time 

2. Relaxation: If strain is held constant, the stress decreases with time 

3. The effective stiffness depends on the rate of application of the load 

4. Rebound of an object following an impact is less than 100 percent 

5. If cyclic loading is applied, hysteresis (a phase lag) occurs, leading to a dissipation of mechanical 

energy 

The last point in the listed phenomena above is most important in the context of this thesis and will 

be elaborated on further.  

When a viscoelastic material is subjected to a sinusoidal stress as a function of time 

 �ê�:�P�; 
L �ê�4�•�‹�•�:�ñ�P�; (1.24) 

the strain response of a linearly viscoelastic material is also sinusoidal in time, but will exhibit a lag 

relative to the stress that is quantified by a phase angle, �Ü (Figure 1-10). This angle can range between 
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0° for a purely elastic response and 90° for a purely viscous response. Such values are of theoretical 

nature and would describe a Hookean solid and a Newtonian fluid, respectively.  

The strain response can then be expressed by the same, but now shifted, sinusoidal function: 

 �Ý�:�P�; 
L �Ý�4�•�‹�•�:�ñ�P
F�Ü�; (1.25) 

with �ñ 
L �t�è�B being the angular frequency. 

 

Figure 1-10 Mechanical viscoelastic material behaviour under oscillatory loading with applied stress (red solid 

curve) and strain response (blue dashed curve) as a function of time (reproduced from Lakes 13 with permission 

from Cambridge University Press). 

Complex Modulus 

Due to the phase lag between stress and strain, expressed by the parameter �Ü, the viscoelastic 

properties of the material are described by the dynamic modulus, which is a complex number, �' �Û: 

 
�ê
�Ý


L �' �Û
L �' �ñ
E�E�' �ñ�ñ (1.26) 

where the real part, �' �", is the storage modulus and the imaginary part, �' �"�", the loss modulus. In the 

complex plane, �' �Û is a vector with the phase lag �Ü as angle between the axis of abscissa and the vector. 

The tangent of this angle, �–�ƒ�•�:�Ü�;, is the loss factor, also called loss or damping coefficient96, and is 

calculated by 

 �–�ƒ�•���:�Ü�; 
L
�' �"�"
�' �"

 (1.27) 

The physical meaning of the loss factor is the ratio of the energy dissipated to the energy stored during 

dynamic loading and is therefore considered as a measure of internal friction13,96. 

The loss modulus, �' �"�"�U���Œ���‰�Œ���•���v�š�•���š�Z�����u���š���Œ�]���o�[�• dissipative behaviour and is referred to as damping 

figure of merit 97,98. While the loss factor itself may be used to describe the dissipative behaviour of a 

material, it does not provide information about the stiffness, which is of major importance for a 

structural material. On the contrary, the loss modulus, since it is the product of storage modulus and 

loss factor, is a material property that includes both energy dissipation and �š�Z�����u���š���Œ�]���o�[�•�� �•�š�]�(�(�v���•�•. 
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Thus, the loss modulus is an appropriate measure to describe the performance of a damping material 

in structural applications. 

1.5.3 Moduli for staggered composites 

Staggered or brick-and-mortar composites are a special class of composites, which are generally 

characterised by the specific arrangement of discontinuous reinforcing elements surrounded by a 

matrix material of lower elastic properties. Besides the finite length, it is important to mention that 

the reinforcing blocks are usually not in contact with each other. Instead, they overlap and hence build 

a brick-and-mortar structure. Such staggered arrangements can be found in many biological materials, 

in which hard mineral platelets are embedded in a soft protein matrix. Since biological architectures 

display remarkable properties, many studies focused on the understanding of the mechanical 

behaviour of natural staggered composites and the replication of their design principles in artificial 

composites26,99�t104. 

One of the first models to describe the mechanical behaviour of discontinuous fibrous reinforcements 

in a composite is the shear-lag-model, developed by Cox in 1952105. This model predicts the axial 

�z�}�µ�v�P�[�•�� �u�}���µ�o�µs, assuming that the reinforcing phase carries longitudinal stresses only, while the 

matrix transfers stresses through shear. The model takes geometrical aspects such as inclusion aspect 

ratio and volume fraction into account and highlights the importance of optimal geometrical 

conditions in controlling the stiffness of the composite103,106. 

The tension-shear-chain (TSC) model is another model used to predict the elastic properties of 

staggered composites. Similar to the shear-lag model, it captures the essential features of load transfer 

from the compliant to the stiff phase of the composite. Jäger and Fratzl99 developed a framework with 

which the stiffness of cortical bone with its staggered arrangement of discontinuous collagen fibrils 

can be analytically described (Figure 1-11a and b). Based on their work, the TSC model was first 

introduced in 2003 by Gao and co-workers26. Inspired by the brick-and-mortar structure of nacre 

(Figure 1-11c), they developed a simple 2-dimensional model that captures the heterogeneous 

composition and relevant geometrical parameters of this biological architecture (Figure 1-11d). It could 

�������•�Z�}�Á�v���š�Z���š���š�Z�]�•���u�}�����o�������v���������µ�Œ���š���o�Ç�������•���Œ�]�������š�Z�����z�}�µ�v�P�[�•���u�}���µ�o�µ�•���}�(���������]�}�o�}�P�]�����o�����}�u�‰�}�•�]�š��. This 

was validated with experimental data obtained for 45% or 95% mineralised materials, representing 

bone and nacre, respectively100,101.  

The TSC model in its simplest form can be seen as a one-dimensional system of springs in series26 with 

the individual contributions to the overall stiffness, �' , of the mineral platelets (subscript p) and 

surrounding matrix (subscript m) 

 
�s
�'


L
�s

�î �' �ã

E

�v�:�s
F�î �;
�)�à �î �6�é�6 (1.28) 

where �î  is the platelet volume fraction, �' �ã �š�Z�����‰�o���š���o���š�[�•���z�}�µ�v�P�[�•���u�}���µ�o�µ�•�U���)�à  the shear modulus of 

the matrix and �é the platelet aspect ratio. 
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Figure 1-11  The nanostructure of biological materials. (a) Cortical bone: Stacked platelet-like mineral crystals 

between collagen molecules (adapted from Ji and Gao 100 with permission from Elsevier Science & Technology 

Journals). (b) Concentric structure and schematic of staggered arrangement of collagen fibrils. 2-dimensional 

representation of an elementary cell with regions of tension (A and B) and shear (C and D) when the cell is 

strained by an amount of �¿ (reproduced from Jäger and Fratzl 99 with permission from Elsevier Science & 

Technology Journals). (c) Nacre: Staggered formation of mineral platelets with perfect interlocking (adapted 

from Ji and Gao 100 with permission from Elsevier Science & Technology Journals). (d) 2D model used to describe 

the nanostructure of biological composites (reproduced from Gao et al. 26, Copyright (2003) National Academy 

of Sciences, U.S.A.) 

This model has been refined over the years to more accurately describe the complex modulus, taking 

into account non-uniformly or randomly staggered platelet distributions107, the stiffness contribution 

of the matrix97, three-dimensional geometry108, and the effect of the platelet/matrix interface109. 

Based on both, the shear-lag110 and the tension-shear-chain model97,108, several authors have derived 

an analytical framework to describe the viscoelastic properties of staggered composites. Since the 

complex modulus can be separated into a real (elastic) and imaginary (viscous) part (see Eq. (1.26)), 

equations for the storage and loss modulus can be directly obtained from Eq. (1.28) 
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g

�6  (1.30) 

It should be noted that the loss modulus Eq. (1.30) is obtained by neglecting the higher order terms of 

the loss modulus97, which is a valid simplification when the objective is the prediction of the dynamic 

moduli at small frequencies, near static loading conditions111. In fact, the equation for the loss modulus 

can be further simplified by assuming the loss modulus of the hard phase, �' �ã�ñ�ñ
L �r. This assumption is 

justifiable since the loss part of hard inorganic phases is comparatively small. 

Furthermore, the model includes a parameter �Ù, which was introduced by Zhang et al. 97 to account 

for the stiffness contribution of the matrix-rich region between the ends of two adjacent platelets. The 

ratio between Eq. (1.30) and Eq. (1.29) directly leads to the damping loss factor, �–�ƒ�•���:�Ü�;. 
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A comprehensive derivation of the TSC model based on the deformations of the individual 

constituents, i.e. platelets and matrix, along with the physical meaning of the matrix tension 

contribution parameter �Ù can be found in Paragraph 2.5.4 of Chapter 2. 

1.5.4 Damping mechanisms in structural materials 

Materials that are considered as structurally relevant are predominantly selected by their high stiffness 

and high strength. However, such structural materials tend to have low damping as they lack 

mechanisms for viscoelastic energy dissipation. The loss factor, �–�ƒ�•���:�Ü�;, as measure for damping can 

differ for solid materials by more than nine orders of magnitude. Below, the main energy dissipation 

mechanisms that can occur in different classes of materials are described, highlighting the 

opportunities offered by composites to achieve enhanced damping performance. 

Metals 

Damping in metals mainly happens through the movement of dislocations. Such movements are more 

pronounced in soft metals like lead and pure aluminium. Heavily alloyed metals, such as bronze and 

high-carbon steels, have a low damping ability due to the presence of foreign atoms that hinder the 

motion of dislocations. Mn-Cu alloys have a very high potential to dissipate vibration energy because 

of their strain-induced martensite transformation. In general, the damping in metals can be adjusted 

by alloying and work hardening. 

Ceramics 

Ceramics are found to have very low damping. The enormous lattice resistance in engineering ceramics 

pins dislocations, which are present at room temperature. Porous ceramics, on the contrary, contain 

a lot of defects and cracks, which give rise to a certain level of damping. 

Polymers 

The molecular chains in polymers can slide against each other upon external stimuli such as mechanical 

load. This relative motion is the main mechanism for damping in polymers. The extent of chain sliding 

depends on the cross-linking density and the ratio of the ambient temperature or testing temperature 

to the glass transition temperature of the polymer112. Below the glass transition temperature, the 

secondary bonds are frozen, which leads to higher stiffness but lower damping. In the case of a probing 

temperature above the glass transition temperature, those secondary bonds have opened and the 

molecule chains can slip easily. This enhanced movement results in a reduced modulus but higher 

damping coefficient112. This explains why the highest damping values in solids are found in polymers 

near the glass-transition temperature and in polymers that lack cross-links. However, such materials 

are usually very compliant and without a reinforcement can play only a secondary role as structural 

materials13. 
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Composites 

The damping mechanisms in fibre-reinforced composite materials differ significantly from those in 

metals and their alloys. The sources of energy dissipation in composites are viscoelastic damping in the 

matrix and/or fibre (fibres are usually considered as elastic and non-dissipative), damping due to the 

fibre/matrix interface and damping due to damage. Damage-driven damping may be further 

categorised into frictional damping due to slip in unbound regions between fibre and matrix, and 

damping due to matrix cracks or broken fibres. Further sources are viscoplastic and thermoelastic 

damping. The damping capacity in composites are also significantly affected by the type of 

reinforcement, i.e. fibre material and textile structure, fibre orientation, the stacking sequence of the 

laminate, fibre volume fraction and porosity67,113,114. 

While natural fibre composites are usually known for their high property-to-weight ratio, their high 

intrinsic ability to damp mechanical vibrations have made them attractive alternatives to conventional 

composites in several applications. The outstanding balance between stiffness and damping is one 

reason for the increasing utilisation of natural fibre composites in the sport, automotive and even 

space industry59. Indeed, natural fibre composites demonstrate a much higher dissipative 

characteristic than conventional structural materials. Flax fibre-reinforced epoxy composites show 

ten-times and three-times higher damping than aluminium and carbon fibre composites59,67,113,115, 

respectively. The damping mechanism in natural fibre composites is a combination of viscoelastic 

energy dissipation in the fibre-surrounding matrix and the fibre itself. As explained in Section 1.4, 

natural fibres are already a composite of cellulose fibres, hemicellulose, lignin and pectin with a 

complex hierarchical microstructure. Stiff discontinuous semi-crystalline cellulose microfibrils, 

connected via hydrogen bonds, are embedded in a softer hemicellulose and lignin matrix. The 

hydrogen bonds generate a relatively stiff network between the cellulose fibres, which in a living 

organism can break and reform upon loading and stress release without the accumulation of damage 

or loss of stiffness73. The second mechanism is the reversible sliding of the fibrils in the matrix made of 

hemicellulose and lignin. Despite the very similar chemical nature, hemicellulose is three orders of 

magnitude less stiff than cellulose116. Being a more compliant phase, hemicellulose visco-elastically 

transfers shear stress across the cellulose fibrils. This hierarchical arrangement that combines stiff with 

compliant, viscoelastic constituents is the key to large dissipation of energy when the material is 

subjected to oscillating loading117. 

1.5.5 Stiffness-damping trade-off 

The development of engineering materials that exhibit high stiffness and high damping simultaneously 

is very challenging117,118. To compare and subsequently select materials, ���•�Z���Ç�[�•�� �u���š���Œ�]���o�� �•���o�����š�]�}�v��

charts are a useful resource for engineers119. Such diagrams allow for a very quick assessment of the 

suitability of materials or material classes for a specific application. In addition to displaying two 

relevant properties, the diagram also depicts guide lines that are often a measure of the �u���š���Œ�]���o�[�•��

efficiency or performance under given boundary conditions. This has been done in Figure 1-12 for the 

case of the elastic modulus, �' , and damping loss factor, �–�ƒ�•�:�Ü�;. Since the product of the modulus and 
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the loss factor is the loss modulus, the diagonal design guide lines indicate the �u���š���Œ�]���o�[�•�� �����u�‰�]�v�P��

efficiency. 

Using material properties adapted from the literature, Figure 1-12 illustrates the ability of biological 

composites and composites based on natural fibres to suppress mechanical vibrations in structural 

applications. The trade-off between elastic modulus and damping loss factor is readily visible in such a 

diagram. Most materials are limited to a maximum loss modulus level of 0.6 GPa12,13,97,98,108,120,121. In 

particular, nacre and flax fibre-reinforced epoxies (EP) and poly(methyl methacrylate) (PMMA) and 

some soft metals show a remarkable combination of high stiffness and high loss. 

 

Figure 1-12 Ashby diagram displaying the elastic modulus (E) as a function of the damping loss factor (�P�=�J���:�Ü�;) 

for synthetic and biological materials. The guide lines correspond to a damping figure of merit of 0.01, 0.1, 0.6 

and 1 GPa (Data obtained from Lakes 117, Rueppel et al. 67 and CES EduPack 112) 

1.6 Measurement of Damping 
The damping of a material or structure may be represented by various parameters, such as loss factor 

(see section 1.5.2), specific damping capacity, Q-factor and damping ratio. This reflects the large 

variety of techniques that can be used to measure the damping behaviour of materials. The text book 

�^�s�]���Œ���š�]�}�v�������u�‰�]�v�P�����}�v�š�Œ�}�o�U�����v���������•�]�P�v�_��by Clarence W. de Silva gives a very comprehensive overview 

of possible damping characterisation techniques11. Here, two methodologies will be introduced, 

namely Dynamic mechanical analysis (DMA) and logarithmic decrement.  

1.6.1 Dynamic Mechanical Analysis 

Dynamic mechanical analysis (DMA) is a very popular technique for the experimental characterisation 

of small-strain viscoelastic properties of polymers, composites and even ceramics113. This analysis is 

also known as forced oscillatory measurements or dynamic mechanical thermal analysis (DMTA). In 

���D���U�� ���� �•���u�‰�o���� �]�•�� �•�µ���i�����š������ �š�}�� ���v�� �}�•���]�o�o���š�]�v�P�� �(�}�Œ������ ���v���� �š�Z���� �u���š���Œ�]���o�[�•�� �Œ���•�‰�}�v�•���� �š�}�� �š�Z�]�•�� ���Æ���]�š���š�]�}�v�� �]�•��
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detected. This means that the stress that arises in the sample due to the applied force is the input 

parameter, whereas the strain caused by the stress is the response signal. This can also be applied vice 

versa, i.e. applying strain and measuring the stress. 

Materials that behave purely elastic would exhibit an immediate strain response to the applied 

oscillatory stress. However, viscoelastic materials, as introduced in Section 1.5.2, show a phase lag 

between the input and output signals (see Figure 1-10a). This lag allows one to determine the 

�u���š���Œ�]���o�[�•�������u�‰�]�v�P behaviour. One significant advantage of the DMA technique is the opportunity to 

determine the elastic modulus for each cycle, which a�o�o�}�Á�•�� �š�}�� ���Æ�š�Œ�����š�� �š�Z���� �u���š���Œ�]���o�[�•�� �Œ���•�‰�}�v�•���� �š�}��

varying loading and environmental conditions, such as frequency and strain amplitude, as well as 

temperature. This is not the case for other experimental approaches122. The three-point bending setup 

is a particularly interesting configuration (Figure 1-13a i) that allows for the purest deformation mode, 

since the clamping effects often observed in tensile setups can be fully eliminated. This testing method 

is straightforward and enables relatively fast sample preparation. As previously described, the phase 

lag, �Ü, between strain excitation and stress response (Figure 1-13a ii) can be directly obtained and 

plotted in the complex plane (Figure 1-13a iii). With the value of the complex modulus, �' �Û, and the 

angle, �Ü, one can calculate the damping loss factor, �–�ƒ�•�:�Ü�;, and the damping figure of merit, the loss 

modulus, �' �"�". 

1.6.2 Vibration beam analysis 

The vibration behaviour analysis using the method of the logarithmic decrement is a very suitable 

method to test larger specimens with higher stiffnesses123. Such samples are usually clamped or 

suspended in accordance with the vibration mode that is measured. The samples are usually subjected 

to an initial displacement or excited with a harmonic force (vibration beam analysis). In the simplest 

�����•���U���š�Z�����•�‰�����]�u���v�[�•���}�•���]�o�o���š�}�Œ�Ç���u�}����-dependent amplitude decay is optically measured as a function 

of time67 (Figure 1-13b i,ii). The vibration of a beam decays at the natural frequency, �B�á. This decay 

allows for the determination of the energy stored in the material and to calculate the specific damping 

capacity. The decrement, �&, for a one-dimensional decline can be determined as the natural logarithm 

of the ratio between two consecutive amplitudes (Figure 1-13b iii): 

 �&
L �Ž�•
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Ü�:�P�;

�T
Ü�:�P
E�6�;

p
L

�t�è�Þ


¥�s
F�Þ�6
���� (1.31) 

where �6
L �s���B�á is the period and �Þ is the damping ratio, which describes how the oscillation decays 

after a disturbance from the state of equilibrium. By re-arranging Eq. (1.31) and assuming small �Þ 

(
¥�s
F�Þ�6 
N�s), the damping ratio is: 
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To experimentally determine �Þ, one needs to measure the amplitude at time �P and one period later 

(�P
E�6) and compute Eq. (1.32). A system may be undamped (�Þ
L �r), underdamped (�Þ
O�s), critically 

damped (�Þ
L �s) or overdamped (�Þ
P�s). The damping ratio is directly connected to the loss factor by: 

 �t�C
L
�' �ñ�ñ

�' �"

L �–�ƒ�•�:�Ü�;�� (1.33) 

 

 

Figure 1-13 Measuring techniques used to characterize the damping behavior of materials. (a) Dynamic 

mechanical analysis: i) Three-point test setup, ii) Strain-controlled excitation and stress response, and iii) 

Complex modulus with real and imaginary components. (b) Logarithmic decrement method: i) Fixed beam test 

setup, ii) Mechanical model with mass m, viscosity c and spring constant k, and iii) Oscillatory decay of a 

vibrating beam with two consecutive amplitudes to calculate the logarithmic decrement.  

1.7 Aim and structure of this thesis 
The objective of this thesis is to study the damping behaviour of bio-inspired and bio-based 

discontinuous reinforced composites, which incorporate some of the design principles responsible for 

the high stiffness and energy dissipation of biological materials. We have therefore investigated two 

different material systems: i) nacre-inspired platelet-reinforced composites prepared using two 

distinct processing techniques and ii) flax fibre-reinforced composites with hierarchically integrated 

cast or printed carbon fibres. Our studies aimed to create hybrid materials that can answer 

fundamental questions about the underlying energy dissipation behaviour and also demonstrate a 

damping performance superior to its individual components and higher compared to established and 

commercially available counterparts. Therefore, the effect of platelet alignment strategies, volume 

fraction of the reinforcements, processing parameters and manufacturing methods on the mechanical 

properties and damping performance of bio-inspired and bio-based composites is studied. 

The first chapter provides an overview over the materials used, describes the importance of damping 

and its material-dependent mechanisms, and presents theoretical mechanical models and 
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methodologies for the experimental assessment of damping properties. The goal of this introductory 

chapter is to provide a comprehensive overview and to convey the basic knowledge necessary to 

interpret the results to be presented in the main Chapters 2 to 4.  

In Chapter 2, the damping behaviour of nacre-inspired composites consisting of polymers reinforced 

with inorganic platelets is presented. The brick-and-mortar architecture of nacre is used as a model 

system for the implementation of antagonistic properties in the synthetic composite. Surface-

functionalised alumina platelets are rendered magnetically responsive to produce platelet-reinforced 

epoxy composites with bi-axial alignment. The damping properties of such composites are measured 

and interpreted with respect to relevant geometrical parameters using established micromechanical 

models.  

Chapter 3 describes manufacturing methodologies and material properties of flax fibre-based 

laminated composites, in which discontinuous carbon fibres were controllably introduced. The carbon 

fibres were incorporated by either tape casting or 3D printing epoxy-based pastes and inks. Quasi-

static flexural tests and dynamic mechanical analysis revealed that the elastic modulus, the ultimate 

flexural strength and the vibration damping behaviour of the composites can be significantly enhanced 

by controlling the relative orientation of the hierarchically structured carbon and flax fibres. The 

printing approach can be further exploited to fabricate composite shell structures, which are 

reinforced by three-dimensional stiffeners. The enhancements in bending stiffness are analytically 

described using simple beam theory. By combining reinforcing elements of different length scales with 

readily available manufacturing techniques, the potential of hierarchical structuring in improving the 

mechanical performance of flax-based composites is shown. 

In Chapter 4, a magnetically assisted manufacturing technique is used to build bio-inspired composites 

with a nacre-like microstructure of staggered mineral platelets. The processing conditions are 

deliberately tuned to control the microstructure of the synthetic composites. Structural features such 

as mineral bridges and platelet asperities are introduced into the brick-and-mortar architecture. 

Dynamic mechanical analysis was performed to experimentally elucidate the role of these features on 

the damping response of the nacre-like materials. By affecting stress transfer between platelets and 

at the brick/mortar interface, mineral bridges and nano-asperities were found to have a direct effect 

on the damping performance of the composite. These findings shed light on the role of nanoscale 

structural features on the dynamic mechanical properties of nacre and offer novel design concepts for 

the manufacturing of bio-inspired composites for stiff and high-performance damping applications. 

Finally, the outcome and main findings of this thesis are examined and the results put into general 

perspective in the concluding Chapter 5. An outlook Chapter 6, puts forward ideas for future research 

as well as for industrial applications of hierarchical material systems with high vibration damping 

capacity. 
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Abstract 
Structural materials combining high stiffness and damping capabilities are highly demanded for passive 

damping applications in vibration control, precision manufacturing and resilient buildings. However, 

the development of enhanced passive damping materials with high stiffness at low weight has been 

hindered by the mutually excluding nature of these mechanical properties. Motivated by the 

mechanical performance of biological materials such as bone and nacre, we exploit a magnetically-

assisted manufacturing process to fabricate platelet-reinforced polymers with a stiff and damping 

staggered architecture. Dynamic mechanical analysis of our staggered architectures reveals an 

increase in the stiffness of the composites by a factor up to 4.5 while maintaining the strong damping 

response of the host polymer. Using an established micromechanical model, we are able to predict the 

mechanical response of such composites and provide guidelines for the creation of stiff and damping 

bio-inspired structures whilst considering boundary conditions of the manufacturing process. By 

reaching mechanical performance superior or comparable to bone and nacre, our bioinspired strategy 

proves to be a promising pathway for the further development of low-power passive damping 

materials. 

2.1 Introduction 
Damping materials are useful for the reduction of mechanical vibration in applications ranging broadly 

from semiconductor manufacturing125 to noise control and attenuation126 to the construction of 

earthquake-resilient buildings127. While active damping strategies have been proposed and effectively 

exploited, passive damping through structural materials is an attractive approach because it does not 

require input energy and is thus readily deployable in any structural application. However, enhanced 

passive damping often comes at the cost of lower mechanical stiffness and strength. This trade-off 

between damping and stiffness is readily manifested in many examples across different single 

materials classes and explains why ringing bells are stiff and damping egg cartons are compliant. 

Composites offer an attractive pathway to reconcile these antagonistic properties by combining stiff 

and energy dissipating elements in the same material. Viscoelastic polymers reinforced with 

microscale fibres or nanofillers have been extensively investigated as a means to create composites 

for enhanced stiffness and damping performance. Despite the improved damping properties achieved 

in many of these systems, the trade-off between stiffness and damping properties is often observed. 

Typically, the reinforcement of polymers with continuous or discontinuous microfibers (diameter �1 10 

���Pm) lead to high stiffness but does not provide the high interfacial area needed for enhanced energy 

dissipation67,115,128,129. By contrast, the use of nanofillers as reinforcing elements improves the damping 

response of viscoelastic polymers but is not sufficient to achieve high stiffness due to the low volume 

fraction of solids, typically below 5%130�t132. To address these limitations, composites with 

reinforcement architectures that combine high concentrations of stiff elements and high stiff-

compliant interfacial area remain highly demanded. A composite architecture comprising a stiff 

polymer matrix loaded with inorganic fillers coated by a thin layer of a dissipative polymer has recently 

been shown to exhibit an unusual combination of high stiffness and energy dissipation133. This 
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highlights the importance of the composite architecture on improving the damping performance of 

structural materials. 

Nature showcases many examples of composites that combine stiff and compliant building blocks into 

rich reinforcement architectures over multiple length scales29,100,134. Highly mineralized biological 

composites, such as bone, tooth enamel and mollusk shells, for example, exhibit particularly 

interesting reinforcement architectures consisting of staggered stiff elements surrounded by a 

continuous softer matrix. The high stiff-compliant interfacial area and high volume fraction of stiff 

phase achieved with this architectural motif allows the composite to attain antagonistic mechanical 

properties such as high stiffness and high fracture toughness37,38. In contrast to polymers with 

conventional fillers, recent studies suggest that the staggered architecture is also expected to increase 

the stiffness and the damping ability of the composite simultaneously108,135. This results from the 

strong reinforcing effect of the stiff elements combined with the highly dissipative response of the 

surrounding polymer phase when the composite is subjected to oscillatory loading conditions. In spite 

of the extensive research dedicated to the development of nacre-like materials with enhanced fracture 

strength and toughness52,53,136, the resulting bio-inspired composites have not been yet fully 

characterised in terms of damping behaviour. Attempts to replicate the staggered design in synthetic 

systems led to 3D printed materials with improved damping properties97,108. However, the high 

mechanical compliance of the reinforcing elements used in these synthetic materials has limited 

significantly the absolute stiffness achieved. 

Here, we manufacture and investigate the stiffness and damping response of platelet-reinforced 

polymers exhibiting a biologically-inspired staggered reinforcement architecture. The staggered 

arrangement of platelets is generated using a magnetically-assisted assembly process previously 

reported for the fabrication of highly-aligned nacre-like composites18,48. Specimens with distinct 

reinforcement architectures are obtained by controlling the direction of the magnetic field applied 

during the process. The mechanical properties of such composites are then studied by performing 

dynamic mechanical analysis on specimens with different concentrations of alumina platelets in epoxy 

or poly(methyl methacrylate) matrices. The stiffness and damping properties of the obtained bio-

inspired composites is rationalised using an analytical micromechanical model and finally compared to 

the performance of other engineering and biological materials. 

2.2 Materials and Methods 
The epoxy resin used as polymer matrix consisted of a diglycidyl ether of bisphenol A (Araldite LY 3585, 

Huntsman Advanced Materials, Switzerland). The resin was mixed with an amine hardener (Aradur 

3475, Huntsman Advanced Materials, Switzerland) in a stoichiometric epoxy:hardener weight ratio of 

100:21. The poly(methyl methacrylate) (PMMA) polymer matrix was produced using a methyl 

methacrylate (MMA) (Elium 150, Arkema, France) cross-linked through radical polymerisation with 3 

vol% of the initiator and curing agent dibenzoyl peroxide (Perkadox CH-50X, provided by Arkema, 

France). Aluminium oxide (Al2O3) platelets (RonaFlair) with an aspect ratio in the range 17-26 were 

purchased from Merck, Germany. Polymers reinforced with platelets of this aspect ratio are expected 



Chapter 2 Bio-inspired Platelet-Reinforced Polymers with Enhanced Stiffness and Damping 

32 

to fail under pull-out mode, thus enabling the onset of toughening mechanisms such as crack 

deflection and plastic deformation 48,137. The platelets were surface functionalised with 12 nm 

superparamagnetic iron oxide nanoparticles (SPIONs) to become responsive in an external magnetic 

field48.  

Specimens of platelet-reinforced polymers were fabricated by first suspending 10, 12.5, 17, 20, 25 and 

30 vol% of functionalised platelets in uncured epoxy resin or MMA monomer using a planetary mixer 

(ARE-250, Thinky, Japan). Samples without platelets were also produced and used as references. 

Platelets and resin were mixed and degassed for 5 and 8 minutes, respectively, at a rotational speed 

of 2000 rpm. Hardener (for epoxy) and initiator (for PMMA) were mixed into the suspensions for 1 

minute and the resulting mixture was degassed again for another 5 minutes. Three-component 

suspensions were then casted into 30 mm x 80 mm silicone moulds, which were placed on a hot plate 

heated to 60 °C. The external magnetic field and the temperature were kept constant for 1 and 3 hours, 

respectively, to allow for curing of the epoxy and PMMA phases. A magnetic field of 200 mT rotating 

at a frequency of 3 Hz was applied to enable biaxial alignment of the platelets. Post curing was carried 

out at 80 °C for 1 hour. Glass transition temperatures of the epoxy and the PMMA when processed 

under the described processing conditions are expected to be 86 �t 96 °C and 105 °C, respectively.  

Samples for mechanical testing were produced by grinding cast plates in a laboratory polishing 

machine (LapPol-25, Struers GmbH, Germany) and cutting them into precise bars using a cutting 

machine equipped with a diamond cut-off wheel blade (Accutom-100, Struers GmbH, Germany). The 

feeding speed was set to 0.050 mm/s to guarantee damage-free surfaces. Prior to testing, the samples 

were stored for at least 24 hours at 23 °C and 65% relative humidity. Nominal dimensions of the 

specimens were 2�u2�u30 mm3. 

Dynamic mechanical analysis (DMA) was performed on a Q800 instrument (TA Instruments, USA) using 

a friction-reduced three-point bending setup with a 20 mm span. The specimens were pre-loaded with 

a flexural force of 0.1 N to conduct the measurement in the positive deflection regime. Frequency 

sweeps were carried out between 1 and 100 Hz while keeping the displacement amplitude set to 40 

µm. Amplitude sweeps were conducted with a displacement range of 5 �t 100 µm at constant frequency 

of 10 Hz. A total number of eight measurements were considered for calculating the arithmetic 

average and standard deviation for each set of samples with a given reinforcement architecture and 

platelet volume fraction. The storage modulus, �' �", the loss modulus, �' �# and the loss factor, �–�ƒ�•�:�Ü�; 

were calculated from the measured complex modulus, �' �Û. 

Microstructural images of polished and fractured samples were acquired using a scanning electron 

microscope (Leo 1530 Gemini, Zeiss) operated with an acceleration voltage of 3 kV. Before imaging, 

the samples were coated with a 5 nm platinum layer using a compact coating unit (CCU-010, 

Safematic). 
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2.3 Results and Discussion 
Platelet-containing polymers with four distinct reinforced architectures were manufactured using a 

simple magnetically-assisted assembly process (Figure 2-1)47,48. In this approach, platelets are first 

coated with superparamagnetic iron oxide nanoparticles (SPIONs) to enable orientation control under 

an external magnetic field. Next, the coated platelets are suspended in a reactive liquid resin and 

aligned in specific orientations using an external magnet while the resin is cured using a hot plate. To 

achieve biaxial alignment of the platelets, the magnet is rotated at a certain fixed frequency above 

which the viscous forces exerted by the suspending liquid constrain the platelet motion to the plane 

of the rotating magnetic field47. This critical frequency depends on the aspect ratio of the platelets, the 

magnetization achieved with the SPION coating, the viscosity of the suspending medium and the 

applied magnetic field. For the experimental system investigated here, the critical frequency is 

estimated to lie within the range 0.2 �t 2.5 Hz. This critical frequency range was estimated using a 

previously proposed model49, assuming an applied magnetic field of 0.2 Tesla, a volume susceptibility 

of the platelet magnetic shell of 1.33, a platelet thickness of 370 nm, a platelet diameter of 8.3 ���Pm 

and a magnetic shell thickness of 12 nm. Since the viscosity of the epoxy resin is expected to drop from 

40 Pa.s to 4 Pa.s138 during the beginning of the thermal curing process, a lower and an upper bound 

was obtained for the critical frequency estimate. 

Using this directed assembly technology, composite architectures with platelets aligned in-plane in the 

longitudinal direction and out-of-plane in the longitudinal or transverse direction were created. In 

another experimental series, specimens were also manufactured by simple casting in the absence of 

the external magnetic field. Composites with platelet concentrations in the range 5 �t 30 vol% can be 

prepared using this methodology. At the highest platelet content of 30 vol%, vibration of the casting 

mould was required to lower the viscosity of the suspension and thus ensure alignment under the 

external magnetic field. 

The reinforcement architecture of the platelet-laden polymers affects directly the mechanical 

behaviour of the composites when subjected to oscillatory mechanical loading (Figure 2-2). The 

mechanical response of the composite to oscillatory deformations was quantified in terms of the 

storage modulus, (�' �"), loss modulus (�' �ñ�ñ) and the loss factor (�–�ƒ�•�:�Ü�;). Preliminary dynamic mechanical 

analysis (DMA) showed that all investigated materials exhibit linear viscoelastic properties if probed at 

a constant displacement amplitude of 40 µm in the frequency range 1 - 100 Hz (see Supporting 

Information, section 2.5.1). To systematically evaluate the effect of the reinforcement architecture on 

the mechanical properties of the composite we compare the �' �", �' �"�"and �–�ƒ�•�:�Ü�; values obtained at the 

exemplary frequency of 10 Hz. 
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Figure 2-1 Manufacturing route and reinforcement architecture of the investigated platelet-reinforced 

polymers. (a) Alumina platelets electrostatically coated with superparamagnetic iron oxide nanoparticles 

(SPIONs) 48. (b) Mixing and degassing of a suspension of coated platelets dispersed in a reactive liquid resin. (c) 

Casting of the suspension of platelets into a silicone mould. (d) Resin curing at 60 �qC under an external rotating 

magnetic field assisted by a vibrating hot plate. (e-h) Final composites with four distinct reinforcement 

architectures comprising platelets with (e) no platelet alignment, (f) in-plane alignment in the longitudinal 

direction, (g) out-of-plane platelet alignment in the longitudinal direction and (h) out-of-plane platelet 

alignment in the transverse direction. 

DMA data measured for specimens prepared with an epoxy matrix indicate that the addition of 30 vol% 

alumina platelets increases the storage and loss moduli of the polymer by a factor of 4.5 and 5, 

respectively (Figure 2-2a,b). The observed reinforcing effect is most pronounced when the platelets 

are magnetically aligned in the longitudinal direction parallel to the oscillatory stresses that develop 

within the material. This is evidenced by the up to 90% higher �' �" values measured for composites 

featuring in-plane platelets with longitudinal orientation compared to specimens containing platelets 

aligned in the out-of-plane transverse direction. Interestingly, platelets oriented in the longitudinal 

direction show a similar reinforcing effect no matter if the alignment occurs within the plane or in an 

out-of-plane configuration (see Supporting Information, section 2.5.2). 

A similar trend is observed for the loss moduli (�' �"�") of composites exhibiting in-plane and out-of-plane 

platelet orientation. Samples made by simple casting in the absence of a magnetic field showed 

intermediate reinforcement levels for platelet concentrations in the range between 20 and 30 vol%. 

The weaker mechanical properties of specimens with lower particle contents is presumably caused by 

the higher rotational freedom of the platelets under this more diluted condition. Such rotational 

freedom is reduced when the volume fraction exceeds the critical concentration at which the platelets 

are expected to assemble into colloidal liquid crystalline domains. For the platelets with aspect ratio 

of 17 �t 26 used in this work, this critical volume fraction lies between 21 and 32 vol%54. Our results 

therefore suggest that the strong reinforcement effect achieved in cast samples containing 20 and 30 

vol% platelets might arise from the formation of liquid crystalline domains that partially orient within 

the plane during casting of the composite resin. 
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Importantly, the observed increase in �' �" and �' �"�" for high platelet concentrations is achieved without 

compromising the energy dissipation properties of the polymer matrix. Indeed, the loss factor 

�–�ƒ�•�:�Ü�;��was found to vary only slightly with the volume fraction of platelets and to be less sensitive to 

the platelet orientation (Figure 2-2c). Because the loss factor of the composite is determined by the 

properties of the polymer matrix, samples with poly(methyl methacrylate) (PMMA) as a polymer phase 

that is inherently more dissipative were also prepared and mechanically tested (Figure 2-2d-f). For 

these PMMA-based composites, no magnetic field was applied during curing. Following the results 

obtained with the epoxy matrix, the absence of a magnet in the experimental setup is expected to 

facilitate the processing of the composite while still reaching a high degree of platelet alignment. This 

is especially valid at high volume fractions of particles, where magnetically-assisted particle alignment 

is found to be more challenging. Indeed, electron microscopy and image analysis of PMMA-based 

composites with 30 vol% platelets confirm that the simple casting procedure is sufficient to achieve a 

level of alignment comparable to that obtained in previous work in other bioinspired composites 

containing a similar volume fraction of magnetically-oriented platelets (see Supporting Information, 

section 2.5.3)18. 

Results of the dynamic mechanical analysis reveal that the PMMA-based composites reach the same 

level of mechanical reinforcement (�' �"), while enhancing significantly the loss modulus (�' �"�") and the 

loss factor (�–�ƒ�•�:�Ü�;) of the material. Such enhancement is most pronounced for specimens containing 

the highest platelet volume fraction of 30 vol%, which reached �' �"�" and �–�ƒ�•�:�Ü�;�� values that increased 

by a factor of, respectively, 2.7 and 2.9 compared to the level observed for composites prepared with 

the less dissipative epoxy matrix. The high dissipative properties of the PMMA matrix arises from the 

enhanced motion of the ester side groups of this polymer at room temperature. The motion of such 

side groups is facilitated by the large free volume of this polymer and is usually known as a ���E relaxation 

process. Such dissipative process occurs at temperatures much lower than the ��glass transition 

temperature associated with �D relaxation (130 �t 140�qC)139. 
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Figure 2-2 Mechanical properties under oscillatory deformation of composites with increasing platelet 

concentrations and distinct reinforcement architectures. (a,d) Storage modulus (E'), (b,e) loss modulus (E'') 

and (c,f) loss factor (�š���v�~�w�•�•���}�(�����}�u�‰�}�•�]�š���•���‰�Œ���‰���Œ�������Á�]�š�Z���~��-c) thermoset epoxy (EP) or (d-f) thermoplastic 

poly(methyl methacrylate) (PMMA) as polymer matrix. The effect of the reinforcement architecture is 

investigated for epoxy-based specimens with different platelet volume fraction. Composites with EP or PMMA 

as polymer matrix are compared using specimens prepared in the absence of an external magnetic field. 

The effect of the volume fraction of platelets on the dynamic mechanical properties of the composites 

can be rationalised on the basis of micromechanical models developed for soft materials reinforced 

with discontinuous hard elements 97. Using a tension-shear-chain (TSC) model, the storage and loss 

moduli of composites with nacre- and bone-like staggered architecture was shown to depend on the 

volume fraction of platelets (�M) as follows: 
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where �' �ã�ñ is the storage modulus of the stiff platelet; �)�à
�ñ and �)�à

�ñ�ñ are the storage and loss shear moduli 

of the softer continuous matrix, respectively; �U is the aspect ratio of the platelet and �D is a parameter 

that quantifies the ability of the continuous matrix to carry tensile load at the end of adjacent platelets 

(see Supporting Information, section 2.5.4). The loss factor (�–�ƒ�•�:�Ü�;) can be directly obtained from 

these equations using the relation: �–�ƒ�•�:�Ü�; 
L �' �ñ�ñ�' �ñ�¤ . 

To test the validity of the staggered composite model for our platelet-reinforced polymers, we 

compare the obtained experimental data with theoretical predictions of �' �", �' �"�" and �–�ƒ�•�:�Ü�; based on 

the equations above (Figure 2-3). Because the alumina platelets utilised in this work display 

polydisperse sizes and aspect ratios, model predictions are shown for aspect ratios corresponding to 

the upper and lower bounds of the measured size distributions (see Supporting Information, section 

2.5.5). Upper and lower bounds were defined as the aspect ratio corresponding to �ä�§
E�¿ and �ä�§
F�� , 

respectively; where �ä�§ is the mean platelet size and ��  is the standard deviation of the Gaussian 

distribution. 

 

Figure 2-3 Dynamic mechanical properties of platelet-reinforced polymers compared to theoretical predictions 

for composites with longitudinal staggered architecture. (a-c) Effect of the volume fraction of alumina platelets 

on the (a) storage modulus (�' �"), (b) loss modulus (�' �"�"), and (c) loss factor (�P�=�J�:�Ü�;) of in-plane reinforced 

composites containing a thermoset epoxy as polymer matrix. Full lines show the theoretical prediction for epoxy 

reinforced with alumina platelets featuring aspect ratios corresponding to the average values, as well as the 

upper and lower bounds of the experimental particle size distribution. 

The comparison between experimental data and analytical predictions indicate that the loss modulus 

of the epoxy-based composites falls predominantly within the upper and lower bounds given by the 

staggered model (Figure 2-3b). In terms of storage modulus, an agreement between theory and 

experiments is observed for composites containing platelet volume contents below 17.5 vol% (Figure 

2-3a). Specimens with platelets above this concentration exhibit storage modulus lower than the 

prediction values, most probably due to the poorer alignment of alumina platelets at this high particle 

content. Indeed, the high viscosity of epoxy resins with 30 vol% alumina is expected to hinder the 

magnetic alignment of the platelets under the magnetic fields generated in our experimental setup. 

Electron microscopy imaging confirms the slight platelet misalignment of such composites in 

comparison to specimens containing lower platelet content (Figure 2-4). Since the loss factor is 

inversely proportional to the storage modulus (�–�ƒ�•�:�Ü�; 
L �' �ñ�ñ�' �ñ�¤ ), the lower �' �" values of composites 
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with more than 17.5 vol% platelets eventually increases the �–�ƒ�•�:�Ü�; level reached by samples loaded 

with high particle concentrations. As a result, the experimentally-measured loss factor of composites 

with 20 �t 30 vol% platelets are 59 �t 104% higher compared to the theoretical predictions (Figure 2-3c). 

 

The ability to describe the experimentally-measured loss moduli (�' �"�") demonstrates that the 

assumptions underlying the tension-shear-chain model are valid for this specific mechanical property, 

but do not necessarily apply for the storage modulus (�' �") and loss factor (�–�ƒ�•�:�Ü�;) of the composite. 

This analysis suggests that the slight platelet misalignment observed at higher particle concentrations 

is more detrimental to the storage modulus than to the loss modulus of the composite. Further studies 

are needed to elucidate the underlying reasons for the observed discrepancies between theory and 

experiments. 

 

Figure 2-4 Scanning electron micrographs epoxy samples reinforced with (a) 10, (b) 20 and (c) 30 vol% of 

alumina platelets with in-plane alignment in the longitudinal direction. 

The good agreement between the theoretical predictions and the experimentally-measured �' �"�" data 

has important practical implications, since the loss modulus is often taken as the relevant figure of 

merit for damping applications. Indeed, materials with high loss modulus combine high stiffness and 

enhanced energy dissipation97. To establish guidelines for the design of biologically-inspired 

composites combining these two properties, we created a design map that displays the loss modulus 

of composites containing alumina platelets in an epoxy matrix based on the TSC model (Figure 2-5a). 

Such a map is compared to a contour plot that predicts the loss modulus of nacre using the same 

staggered composite model (Figure 2-5b). The materials properties of the nacre constituents were 

estimated from actual measurements on nacre samples (see supporting information, section 2.5.6). 

Although the presence of mineral bridges and nanoasperities are not explicitly considered in the 

staggered model, we expect these important structural features to be taken into account by estimating 

the effective shear properties of the biopolymer matrix from actual measured data. In the final contour 

plot, the volume fraction (�î ) and the aspect ratio (�U) of platelets were selected as main design 

parameters for the optimisation of the loss modulus of the composites. 

For both design maps, maximum loss modulus is observed at specific platelet concentrations (�î �â�ã�ç) 

and aspect ratios (�é�â�ã�ç). This reflects the two different regimes that control the damping behaviour of 

the composites108. For �î 
O�î �â�ã�ç and �é
O�é�â�ã�ç, the damping response of the composites is dictated by 
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the polymer phase and the loss modulus is found to increase with the particle volume fraction and 

aspect ratio. In this regime, energy dissipation occurs primarily through shearing of the viscoelastic 

polymer matrix in between the stiff oriented platelets. By contrast, composites with �î 
P �î �â�ã�ç and �é
P

�é�â�ã�ç exhibit damping properties dominated by the stiff and hard platelets. Under this condition, the 

loss modulus decreases with the volume fraction and the aspect ratio of the particles, since energy 

dissipation within the polymer matrix is suppressed by the stiffening effect of the stiff platelets. 

The design maps also reveal that the �U values that maximise the loss modulus (�é�â�ã�ç) are significantly 

different for the alumina-reinforced epoxy compared to biological nacre. Such difference arises 

primarily from the fact that the alumina platelets display a storage modulus (�' �ã�ñ) that is about 4 times 

of the carbonate platelets present in nacre. Due to the stiffer platelets, the �' �"�" value of the alumina-

reinforced polymer shows a maximum at significantly lower aspect ratios (�é�â�ã�ç) compared to the 

biological material. This analysis highlights the importance of mimicking the quantitative design 

principle (staggered composite model) and not the structure of the biological material per se when 

applying bio-inspired concepts for the creation of enhanced engineering materials. Indeed, a 

hypothetical composite containing alumina platelets and epoxy with �î  and �U values that are optimum 

for nacre would exhibit loss modulus that is less than 20% of the maximum level theoretically 

achievable by synthetic composites reinforced with such stiff particles. 

 

Figure 2-5 Design maps indicating the range of platelet volume fractions and aspect ratios leading to staggered 

composites with maximum loss modulus. The contour lines show theoretical predictions of the loss modulus for 

(a) alumina platelets (�' �ã
�ñ = 300 GPa) in an epoxy matrix (�)�à

�ñ = 1.16 GPa and �)�à
�ñ�ñ = 0.023 GPa) and (b) aragonite 

platelets (�' �ã
�ñ = 70 GPa) 30 in a biopolymer matrix (�)�à

�ñ = �' �ã
�ñ/1000 = 0.07 GPa and �)�à

�ñ�ñ = 0.003589 GPa) 97,100. The 

shear loss modulus of the nacreous biopolymer matrix, �)�à
�ñ�ñ, was estimated from dynamical mechanical analysis 

measurements on nacre samples (see Supporting Information, section 2.5.6). The white symbols shown in (a) 

represent the volume fractions of platelets (of fixed aspect ratio) utilised in the composites investigated in this 

work. 
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Importantly, the use of stiff alumina platelets leads to optimum a aspect ratio (�é�â�ã�ç) that is still 

relatively close to the �U values of commercially available platelets that can be easily processed through 

the magnetic assembly technology utilised in this study. This allows us to leverage the potential of the 

stiff alumina platelets for its ability to simultaneously reinforce the polymer matrix and promote strong 

shear-induced energy dissipation within the polymer. Although the optimum volume fraction of 

platelets (�î �â�ã�ç) is not experimentally accessible with the utilised fabrication process, the design map 

shows that increasing the concentration of platelets is an effective strategy to enhance the loss 

modulus of this platelet-polymer system (Figure 2-5a). 

When plotted in an Ashby diagram, our experimental data clearly reveals the beneficial effect of the 

staggered architecture (Figure 2-6a). By increasing the storage modulus of the composite (�' �") without 

compromising its ability to dissipate energy (�–�ƒ�•�:�Ü�;), the addition of staggered platelets to an epoxy 

matrix enhances its loss modulus to levels comparable to those of bone. The replacement of the epoxy 

matrix by poly(methyl methacrylate) improves the loss modulus further, resulting in composites with 

damping characteristics that are superior to bone and on par with nacre. In fact, our stiffest PMMA-

based bio-inspired material shows loss modulus comparable to that of flax fibre-reinforced polymers, 

which are known for their very high damping performance59,67. The difference between composites 

reinforced with flax fibres and alumina platelets lies in the storage modulus and the loss factor. 

Whereas polymers containing flax fibres reach high loss modulus through an increase in storage 

modulus, the platelet-�Œ���]�v�(�}�Œ�������� ���}�u�‰�}�•�]�š���•�� ���}�� �•�}�� ���Ç�� ���v�Z���v���]�v�P�� �š�Z���� �u���š���Œ�]���o�[�•��loss factor. Despite 

their lower stiffness, the incorporation of staggered platelets into PMMA and epoxy leads to 

composites with mechanical properties approaching the specific storage modulus and specific 

mechanical strength of metals and glass fibre reinforced polymers (GFRP, Figure 2-6b). Compared to 

3D printed polymers with staggered architecture108, the bio-inspired composites reported here 

showcase damping performance (�' �"�") that is 50% higher while improving the stiffness (�' �") by a factor 

of 26. This results from the much smaller length scales, higher platelet-matrix interfacial area and 

enhanced stiffness of the alumina platelets used in the bio-inspired composites in comparison to the 

3D printed all-polymer counterparts. The damping performance of our staggered composites is also 

superior to the exceptionally high values recently achieved using stiff polymers loaded with 

polyurethane-coated inorganic fillers133. In this case, the platelet-reinforced architecture reported 

enhances not only the damping performance but also increases by a factor of 5 the fracture toughness 

of the composite18. 
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Figure 2-6 Ashby diagrams displaying the mechanical properties of the bio-inspired platelet-reinforced 

composites in comparison to those of other engineering and biological materials. The specific modulus (�' ���é) is 

plotted against the (a) loss factor (�P�=�J�:�Ü�;) or (b) the specific strength (�ê�à�Ô�ë���é) for a broad range of structural 

materials. Data were obtained from Lakes 117, CES EduPack 112 and Unwin et al. (PS-BaTiO3) 133. Experimental 

values were measured at 25 °C.  

2.4 Conclusions 
The reinforcement of polymers using stiff alumina platelets arranged in a bio-inspired staggered 

architecture increases the stiffness of the polymer by a factor of up to 4.5 without compromising its 

high damping characteristics. Strong platelet alignment can be achieved either by simple casting of 

suspensions with high particle content or by using an external magnetic field. A simple 

micromechanical model for staggered architectures captures reasonably well the mechanical 

properties of such bio-inspired composites under oscillatory bending conditions. Such a model allows 

one to predict the volume fraction and aspect ratio of platelets that maximises the damping 

performance of the composite. Importantly, the optimum aspect ratio for the synthetic alumina 

platelets is about half that of the aragonite tablets found in the nacreous layer of mollusk shells. 

Therefore, the nacre-inspired composites developed in this study well illustrates the importance of 

replicating the structural design principle of the biological material rather than the microstructure per 

se. Following this approach, synthetic composites with damping performance superior to bone and 

comparable to nacre could be produced using much lower volume fractions of reinforcing platelets. 

These experimental findings should aid the design and manufacturing of future structural materials 

combining mechanical stiffness with low-energy passive damping behaviour. 
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2.5 Supporting Information 

2.5.1 SI 1: Effect of frequency on the dynamic mechanical properties of the 

composites 

 

Figure 2-7 Dynamic mechanical properties of epoxies reinforced with different platelet concentrations as a 

function of the oscillatory frequency at constant deformation amplitude of 40 µm. (a) Storage modulus (�' �"), (b) 

loss modulus (�' �"�") and (c) loss factor (�P�=�J�:�Ü�;) of composites prepared with thermoset epoxy (EP) matrix. The 

nearly constant �' �" modulus for a fixed platelet concentration reveals the linear-elastic response of the 

composites to the applied deformation. 

 

2.5.2 SI 2: Viscoelastic properties of composites containing platelets aligned 

longitudinally in-plane or out-of-plane 

 

Figure 2-8 Dynamic mechanical properties under oscillatory deformation of composites with increasing platelet 

concentrations. Data are shown for specimens containing platelets aligned longitudinally in-plane or out-of-

plane in comparison to samples prepared by simple casting. (a) Storage modulus (�' �"), (b) loss modulus (�' �"�") and 

(c) loss factor (�P�=�J�:�Ü�;) of composites prepared with thermoset epoxy (EP) matrix. 
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2.5.3 SI 3: Platelet orientation in PMMA-based composite 

 

Figure 2-9 Platelet orientation achieved in the absence of an external magnetic field in a PMMA sample 

reinforced with 30 vol% Al2O3. (a) Scanning electron microscopy image depicting the majority of alumina 

platelets aligned in the horizontal direction parallel to the substrate. (b) Distribution of the platelet orientation 

quantified via image analysis. 

2.5.4 SI 4: Tension-Shear-Chain Model 

The mechanical properties of biomimetic regularly staggered composites can be quantified using a 

tension-shear-chain model (Figure 2-10)100,101. This model predicts the elastic modulus of a staggered 

composite from the sum of uniaxial strains resulting from the tensile and shear stresses developed in 

the stiff phase and the compliant matrix, respectively, upon tensile loading of the composite. For a 

representative unit cell of the staggered microstructure (Figure 2-10), the total strain �Ý�ç�â�ç is given by: 

 
�Ý�ç�â�ç
L �Ý�ã 
E�Ý�à 
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E
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 (2.3) 

where �Ý�ã and �Ý�à  are the strains in the platelet and matrix, respectively; �. is the length of the platelet; 

and �¿�.�ã and �¿�.�à  are the longitudinal extensions due to the tensile and shear stresses on the platelets 

and matrix, respectively. The extension of the matrix (�¿�.�à ) is expressed as  

 �¿�.�à 
L �t���Û�à ���D�à  (2.4) 

where �Û�à  is the shear strain in the matrix and �D�à  the thickness of the matrix layer between two 

platelets (Figure 2-10). 

Taking the platelet volume fraction �î  in the unit cell to be  
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one obtains  
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Inserting Eq. (2.6) into Eqs. (2.3) and (2.4) leads to the following relation: 
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Assuming linear-elastic conditions, the total strain �Ý�ç�â�ç can be used to estimate the elastic modulus of 

the composite (�' �•���µ�•�]�v�P���,�}�}�l���[�•���o���Á�W 
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To simplify the analysis, we assume the tensile stress �ê to be dominated by the hard platelet phase. 

This allows us to express the effective tensile stress on the composite as �ê
L �î �ê
$�ã, where �ê
$�ã is the 

average tensile stress in the platelet. Assuming the tensile stress �ê to increase linearly from the end 

towards the center of the platelet, we can approximate the average stress �ê
$�ã to be half of the 

maximum stress in the middle of the rigid platelet (Figure 2-10).  

In addition to the tensile stress within the platelets, the other two important parameters that need to 

be considered are the uniaxial extension in the platelets (�¿�.�ã) and the shear strain in the matrix (�Û�à ), 

which are given by the following relations: 
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where �' �ã is the elastic modulus of the platelet, �ì�à  is the shear strain on the matrix and �)�à  is the shear 

modulus of the matrix. The shear modulus is given by �)�à 
L �' �à ���t�:�s
E�å�à �; with �å�à  and �' �à  being the 

�W�}�]�•�•�}�v�[�•���Œ���š�]�}�����v�����š�Z�������o���•�š�]�����u�}���µ�o�µ�•���}�(���š�Z�����u���š�Œ�]�Æ�U���Œ���•�‰�����š�]�À���o�Ç�X 

Considering a single platelet in equilibrium with the surrounding matrix, the normal force acting on 

the platelets (�(�ã) and the shear force acting on the matrix (�(�à ) can be balanced (�(�ã 
L �(�à ) to result in 

the following expressions for the stresses, �ê�ã and �ì�à : 
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where �é
L �.���D�ã�� is the aspect ratio of the platelet. 

Assuming that the matrix yields at a uniform shear stress along the length of the platelet, the stress on 

the platelet (�ê�ã) should increase linearly from the edge towards the centre (Figure 2-10d). Taking the 

average normal stress, �ê
$�ã, as an approximation for the stress on the platelet, Eq. (2.12) turns into 
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Inserting the total strain �Ý�ç�â�ç (Eq. (2.7)) with its components (Eq. (2.9)) and the average tensile stress 

(Eq. (2.13)�•���]�v�š�}���,�}�}�l���[�•���o���Á���~���‹�X��(2.8)) one obtains the following relation for the elastic modulus of a 

staggered composite (�' �Ö): 
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Assuming that the overall stress on the composite (�ê�Ö) is carried mostly by the platelets (�ê�Ö
N�î �ê
$�ã) 

and rearranging Eq. (2.14) to better illustrate the two contributions to the stiffness of the staggered 

composite, we arrive at the following relation: 
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The tension-shear-chain model (Eq. (2.15)) is a simple sum of the stiffness contribution of the hard 

platelet and the soft matrix with the assumption that the stiffness of the staggered composite comes 

purely from the elastic modulus of the platelet and the shear stiffness of the matrix. However, previous 

work has shown that the resin-rich region between the ends of two adjacent platelets can significantly 

���������š�}���š�Z�������}�u�‰�}�•�]�š���[�•���•�š�]�(�(�v���•�•97. To account for this region, in which tensile stresses develop in the 

matrix, the tension-region parameter �Ù was introduced, which is added as a factor to Eq. (2.15): 
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The value of �Ù depends on several geometrical parameters and properties of the composite, as follows: 
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With the assumption that �D�à 
L �H�à  97, the parameter �D can be expressed in the simplified form: 
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Figure 2-10 Schematic representation of the tension-shear-chain model used to predict the mechanical 

properties of the investigated composites. (a) Staggered architecture of the composite. (b) Unit cell highlighting 

the length (�.) and the thickness (�D�ã) of the stiff platelets, as well as the thickness (�D�à ) and height (�H�à ) of the 

matrix. (c) Stresses and deformations developed within the composite upon tensile mechanical loading 

(deformation �' ). (d) Stresses acting in and around a stiff platelet. �ê
$�ã represents the average tensile stress in the 

stiff platelets, whereas �ì�à  corresponds to the shear stress in the matrix. (e) Platelet normal and matrix shear 

deformation upon tensile loading (adapted with permission from Zhang et al.  97. Copyright 2014 The American 

Society of Mechanical Engineers). 

The above description of the elastic modulus of the composite can be expanded to also predict the 

complex elastic and shear moduli, �' �Û
L �' �ñ
E�E�'�"�" and �) �Û
L �) �ñ
E�E�)�"�", respectively. The storage 

modulus (�' �ñ) can be directly calculated from Eq. (2.16) by replacing �' �Ö by �' �ñ, �' �ã by �' �ã�ñ, and �)�à  by 

�)�à
�ñ97. In turn, the loss modulus �' �"�" can be calculated as follows: 
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where �)�à
�ñ�ñ is the shear loss modulus of the matrix. 

The TSC model explained above assumes a perfect arrangement of the staggered brick-and-mortar 

structure, which considers an overlap length of the platelet of L/2, and a uniform shear stress 

distribution at the platelet-matrix interface, which is the case in real biological materials104. Moreover, 

stresses and deformations in the transverse direction are neglected due to the large aspect ratio of 

the stiff platelets140. 

It is important to mention that the effective aspect ratio of the platelets used in the prediction of the 

storage and loss moduli of the composites was estimated taking into account the area of the interface 

between the platelet and the matrix. This approach considers the fact that the model assumes squared 

platelets of length �., whereas the actual particles are better approximated as discs of diameter �&�× 

(Figure 2-11). Using the interfacial area as the relevant parameter for stress transfer at the platelet-

matrix interface, we therefore assume our platelets to have a square-equivalent geometry with length 

�.�Ø�ä�ä
L 
k�¾�è �t�¤ 
o�&�× in our theoretical predictions (Figure 2-3). 
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Figure 2-11 Schematic representation of a disc-shaped platelet of diameter �&�× and the corresponding 

hypothetical squared platelet of side length �.�Ø�ä and equivalent surface area (�#�× 
L �#�Ø�ä) used for the theoretical 

predictions (Figure 2-3). 

2.5.5 SI 5: Size distribution of alumina platelets 

 

Figure 2-12 a,b SEM images used to measure (a) the diameter and (b) the thickness of the alumina platelets. 

c,d Size distributions of the alumina platelets in terms of (c) diameter and (d) thickness. 337 and 226 platelets 

were measured to determine the diameter and the thickness, respectively. 
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2.5.6 SI 6: Determination of the shear loss modulus of the nacre matrix 

The design map displaying the loss modulus of nacre (Figure 5b) was created using the staggered 

composite model (Eq. (2.2)). The elastic storage modulus of the hard platelets, �' �ã�ñ, and the shear 

storage modulus of the matrix, �)�à
�ñ, were assumed to be 70 GPa and 0.07 GPa, respectively. The �' �ã�ñ 

value was taken from typical data for calcium carbonate, whereas the �)�à
�ñ  value was obtained using 

the relation �)�à
�ñ = �' �ã�ñ/1000, which has been widely reported in the literature97,100. The shear loss 

modulus, �)�à
�ñ�ñ, was calculated from the experimentally measured elastic loss modulus of nacre, �' �á�Ô�Ö�å�Ø

�ñ�ñ  

= 0.85 GPa, using the following equation: 
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 (2.20) 

Solving Eq. (2.20) for nacre using an aspect ratio (�é) of 9 97 and a volume fraction (�î ) of 0.95 leads to a 

shear loss modulus �)�à
�ñ�ñ = 0.003589 GPa. 

2.6 Acknowledgements 
We thank the Gebert Rüf Stiftung (grant GRS-077/15), the Innosuisse funding programme (grant 

18848.1) and the Swiss Competence Center for Energy Research (Capacity Area A3: Minimization of 

energy demand) for the financial support. The research also benefitted from support from the Swiss 

National Science Foundation within the framework of the National Center of Competence in Research 

for Bio-Inspired Materials. We would also like to thank Dr. Dimitri Kokkinis for the microscopy images 

of the platelets, Prof. Dr. Erich Kramer for helpful discussions and the Institute of Polymer Engineering 

at the FHNW University of Applied Sciences and Arts Northwestern Switzerland for kindly providing 

access to analytical equipment. 

 

 



 

49 

 

 

 

 

__________________________________________________________________________________ 

Chapter 3 Flax-based natural composites hierarchically reinforced by cast or printed carbon fibres  
__________________________________________________________________________________ 

Flax-based natural fibre composites 

hierarchically reinforced by cast and printed 

carbon fibres 
Wilhelm Woigk 1, Yannick Nagel 1, Silvan Gantenbein 1, Fergal Coulter 1, Kunal Masania 1,2  

and André R. Studart 1 

 

1 Complex Materials, Department of Materials, ETH Zürich, 9093, Zurich, Switzerland 

2 Shaping Matter Lab, Faculty of Aerospace Engineering, Delft University of Technology, 2629 HS 

Delft, The Netherlands 

 

 

 

This chapter in preparation for submission: 

 

W. Woigk, Y. Nagel, S. Gantenbein et al. � F̂lax-based natural fibre composites hierarchically reinforced 

with printed carbon fibres�_, 2021. 

 

Supporting Information is shown as section 3.5 in this chapter. 

  



Chapter 3 Flax-based natural composites hierarchically reinforced by cast or printed carbon fibres 

50 

Abstract 
Plant-derived natural fibres hold great potential as renewable and sustainable reinforcing elements in 

structural composites. However, a broader use of natural fibre composites requires further 

improvements in their mechanical properties, to reach performance comparable to carbon fibre-

reinforced polymers. In this study, we exploit discontinuous carbon fibres to controllably reinforce flax-

based laminates in specific directions. The carbon fibres are incorporated by tape casting or 3D printing 

approaches directly on the pre-aligned flax structures. With the help of quasi-static flexural tests and 

dynamic mechanical analysis, we show that the elastic modulus, the strength, and the damping 

behaviour of the flax-based composites can be significantly enhanced by controlling the relative 

orientation of the hierarchically structured carbon and flax fibres. The flexural stiffness of composites 

reinforced with carbon fibres oriented along and perpendicular to the flax fibres increases, 

respectively, 62% and 146% relative to the carbon-free reference. This is accompanied by a 1.6-fold 

increase in loss modulus, which is a performance indicator for damping. The experimentally observed 

stiffening of the flax-based structures can be described using simple beam theory. By combining 

reinforcing elements of different length scales with readily available manufacturing techniques, this 

work shows the potential of hierarchical structuring in improving the mechanical performance of flax-

based composites. 

3.1 Introduction 
Polymers reinforced with natural fibres offer a renewable and environmentally sustainable alternative 

to glass and carbon fibre-based conventional composites58,141,142. In particular, flax fibres have been 

used to create lightweight structures with superior damping properties and specific mechanical 

properties approaching those of polymers reinforced by synthetic fibres59,62,67,79,143,144. These 

properties result from the low specific weight and the highly dissipative nature of the hierarchically 

structured flax fibres. To leverage these properties in composites, pre-fabricated flax textiles are 

typically infiltrated with thermoset or thermoplastic resins using various moulding techniques145. 

Despite these attractive prospects, flax-based composites show anisotropic mechanical properties 

typical of fibre-reinforced polymers and the absolute properties remain inferior to those of composites 

prepared with synthetic fibres. 

To address the anisotropy issue, flax fibres are often assembled into woven textiles that are infiltrated 

with resin to create cross-ply and multidirectional laminates. As this reduces significantly the 

mechanical properties of the resulting composites59, structural ribs have been proposed as stiffeners 

of flax-based laminates produced from woven textiles. Such reinforcing ribs enhance by a factor of 

three the structural stiffness of flax-based shells with minimum increase in overall weight. However, 

ribs are currently fabricated through labour-intensive manual processes and the design of the rib 

architecture is limited by the geometrical constraints of moulding techniques. Therefore, novel 

approaches to manufacture flax-based composites with reduced anisotropy sensitivity and enhanced 

mechanical properties are needed to fully leverage the potential of this class of structural materials. 
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The unique structural design of biological composites offers inspiring potential solutions to improve 

the mechanical properties of man-made materials16,29,48,137,146,147. The use of hierarchical fibre 

architectures is a particularly effective design principle used by living organisms to enhance the 

function and mechanical behaviour of natural composites134,148�t150. By translating this concept to 

synthetic materials and manufacturing process, bio-inspired reinforced composites with improved 

mechanical properties have been produced53,151,152. Among the several manufacturing approaches 

exploited so far to control fibre architecture87,153, 3D printing is particularly interesting because it 

emulates to some extent the layer-by-layer additive strategy used during growth of biological tissues 

in Nature51,80,83,84,154. While early work has demonstrated the potential of plant-based hierarchical 

structures155,156, harnessing hierarchical design concepts to enhance the mechanical performance of 

flax-based composites is a promising route that has not yet been fully explored. 

Here, we report two manufacturing strategies to enhance the mechanical performance of flax-based 

composite structures using tuneable hierarchical fibre designs (Figure 3-1). In both approaches, 10 �Pm-

thick chopped carbon fibres are combined with 300 �Pm-thick unidirectional flax textiles to create 

epoxy-based fibre architectures with unusual set of mechanical properties. Since the diameters of the 

carbon fibres and flax bundles differ by one order of magnitude, the resulting fibre architectures show 

a distinctive hierarchical structure. Such hierarchical designs are manufactured by tape casting or 3D 

printing epoxy-based inks containing up to 15 vol% carbon fibres. Tape casting is used to create flax-

based hierarchical composites, whereas 3D printing is applied to digitally fabricate rib-reinforced 

laminates. The flow properties of the carbon fibre inks are characterized using steady-shear and 

oscillatory rheology. This is followed by a thorough structural and mechanical characterization of the 

composites using quasi-static and dynamic flexural tests. For each composite architecture, we use 

simple analytical models to derive guidelines for the design of flax-based structures with tuneable 

mechanical properties and damping performance. 
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Figure 3-1 Manufacturing of flax-based composites reinforced with carbon fibres. a Tape casting of fibre-laden 

suspensions on flax textile layers to produce hierarchical composites. b 3D printing of fibre-laden viscoelastic 

inks on pre-fabricated flax-based composites to create rib-reinforced laminates. The angle �T represents the 

orientation of the discontinuous carbon fibres relative to the flax fibres. In a �à
L �{�r�¹ and in b �à
L �r�¹ within the 

ribs. 

3.2 Materials and Methods 

3.2.1 Materials 

Hierarchical composites and rib-reinforced laminates were manufactured using continuous flax fibres 

and chopped carbon fibres as reinforcing elements. Continuous flax fibres were used in the form of 

�µ�v�]���]�Œ�����š�]�}�v���o���š���Æ�š�]�o���•���~���u�‰�o�]�d���Æ�¡���h�����š�Ç�‰�����ñ�ì�ì�õ�U�������}�u�‰�U���^�Á�]�š�Ì���Œ�o���v���•�X���d�Z�������•-received fibre textiles 

(preforms) were cut in 150×90 mm2 pieces and dried in an oven at 110 °C for at least 15 min prior to 

composite fabrication. Chopped carbon fibres with an average length of 6 mm (Granoc XN-100-06Z) 

were kindly provided by Nippon Graphite Fiber Corporation (Japan). 
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Low-viscosity epoxy resin comprising bisphenol A, bisphenol F and epichlorohydrin mixture (EPIKOTETM 

Resin MGS® LR235) and a diamine hardener (EPIKURETM Curing Agent MGS® LH235) were both 

purchased from Suter Kunststoffe AG (Frankenfeld, Switzerland). For the preparation of composites, 

the resin and hardener were mixed in a stoichiometric ratio of 100:34 by weight.  

Carbon fibre suspensions and inks: 

The carbon fibre suspensions used for the tape-cast samples were prepared by adding 5, 10 or 15 vol% 

carbon fibres to the epoxy resin. The concentration of carbon was calculated relative to the total 

volume of the ink when all components are mixed. The resulting suspensions were first manually 

stirred and afterwards thoroughly homogenised using an Exakt 80E three-roll mill (Exakt Technologies 

Inc., USA). After three rounds of milling, the hardener was added and the suspension was mixed for 5 

min and degassed for 8 min in a planetary mixer (ARE-250, Thinky, Japan). 

The viscoelastic ink used for 3D printing of ribs was prepared by mixing 3 vol% of fumed silica (HDK 

H18, Wacker AG, Germany) into the resin part of the epoxy matrix. Thorough mixing was carried out 

in a planetary mixer (ARE-250, Thinky, Japan) using the protocol of 8 minutes mixing and 8 minutes 

degassing. Homogenisation of the silica-containing resin was carried out by breaking silica 

agglomerates to a size below 10 µm in the three-roll mill (Exakt 80E, Exakt Technologies Inc., USA). To 

obtain a pristine, non-reinforced printing ink, we added 34 wt% of hardener. The resulting suspension 

was mixed again and degassed for 5 and 3 minutes, respectively. Air entrapped in the ink was 

completely removed by centrifuging the suspension for 10 minutes at 3350 RCF (Z 306 machine, 

Hermle Labortechnik GmbH, Germany). The carbon fibre-laden inks were prepared by mixing 5, 10 or 

15 vol% carbon fibres into the suspension containing fumed silica and resin using a three-roll mill (Exakt 

80E, Exakt Technologies Inc., USA). The hardener was added and the suspension mixed and degassed 

in the planetary mixer. To fully eliminate the suspension from entrapped air, the ink was centrifuged. 

To avoid sedimentation of the carbon fibres the time and the rotational speed were reduced to 5 min 

and 2650 RCF, respectively. 

3.2.2 Rheology 

The apparent viscosity of the epoxy resin and the carbon-filled inks used for tape casting (Figure 2a) 

was measured under steady state conditions using a modular compact rheometer (MCR 302, Anton 

Paar). The measurements were performed at a controlled temperature of 25 °C using a parallel plate 

measuring system (20 mm diameter, 100 µm x 100 µm pillar mesh) with gap of 1 mm, at shear rates 

between 0.1 and 1000 s-1. To investigate the effect of the epoxy curing reaction on the flow properties 

of the ink, measurements were performed 5, 90 and 180 minutes after mixing of the epoxy resin and 

the hardener. 

The rheological properties of inks used for 3D printing were characterized by oscillatory rheology in 

the same rheometer and tools described above (Figure 2b). In these measurements, the ink was 

�•�µ���i�����š������ �š�}������ �•�]�v�µ�•�}�]�����o���•�Z�����Œ���•�š�Œ���]�v���Á�]�š�Z���]�v���Œ�����•�]�v�P���•�š�Œ���]�v�����u�‰�o�]�š�µ������ �(�Œ�}�u���ì�X�ì�ì�í�9���µ�‰���š�}���í�ì�[�ì�ì�ì�9�X��

This oscillatory shear sweep allowed for the application of shear stresses of up to 1000 Pa. Inks with 
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or without 10 vol% carbon fibres were measured right after mixing of the individual constituents. Both 

types of inks were prepared as explained in the materials section. 

3.2.3 Composite fabrication 

Flax-based structures were fabricated in the form of either hierarchical composites or rib-reinforced 

laminates (Figure 3-1). Hierarchical composites were prepared by first tape casting the carbon-filled 

epoxy resin on the surface of dry flax textile layers, stacking six coated layers and finally pressing the 

stacked layers to consolidate the composite via curing of the resin (Figure 3-1a). Specimens with 

orthogonal and co-aligned architectures were prepared by changing the direction of the doctor blade 

relative to the underlying flax textile layer. In a co-aligned architecture, the blade moves parallel to the 

flax fibres to align the carbon fibres of the ink along the same direction as the continuous 

reinforcement. By contrast, the orthogonal fibre architecture is generated by translating the blade in 

a direction perpendicular to the long axis of the flax fibres. To press a composite with a nominal 

thickness of 2 mm, the coated textiles were placed in an aluminium mould pre-heated to 80 °C. Resin 

curing occurred under a cavity pressure of 1 MPa for 5 hours in a hot press (THB 400 Fontune Holland, 

The Netherlands). Under the applied pressure and elevated temperature, the resin infiltrates the flax 

fibre preforms, leaving the carbon fibres physically trapped between adjacent flax textile layers. The 

amount of epoxy resin mixture used in each tape cast layer was adjusted to result in a composite with 

a flax fibre volume fraction of 50 vol% after the pressure-assisted curing step. The glass transition 

temperature of the epoxy matrix when processed under the described processing conditions is 

expected to be 85 °C. 

Rib-reinforced laminates were manufactured by 3D printing carbon fibre-filled inks on the surface of 

flax textiles pre-infiltrated with epoxy resin (Figure 3-1b). Here, the spatial control enabled by 3D 

printing is harnessed to deposit the ink in specific sites of the laminate, thus creating bespoke rib 

architectures that are not easily achieved using current manufacturing processes. Because the flax 

laminate is already cured, the printer is also equipped with a plasma pen that creates a clean adherent 

surface just before deposition of the ink. The plasma surface activation was carried out with a A450 

type plasma pen (Relyon Plasma GmbH, Germany), which travelled with a moving speed of 30 mm/s 

at a distance of 25 mm above the substrate. The peak power density at the centre of the plasma beam 

was about 20 W/cm2. Due to the Gaussian type distribution of the energy, regions of overlapping 

exposure were observed and hence the total power density estimated to be 35 W/cm2. Before the 

plasma surface treatment, the surface of the flax laminate was roughened using a P180 grit sandpaper. 

The surface roughening and the plasma treatment are applied to increase the interfacial bonding 

between the laminate and the printed ribs. 

3.2.4 Microstructural characterisation 

Microstructural analysis of composites with distinct fibre architectures (Figure 3-3) was conducted on 

polished samples using a digital microscope (VHX S6000E, Keyence) equipped with real-zoom lenses 

that allow for an optical magnification of up to 5000-times. Before imaging, the samples were 
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embedded in polyurethane and polished using a laboratory polishing machine (LapPol-25, Struers 

GmbH, Germany). 

3.2.5 Mechanical characterisation 

For the mechanical testing of hierarchical composites (Figure 3-4 and Figure 3-5), samples were 

produced by cutting them into precise bars in a cutting machine equipped with a diamond wheel blade 

(Accutom-100, Struers GmbH, Germany). The feeding speed was set to low values in the range 0.015 - 

0.050 mm/s to guarantee damage-free surfaces. Prior to testing, the samples were stored for at least 

24 h at 23 °C and 65 % relative humidity. Nominal dimensions of the specimens for flexural bending 

tests were 15x2x50 mm3, whereas samples for dynamic mechanical analysis were 2x2x30 mm3. 

Quasi-static three-point bending tests on tape-cast flat and rib-reinforced flax laminates were carried 

out on a universal testing machine (AGS-X, Shimadzu) equipped with a 1 kN load cell. The support span 

was set to 40 mm to be in accordance with the span-to-thickness ratio specified in the ASTM D790M 

standard. The samples were loaded at a constant displacement rate of 2 mm/min. 

Dynamic mechanical analysis (DMA) was performed using a three-point bending setup with a 20 mm 

span (Q800 instrument, TA Instruments). The specimens were pre-loaded with a flexural force of 0.1 N 

to conduct the measurement in the positive deflection regime. Frequency sweeps were conducted 

within the frequency range 1 �t 100 Hz at a constant amplitude of 40 µm. The storage modulus �' �", the 

loss modulus �' �# and the loss factor, �–�ƒ�•�:�Ü�;, were calculated as the arithmetic average obtained from 

a total of eight measurements for each fibre architecture and carbon concentration. The reported 

viscoelastic properties were extracted at a frequency of 10 Hz. 

3.3 Results and Discussion 

3.3.1 Ink rheology 

Distinct ink formulations were designed to fulfil the rheological demands of the tape casting and 3D 

printing processes, which are discussed in details below. 

Suspensions for tape casting need to be shear thinning to facilitate flow under the action of the 

translating blade and should also contain a liquid phase that is sufficiently viscous to prevent the 

sedimentation of particles during the casting process151. To assess the rheological response of our 

suspension under the shearing conditions imposed during tape casting, we performed steady-shear 

measurements on a representative epoxy resin containing 10 vol% of chopped carbon fibres. The 

results of the rheological characterization show that the apparent viscosity of the freshly prepared 

suspension decreases by one order of magnitude when the shear rate is continuously increased up to 

100 s-1 (Figure 3-2a). Given that the pure epoxy resin is a Newtonian fluid (Figure 3-8, Supporting 

Information, section 3.5.1), the strong shear-thinning behaviour of the suspension is probably caused 

by the alignment of the carbon fibres under the shear stresses applied. This rheological response is 
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comparable to that of suspensions previously used for tape casting processes151, confirming the 

suitability of this formulation for the manufacturing of hierarchical composites. 

Steady-shear measurements performed 90 and 180 mins after suspension preparation also reveal a 

significant increase in the apparent viscosity of the slurry over time. Such thickening effect is caused 

by the progressive cross-linking of the epoxy resin. We estimate that the viscosity of the resin is 

sufficient to prevent sedimentation of the carbon fibres during the casting process, but is not high 

enough to keep the carbon fibres suspended for more than about 10 min within the cast layer (see 

Supporting Information, section 3.5.1). Hence, the carbon fibres are expected to be sedimented and 

concentrated close to the flax layer in the layered structured subjected to hot pressing. Besides this 

sedimentation effect, capillary forces arising from the infiltration of the resin into the flax fabric are 

also expected to pull the carbon fibres close to the flax layer. 

In contrast to the predominantly fluid nature of tape-casting suspensions, inks for extrusion-based 3D 

printing typically display a viscoelastic behaviour with high yield stress83,157. For the rib architectures 

envisioned in this work, the high yield stress is essential to prevent shape distortion effects induced by 

gravitational and capillary forces. Gravity can lead to lateral flow of the deposited filament, reducing 

the actual height of the rib. Capillary forces also distort the rib geometry by flattening the deposited 

filament in highly curved sites. 

In order to generate a yield stress that counteracts these distorting effects, we formulated inks 

comprising the epoxy resin, carbon fibres and 3 vol% fumed silica particles as rheological thickener. 

Fumed silica has been previously used to create viscoelastic inks, by forming an attractive percolating 

network throughout the liquid phase80,83. Oscillatory shear measurements confirms that the addition 

of fumed silica to the epoxy resin changes it from a Newtonian fluid to a viscoelastic gel with a well-

defined yield stress and a constant storage modulus at low shear stress amplitudes (Figure 3-2b). 

Interestingly, the incorporation of carbon fibres into the formulation containing fumed silica increases 

the storage modulus by a factor of 2.2 without significantly affecting the yield stress of the ink.  

By comparing our rheological data with those previously reported for printable inks, we find that the 

fumed silica concentration of 3 vol% leads to a viscoelastic behaviour that minimises distortion of the 

printed filaments. With a yield stress value on the order of 100 Pa, the viscoelastic ink is expected to 

prevent capillary-induced distortion in structures with a radius of curvature down to approximately 

200 �Pm (see Supporting Information, section 3.5.2). Considering the specific weight of our inks, this 

level of yield stress is also sufficient to print structures with a total height up to 8.7 mm without gravity-

driven widening at the bottom of the rib (see Supporting Information, section 3.5.3). 
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Figure 3-2 Rheological properties of suspensions and inks for tape casting and 3D printing. (a) Apparent viscosity 

of tape-casting suspensions measured by steady-shear rheology for different elapsed times after preparation. 

(b) Storage and loss moduli of printable inks measured by oscillatory rheology of formulations with and without 

carbon fibres. 

3.3.2 Manufactured composites 

The hierarchical composites and rib-reinforced laminates produced by tape casting and 3D printing 

show complex architectures with structural features spanning over multiple length scales. To 

characterize the multi-scale structure of these materials, we took digital photographs and performed 

digital optical microscopy on representative samples (Figure 3-3). 

The extensional and shear forces applied during tape casting and 3D printing should favour the 

alignment of the carbon fibres under the moving blade and along the direction of the translating 

printhead, respectively. Such alignment is crucial to achieve the envisioned hierarchical fibre 

architectures and thus enhance the mechanical properties of the final composites. 

Optical microscopy images of a hierarchical composite produced by the tape casting approach confirm 

a high orientation of the carbon fibres between the multiple flax layers of the stacked architecture 

(Figure 3-3a,b). In this exemplary composite, the blade was deliberately translated along the axis 

perpendicular to the flax orientation to achieve an orthogonal fibre architecture. The distinct length 

scales of the reinforcing flax and carbon fibres are readily noticed in the microscopy images. The 

thickness of the individual carbon-laden and flax layers was found to vary depending on the location 

of the composite. This might be caused by the motion of the carbon fibres under the pressure applied 

during consolidation of the multi-layered laminate in the hot press. At increased magnification (Figure 

3-3c), the image reveals a high concentration of carbon fibres between the flax layers, indicating that 

the epoxy resin was effectively transferred to the flax textile during the pressure-assisted consolidation 

step. This demonstrates that the sedimented carbon fibres do not prevent the transfer of the epoxy 

resin to the underlying flax layer. With the help of image analysis, we estimate the local concentration 
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of carbon fibres between the flax layers to be approximately 48 ± 4.8 vol% for a composite infiltrated 

with a resin containing an initial carbon fibre concentration of 15 vol%. This fibre content is locally 2.2-

fold higher than that used in the tape-casting ink and is expected to significantly increase the 

mechanical properties of the composite along the carbon fibre orientation axis. 

The rib-reinforced laminate displays the target hierarchical architecture, which consists of rib patterns 

at larger scales and highly aligned carbon fibres at smaller scales within each individual rib (Figure 3-3d-

g). To illustrate this unique architecture, we imaged a sample made by 3D printing two-layered stacks 

of filaments on top of a pre-fabricated flax-based laminate (Figure 3-3e). The vertical filament stack 

generates the reinforcing ribs after polymerization of the deposited resin. Our image analysis indicates 

that the width of the individual ribs (820 �äm) matches reasonably well the diameter of the printing 

nozzle (840 �äm). In terms of geometry, we found that the aspect ratio of the rib is influenced by the 

partial merger of the adjacent vertical filaments and by the partial wetting of the ink on the surface of 

the substrate. 

The observed wetting results from the successful cleaning of the substrate using the plasma pen, 

whereas the partial fusion of filaments is driven by capillary forces acting at the highly curved surfaces 

formed at the contact point between filaments. A simple geometrical analysis reveals that these effects 

should reduce the aspect ratio of the final rib from 2 (stack of two filaments) to an estimated value of 

1.57 (merging and wetting filaments) (Figure 3-9, Supporting Information, section 3.5.4). We find this 

estimated aspect ratio to be higher than the experimental value of 1.22 obtained from image analysis 

of the cross-section of the rib (Figure 3-3f). The lower experimental aspect ratio might result from the 

mechanical force exerted by the printing nozzle during fabrication and from the moderate slumping of 

the rib due to the decrease in resin viscosity during heat treatment. Finally, a closer view within an 

individual rib shows that the carbon fibres are strongly aligned along the longitudinal axis of the rib. 

This indicates that the extensional and shear forces applied during extrusion were strong enough to 

effectively orient the fibres along the printing direction. 
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Figure 3-3 Manufactured flax-based composites. (a-c) Hierarchical composite consisting of unidirectional flax 

bundles and carbon fibre interlayers in an orthogonal fibre architecture. The image (a) is a digital photograph 

of a representative macroscopic sample, whereas images (b) and (c) depict optical micrographs of the 

hierarchical composite at different magnifications. The round white features observed in (c) are carbon fibres 

inside an interlayer. (d-g) Rib-reinforced laminate comprising rib patterns deposited on top of a pre-fabricated 

unidirectional flax composite. Image (d) depicts a macroscopic sample with an exemplary complex rib 

architecture, whereas (e-g) show details of the carbon-reinforced ribs at increasing magnifications. Scale bars 

in (g,h) are 100 µm. 

3.3.3 Mechanical properties of hierarchical composites 

The multi-scale fibre architectures obtained through the tape-casting approach directly affect the 

mechanical response of the hierarchical composites. Particular focus is given to structures displaying 

an orthogonal orientation of carbon and flax fibres, since we hypothesize that this configuration may 

improve the transverse mechanical properties of the flax laminates without significantly compromising 

its high elastic modulus and strength along the flax fibre direction. To test this hypothesis, we 

performed flexural tests to quantify the elastic modulus and the mechanical strength of hierarchical 

samples featuring orthogonal or co-aligned fibre architectures. These mechanical properties were 

measured on specimens prepared from tape-casting inks containing carbon fibre concentrations up to 

15 vol%. 
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For the orthogonal fibre architecture, our experimental results show that the addition of 15 vol% of 

carbon fibres increases by a factor of 2.5 the flexural modulus of the composite along the transverse 

direction (Figure 3-4a). Such a remarkable improvement in the composite stiffness is accompanied by 

a 14 % increase in flexural strength. Notably, the presence of orthogonally aligned carbon fibres does 

not compromise the longitudinal modulus and strength of composite, which even show a slight 

increase with the carbon fibre concentration (Figure 3-4b). These results validate our initial hypothesis 

and demonstrate the beneficial effect of the orthogonal reinforcement architecture generated by the 

tape casting procedure. The hierarchical nature of the reinforced structure is crucial to enhance the 

mechanical properties, since composites with orthogonal flax layers (0�q/90�q layups) are known to show 

inferior properties compared to longitudinally reinforced flax-based laminates (0�q orientation). 

The reinforcing effect of carbon fibres in composites with orthogonal fibre architecture is also expected 

to improve the mechanical properties along other loading directions besides the longitudinal and 

transverse configurations. We quantify this expected improvement by using a constitutive mechanical 

model that allows for the calculation of the elastic modulus of the orthogonally reinforced composites 

along different loading directions (see Supporting Information, section 3.5.5). Using experimentally 

determined flexural modulus as input data, the predicted properties were calculated and represented 

in a polar diagram (Figure 3-4c). Our analysis shows that the addition of carbon fibres improves 

significantly the elastic modulus of the hierarchical composite in all loading directions compared to the 

carbon fibre-free reference sample. 

Besides the enhanced properties of the orthogonal design, mechanical reinforcement upon the 

addition of carbon fibres was also observed in composites with a co-aligned fibre architecture. In this 

case, the flexural modulus along the longitudinal and transverse directions increases monotonically 

with the fibre concentration (Figure 3-4d,e). The incorporation of carbon fibres also slightly improves 

the flexural strength of the composite along the longitudinal axis (Figure 3-4e), while displaying no 

significant effect in the transverse direction (Figure 3-4d). 
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Figure 3-4 Mechanical properties of hierarchical composites under three-point bending. (a,b) Elastic modulus 

and flexural strength of composites with orthogonal fibre architecture measured (a) perpendicular or (b) 

parallel to the flax fibres. (c) Polar diagram depicting the estimated elastic modulus of the orthogonally 

reinforced composites depending on the loading direction. (d,e) Elastic modulus and flexural strength of 

composites with co-aligned fibre architecture measured (d) perpendicular or (e) parallel to the flax fibres. 

In addition to improving the elastic modulus and mechanical strength, the multi-scale nature of our 

fibre architecture was also found to enhance the damping performance of the hierarchical composites. 

Because of its hierarchical structure156, natural flax fibres are known to outperform synthetic 

counterparts in terms of damping properties59. We found that damping in flax-based composites can 

be further enhanced through the incorporation of carbon fibres into the epoxy interlayer. To illustrate 

this effect, we conducted dynamic mechanical analysis on hierarchical composites containing up to 

15 vol% carbon fibres. In these tests, the storage and loss moduli were measured by loading the 

specimen along the longitudinal or transverse directions of the flax-reinforced composites. For each 

loading configuration, both the co-aligned and the orthogonal fibre architectures were characterized. 

Our experiments reveal that the incorporation of carbon fibres significantly increase both the storage 

and the loss moduli of the hierarchical composites for all the fibre architectures and loading directions 

tested (Figure 3-5). This is a remarkable effect in view of the typical trade-off between these dynamic 

mechanical properties observed in most synthetic materials. For specimens with co-aligned fibre 

architecture loaded along the longitudinal axis, we find that the presence of carbon fibres increases 

the storage and loss moduli by a factor of 1.5 and 2.6, respectively, compared to the carbon fibre-free 

reference samples (Figure 3-5a-c). This significant gain in longitudinal properties is possible without 
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sacrificing the storage and loss moduli of the composite along the transverse direction, which even 

slightly increase in samples reinforced with co-aligned carbon fibres. Similar effects are observed for 

hierarchical composites with an orthogonal fibre design (Figure 3-5d-f). 

 

Figure 3-5 Dynamic mechanical properties of hierarchical composites. (a-f) Storage modulus, loss modulus and 

loss factor of specimens with (a-c) co-aligned or (d-f) orthogonal fibre architectures for increasing 

concentrations of carbon fibres in the epoxy interlayer. Properties were measured either parallel or 

perpendicular to the direction of the flax fibres. 

To compare the damping performance of the orthogonal and co-aligned fibre architectures with that 

of other classes of materials, we plot our data in an Ashby-type diagram displaying the storage modulus 

(�' �ñ) of different composites as a function of the damping loss factor, tan�Ü, using double-log scales 

(Figure 3-6). In such a diagram, the loss modulus (�' �ñ�ñ) is represented by diagonal iso-lines, which 

indicate the different combinations of values leading to the same �' �ñ�ñ level. Given that damping 

applications require structures that display both high storage modulus (�' �ñ) and high loss factor (tan�Ü), 

we take the absolute �' �ñ�ñ value, given by the product �' �ñ�–�ƒ�•�:�Ü�;, as a figure of merit for the damping 

performance of the evaluated composites. For our comparative analysis, high-performance stiff and 

damping materials such as natural bone, biological nacre and previously reported flax fibre-reinforced 
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polymers are used as references. Earlier data on nacre-inspired platelet-reinforced polymers are also 

included in the analysis. 

 

 

Figure 3-6 Ashby diagram depicting the elastic modulus as a function of the loss factor for the flax-based 

hierarchical composites with co-aligned and orthogonal architectures in comparison with the properties of 

biological composites and previously reported platelet-reinforced polymers (see Chapter 2). The numbers 

depicted inside circles correspond to the volume fraction of stiff reinforcing particles added to the respective 

composite. Experimental values were measured at 25 °C. 

The Ashby diagram shows that the damping performance (�' �ñ�ñ value) of our hierarchical composites 

with co-aligned fibre design (15 vol% carbon fibres) rivals with that of nacre and exceeds that of flax 

fibre-reinforced polymers when tested along the stiff longitudinal direction (Figure 6). Interestingly, 

this outstanding performance is achieved with a different set of �' �ñ and tan�Ü values, namely a higher 

loss factor and lower storage modulus. By shifting the storage modulus and loss factor of the material 

to an unoccupied region of the Ashby plot, the hierarchical composites offer new design opportunities 

while keeping the damping performance among the highest reported values. 

For the orthogonal fibre design, the presence of carbon fibres also increases significantly the damping 

performance of the composites when tested along the weaker transverse direction. In fact, the typical 

gap between the longitudinal and transverse properties of fibre-reinforced polymers is significantly 

reduced if the hierarchical composites are designed with the orthogonal fibre architecture. Taking 

composites with 15 vol% carbon fibres as an example (Table 1), the ratio between the longitudinal and 

transverse damping performance (�' �ß�â�á�Ú
�ñ�ñ �' �ç�å�Ô�á

�ñ�ñ�¤ ) is reduced from 7.83 in the co-axial architecture to 

2.73 in the orthogonal fibre design, at the cost of a 34.4% decrease in the absolute loss modulus in the 
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longitudinal direction (�' �ß�â�á�Ú
�ñ�ñ ). While this offers even more design flexibility, it is important to note that 

our previously reported nacre-inspired composites comprising poly(methacrylate) reinforced by 

alumina platelets remain the best option for damping applications where isotropic properties are 

demanded (Chapter 2). 

 

Table 3-1 Comparison between the longitudinal and transverse loss modulus of hierarchical composites 

reinforced with 15 vol% carbon fibres in the co-axial or orthogonal architectures. 

 Co-axial (15 vol%) Orthogonal (15 vol%) 

�q�ï�ï�’�•�”�• (MPa) 1120 736 

�q�ï�ï�š�˜�‡�”�™ (MPa) 143 270 

�q�ï�ï�’�•�”�•���q�š�˜�‡�”�™
�ñ�ñ  7.83 2.73 

 

Overall, the enhanced damping performance of our hierarchical composites can be attributed to the 

fact that the carbon fibres not only mechanically reinforce the epoxy interlayer (increasing �' �ñ), but 

also increases the density of highly dissipative reinforcement-matrix interfaces in the material. This 

results in a desirable simultaneous increase in the storage modulus (�' �ñ) and loss factor (�–�ƒ�•�:�Ü�;) of the 

composite. Combined with the known dissipative characteristics of hierarchical flax fibres, the carbon 

fibre-reinforced epoxy layers eventually lead to composites with unique damping behaviour. 

3.3.4 Mechanical properties of rib-reinforced laminates 

3D printing inks with carbon fibres on top of pre-fabricated laminates further enhances the mechanical 

performance of flax-based composites, extending the range of properties that can be covered with this 

class of materials. To demonstrate this, we evaluate the mechanical response of model composites in 

which a flax-based laminate is reinforced by 4 ribs that were 3D printed from carbon fibre-containing 

inks. The inks were prepared from epoxy resin loaded with 10 vol% carbon fibres. Model specimens 

with orthogonal and co-aligned designs were fabricated. In the co-aligned design, the ribs are oriented 

parallel to the flax fibres of the laminate. Samples with the orthogonal architecture display ribs 

oriented perpendicular to the flax fibres. The mechanical behaviour of such rib-reinforced laminates 

was characterized by measuring their force-displacement response when subjected to three-point 

bending. 

The results of the bending tests indicate that the structural stiffness of the laminate increases by a 

factor of 2.6 and 19.2 upon the introduction of the ribs in samples with co-aligned and orthogonal 

architectures, respectively (Figure 3-7a,b). The structural stiffness is taken here as the slope of the 

force-displacement curves at small deflections. This enhanced structural stiffness is accompanied by a 

60% and 600% increase in the maximum force carried by the laminates featuring co-aligned and 
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orthogonal designs, respectively. Loading the co-aligned composites beyond the peak force does not 

lead to immediate failure of the laminate (Movie S1, Supporting Information, section 3.5.7). Instead, 

such samples are still able to carry high mechanical load and deform extensively before failure takes 

place at high flexural displacement. By imaging the specimen during the mechanical test, we observe 

that the first peak force coincides with the failure of the individual ribs and that the mechanical 

response beyond this point is determined by the flax-based laminate (Movie S1, Supporting 

Information, section 3.5.7). By contrast, rib-reinforced samples with the orthogonal design were found 

to fail right after reaching the maximum load-bearing capacity of the structure through the 

simultaneous rupture of the ribs and the underlying flax laminate (Movie S2, Supporting Information, 

section 3.5.7). Altogether, our experiments show that printing of reinforcing ribs is an effective strategy 

to enhance the mechanical performance of flax-based laminates along both the strong longitudinal 

axis and the weaker transverse orientation. 

The structural stiffness of the rib-reinforced laminate depends on the orientation of the ribs relative 

to the flax fibres, the geometry of the structure, the interfacial bonding between rib and laminate, and 

the mechanical properties of the constituent materials. We hypothesize that the observed increase in 

structural stiffness resulting from the incorporation of ribs can be quantified and predicted using 

simple beam theory. To test this hypothesis and better understand the stiffening mechanism, we 

estimate the equivalent second moment of inertia of the rib-reinforced laminates (�+�Ø�ä) and compare 

the theoretically predicted structural stiffness with that experimentally measured (see Supporting 

Information, section 3.5.6). The structural bending stiffness (�- ) is taken as the product �' �+�Ø�ä, where �'  

is the elastic modulus of the flax-based laminate. Our calculations predict a structural stiffness of 

25726 N.mm2 for the rib-reinforced laminate with co-aligned architecture. This estimation is very close 

to the �-  value of 25764 ± 3655 N.mm2 obtained from our experiments, confirming that simple beam 

theory can be applied to derive guidelines for the design of rib-reinforced laminates based on distinct 

material and geometrical input parameters. 

Given the reasonable agreement found between experiment and theory, we calculate the expected 

structural stiffness of other rib-reinforced designs beyond the co-aligned and orthogonal architectures 

discussed above. The orientation of the ribs relative to that of the flax fibres is a particularly interesting 

design parameter because it can be readily changed by 3D printing. With this in mind, we explore this 

geometrical parameter as a possible way to tune the mechanical performance of the flax-based 

laminates over a broad design space. In our theoretical analysis, the ribs are always aligned along the 

long axis of the beam, while the angle between the ribs and the flax fibres is varied (see Supporting 

Information, section 3.5.6). Under such loading conditions, the theoretical predictions reveal that the 

structural stiffness of the laminates can be deliberately controlled over several orders of magnitude 

by changing the orientation of the printed ribs relative to that of the underlying flax fibres (Figure 3-7c). 

This demonstrates the potential of the rib architecture in enhancing the structural stiffness of flax-

based laminates using minimal increase in material resources. Computational designs may aid the 

development of more elaborate rib architectures in applications involving complex geometries and 

loading scenarios158. 
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Figure 3-7 Mechanical properties of rib-reinforced laminates under three-point bending. (a,b) Force-

displacement curves obtained for specimens loaded (a) parallel or (b) perpendicular to the flax fibres. The 

samples consisted of a flax laminate reinforced with 4 equally spaced ribs. (c) Polar diagram showing the 

calculated structural stiffness of reference flax-based laminates (red) and 4 rib-reinforced laminates (blue) for 

different relative orientations of the carbon and flax fibres (�T). In this analysis, the laminate is loaded under 

bending with the principal stresses applied parallel to the long axis of the ribs. 

3.4 Conclusions 
The mechanical properties of flax-based composites are significantly improved through the 

incorporation of aligned carbon fibres in the form of embedded interlayers or rib-like stiffeners. 

Hierarchical composites with embedded interlayers can be manufactured by tape casting an epoxy 

resin filled with carbon fibres, whereas rib-reinforced laminates are produced via 3D printing of carbon 

fibre-containing inks. Control over the orientation of the carbon fibres relative to the flax fibre bundles 

allows for tuning of the mechanical properties within a broad range, ultimately leading to flax-based 

composites with unprecedented mechanical performance. For the hierarchical composites, an 

orthogonal fibre architecture was found to enhance the transverse stiffness and mechanical strength 

without compromising the properties along the stronger longitudinal direction. In terms of damping, 

a co-aligned fibre architecture significantly increases the longitudinal performance of the hierarchical 

composite, whereas an orthogonal fibre design reduces the damping performance gap between 

longitudinal and transverse loading conditions. For rib-reinforced model laminates, major 

improvements in the structural stiffness are achieved along the direction parallel to the rib and can be 

explained using beam theory analysis. Future work using more elaborate computer-aided rib designs 

should enable the manufacturing of flax-based composites with tailored mechanical properties using 

minimal material resources and enticing new applications for recycled carbon fibres. 
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3.5 Supporting Information 

3.5.1 SI 1: Sedimentation of carbon fibres in epoxy-based inks 

To evaluate the time it takes for the carbon fibres to sediment within the tape cast layer before the 

pressing step, we consider the motion of a model particle in a Newtonian fluid of viscosity, �ä. In this 

analysis, the fibre is represented by a sphere-equivalent radius, �N. Under these conditions, the 

sedimentation velocity of the particle (�R�•�������v�����������•�š�]�u���š�������(�Œ�}�u���^�š�}�l���•�[���o���Á159: 

 �R
L
�@�D
�@�P


L
�t
�{


k�é�ã 
F �é�Ù
o

�ä
�C�N�6 (3.1) 

where �D is the position of the particle in the suspension, �P is the time, �é�ã is the specific gravity of the 

particle (carbon), �é�Ù is the specific gravity of the fluid (epoxy resin) and �C is the gravitational constant. 

According to the above equation, curing of the epoxy resin should slow down the motion of the particle 

by increasing the viscosity of the fluid. Our experimental results show that the viscosity of the epoxy 

resin increases from approximately 0.3 Pa.s to 1 Pa.s in the first 90 mins of curing (Figure 3-8). 

Assuming that this thickening effect is linear, we can describe our experimental data in the first 90 mins 

using the following simple relation: �ä�:�P�; 
L �=
E�>�P, where �=
L �r�ä�t�w�{ and �>
L �r�ä�r�r�r�s�u�y. In this 

relation, �ä�:�P�; is given in units of Pa.s and �P in seconds. 

By integrating and re-arranging Eq. (3.1), one can show that the time the particle takes to travel a 

distance �� �D in a medium of linearly increasing viscosity is given by: 

 �–
L
�=

�>
�H�A�T�L�F

�{�>�¿�D

�t
k�é�ã 
F �é�Ù
o�C�N�6
�G
F �s�I (3.2) 

Taking �é�ã= 2.20 g/cm3, �é�Ù = 1.10 g/cm3, �C = 9.81 m/s2, �N = 44 �Pm, �� �D = 1 mm and the experimental 

constants �= and �> indicated above, we find that the particle needs 11.9 minutes to sediment within 

the layer formed by the tape casting process. 
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Figure 3-8 Apparent viscosity of the epoxy resin mixture as a function of the applied shear rate for different 

elapsed times after mixing. 

3.5.2 SI 2: Capillary-induced distortion in 3D printed structures 

Capillary forces can distort printed structures if they surpass the yield stress of the ink. Because 

capillary forces scale linearly with the curvature, highly curved surfaces of the printed structure are 

more susceptible to capillary-driven distortion. To determine the minimum yield stress, �ì�ì , required 

to prevent such type of distortion, one can balance the capillary forces and the yield stress of the ink, 

yielding the following relation as a simplified one-dimensional approximation83: 

 �ì�ì 
L �Û �4�¤  (3.3) 

where �Û is the surface tension of the ink and �4 is the local radius of curvature of the surface. 

For an ink with known yield stress, Eq. (3.3) can be re-arranged to enable the estimation of the critical 

radius of curvature above which no capillary-induced distortion is expected: 

 �4�Ö
L �Û �ì�ì�¤  (3.4) 

Our rheological experiments show that the yield stress of the ink containing carbon fibres and silica 

particles is approximately 100 Pa (Figure 3-2b). Taking this yield stress and a typical surface tension of 

0.02 N/m, the above equation predicts a critical radius of curvature, �4�Ö, of 200 �Pm. 

3.5.3 SI 3: Gravity-induced distortion in 3D printed structures 

Gravity may cause distortion of printed structures if the yield stress of the ink is not high enough to 

prevent flow in regions of the part under high gravitational forces. The flow-inducing gravitational 

force increases from the top to the bottom of the structure. Balancing this force with the yield stress 

of the ink leads to the following predictive relation for the maximum height for a distortion-free 

structure: 
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 �* 
L
�ì�ì

�é�Ü�á�Þ�C
 (3.5) 

where �é�Ü�á�Þ is the specific gravity of the ink, which can be estimated from the specific gravity of the ink 

constituents using rule of mixtures (�é�ã=1.85 g/cm3, �é�Ù=1.10 g/cm3). 

Taking �ì�ì  = 100 Pa, �é�Ü�á�Þ = 1.175 g/cm3 and a carbon fibre volume content of 10 vol%, we predict that 

the height of the printed ribs should be lower than 8.7 mm to prevent gravity-induced flow of the ink 

at the bottom of the rib. 

3.5.4 SI 4: Geometrical analysis of the final aspect ratio of a printed rib 

The aspect ratio of a rib made from a vertical stack of printed filaments is affected by the partial merger 

and wetting of the filaments (Figure 3-3 and Figure 3-9). We use a simple mass conservation argument, 

to obtain a rough approximation for the expected aspect ratio taking into account the merging and 

wetting phenomena. Using the geometrical parameters indicated in Figure 3-9, we can derive the 

following equations for the volume of the filament stack (�8�Ù�Ü�ß) and the volume of the rib (�8�å�Ü�Õ): 

 �8�Ù�Ü�ß
L �0�S�è�@�6 �v�¤  (3.6) 

 �8�å�Ü�Õ
L �:�0 
F �s�;�S�@�D
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E�t�S�N�6 
F �è�S�N�6 �t�¤  (3.7) 

where �0 is the number of filaments in the stack, �@ is the diameter of the filament, �S is the depth of 

the printed structures, and the other geometrical parameters represent different dimensions of the 

rib, as indicated in Figure 3-10. From these dimensions, the final aspect ratio of the rib, �O, is given by: 
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For the mass to be conserved, the total volume of the printed filaments should be equal to the total 

volume of the final rib: 

 �8�Ù�Ü�ß
L �8�å�Ü�Õ (3.9) 

By introducing Eq. (3.6) and (3.7) into Eq. (3.9), we establish the following relation for the geometrical 

ratio �D �@�¤ : 
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Inserting Eq. (3.10) into Eq. (3.8), the following prediction is obtained: 

 �O
L
�:�t�0 
F�s�;�è

�z

E
l

�è
F �v

�t

p�@

�N

�@
�A

�6


E
�s

�t
 (3.11) 

Taking �0=2 and assuming 2�N to be comparable to �@ (�N
N�@���t), we estimate a final aspect ratio of �è �t�¤  

(=1.57) for the ribs printed on the model laminates prepared in this study (Figure 3-3). 
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Figure 3-9 Schematics depicting the cross-section of a vertical stack of two printed filaments deposited on the 

surface of the laminate (left) and the final rib structure formed upon partial merger and wetting of the filaments 

(right). The numbers indicate the different elements used for the estimation of the total volume of the rib. 

3.5.5 SI 5: Elastic modulus of hierarchical composites with orthogonal fibre 

architecture 

The angular dependence of the elastic modulus (�' �� ) of a hierarchical composite with a orthogonal 

arrangement of carbon and flax fibres (Figure 3-4) was theoretically estimated using the following 

expression160: 

 
�s
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where �' �ë and �' �ì  are the elastic moduli along the x and y axes, respectively; �)�ë�ì and �å�ë�ì are the shear 

�u�}���µ�o�µ�•�����v�����š�Z�����W�}�]�•�•�}�v�[�•���Œ���š�]�}���Á�]�š�Z�]�v���š�Z�����Æ�Ç-plane, respectively; and �à represents the direction of 

the applied mechanical load (Figure 3-1). 

To generate the pole figure displayed in Figure 3-4, we use experimentally measured �' �ë, �' �ì , �)�ë�ì and 

�å�ë�ì values as input parameters in Eq. (3.12) ( 

Table 3-2). 

 

Table 3-2 Parameters used for the calculation of the pole figure describing the elastic modulus of hierarchical 

composites with orthogonal fibre architecture (Figure 3-4). 

Vol% carbon fibres �' �ë (GPa) �' �ì  (GPa) �)�ë�ì (GPa) �å�ë�ì (-) 

0 23.3 3.1 4.5 0.4 

15 29.2 7.5 4.5 0.4 
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3.5.6 SI 6: Structural bending stiffness of rib-reinforced laminates with distinct 

fibre architectures 

The structural bending stiffness of model laminates reinforced by 4 parallel ribs (Figure 7) was 

calculated from the material properties and geometry of the structure. Calculations were made for the 

specific loading configuration in which the parallel ribs of the model structure are aligned along the 

principal stresses applied in the three-point-bending test. The theoretical bending stiffness, �-�Ö�Ô�ß, is 

given by the product �' �+�Ø�ä, where �'  is the elastic modulus of the constituent material and �+�Ø�ä is the 

second moment of inertia of the structure under the loading condition applied. 

The following expression was derived to calculate the second moment of inertia (�+�Ø�ä) of the model 

structure: 
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where �9 , �* , �D, �V�§, and �S�Ø�ä are geometrical parameters of the rib-reinforced laminates, which are 

indicated in Figure S3. 

In this analysis, the equivalent width of the beam, �S�Ø�ä, is given by the relation: �S�Ø�ä
L

�S�' �å�Ü�Õ�' �¿�¿�Ë�É�:�ö�;�¤ , where �' �å�Ü�Õ is the elastic modulus of the epoxy reinforced with carbon fibres along 

the longitudinal axis, and �' �¿�¿�Ë�É�:�ö�; is the elastic modulus of the flax-based laminate along the 

direction of the principal stress applied during three-point-bending test (parallel to the long-axis of the 

ribs). In this description, �ö is the angle between the principal stresses and the direction of the flax 

fibres within the laminate. The values of �' �¿�¿�Ë�É�:�ö�; can be directly obtained from Eq. (3.12). 

The position of the neutral axis, �V�§, is given by the expression: 

 �V�§
L
�v�Û

�s
�t �D�S�Ø�ä�D
E�@�D
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Using the geometrical parameters shown in Table 3-2, we calculated the structural bending stiffness 

(�-�Ö�Ô�ß) of the model rib-reinforced laminates for different fibre architectures. The fibre architectures 

are defined by the angle �ö. The results are discussed in the main text of the manuscript and displayed 

in the pole diagram in comparison to a rib-free reference sample (Figure 3-7). 

It should be noted that the nominal rib height, �D, overpredicts the structural stiffness. This is probably 

due to the poorly defined geometry of the rib. To address this, we use an effective rib height, �D�Ø, 

obtained from image analysis as input parameters for the calculations. The �D�Ø value was taken as the 

height of a rectangle of cross-sectional area equal to the actual area of the rib. 

The calculated structural bending stiffness, �-�Ö�Ô�ß, was compared to that experimentally measured on 

rib-reinforced samples (Figure 7). The experimental �-�Ø�ë�ã values were obtained from the following 

expression: 
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where �. is the distance between supporting pins in the three-point-bending setup, �S�4 is the deflection 

of the beam under the loading point, and �@�(�@�S�4�¤  is the initial slope of the experimental force-

displacement curves (Figure 3-7). 

 

 

Figure 3-10 Schematics of the cross-section of the model laminate reinforced by 4 parallel ribs. (a) Nominal 

geometry of the beam with two regions of different elastic properties. (b) Effective geometry showing the 

equivalent rib width, �S�Ø�ä, for a single material beam. 

 

Table 3-3 Parameters used for the calculation of the structural bending stiffness of the model rib-reinforced 

laminates (Figure 3-7). 

Properties Width, W 

(mm) 

Width, w 

(mm) 

Height, H 

(mm) 

Height, h 

(mm) 

�' �ë���·�·�Ã�Á
 

(GPa) 

�' �ì ���·�·�Ã�Á
 

(GPa) 

�' �å�Ü�Õ 

(GPa) 

Nominal 15 0.84 0.6 1.68 29 2.7 9 

Image-based 15 0.82 0.57 1.00 29 2.7 9 

 

3.5.7 SI 7: Supporting Movies 

Movie S1. Fracture behaviour of rib-reinforced laminates with co-axial orientation under three-point 

bending:  

https://polybox.ethz.ch/index.php/s/8fvwEbH8B7DbmSS 

Movie S 2. Fracture behaviour of rib-reinforced laminates with orthogonal orientation under three-point 

bending:  

https://polybox.ethz.ch/index.php/s/P942dJ08ugWUi3x 
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Abstract 
Biological materials such as nacre have evolved microstructural design principles that result in 

�}�µ�š�•�š���v���]�v�P���u�����Z���v�]�����o���‰�Œ�}�‰���Œ�š�]���•�X���t�Z�]�o�����v�����Œ���[�•�������•�]�P�v�����}�v�����‰�š�•���Z���À�����o�������š�}�����]�}-inspired materials 

with enhanced fracture toughness, the microstructural features underlying the remarkable damping 

properties of this biological material have not yet been fully explored in synthetic composites. Here, 

we study the damping behaviour of nacre-like composites containing mineral bridges and platelet 

asperities as nanoscale structural features within its brick-and-mortar architecture. Dynamic 

mechanical analysis was performed to experimentally elucidate the role of these features on the 

damping response of the nacre-like composites. By enhancing stress transfer between platelets and at 

the brick/mortar interface, mineral bridges and nano-asperities were found to improve the damping 

performance of the composite to levels that surpass all biological and man-made materials. Our nacre-

like composites display a loss modulus 2.4-fold higher than natural nacre and 1.4-fold higher than 

highly dissipative natural fibre composites. These findings shed light on the role of nanoscale structural 

features on the dynamic mechanical properties of nacre and offer novel design concepts for the 

manufacturing of bio-inspired composites for high-performance damping applications. 

4.1 Introduction 
Nacre is well known for its remarkable fracture toughness29,30,33,161,162. The toughness of this biological 

material relies on the unique arrangement of inorganic platelets and organic biopolymer in a so-called 

brick-and-mortar architecture. Because the platelets and the biopolymer alone are inherently weak 

and soft, respectively, nacre offers a unique example of how microstructural design can be exploited 

to reach outstanding mechanical properties. This has motivated researchers to create biologically 

inspired composites that replicate some of the structural design principles of nacre and thus produce 

materials with enhanced mechanical performance or more sustainable resources40,137,146,151. Nanoscale 

features of the brick-and-mortar structures, such as platelet-connecting mineral bridges and nano-

asperities on the platelet surface, were found to be crucial for the high fracture toughness of 

nacre29,31,163,164. While extensive research has been dedicated to unveiling the design principles 

underlying the high fracture toughness of nacre, much less is known about the dynamic properties, in 

particular the damping behaviour, of nacre and nacre-like composites. 

Damping is essential for the safe operation and for vibration control in many modern technologies and 

structures, including earthquake-proof buildings127, structural parts of aerospace vehicles126 and 

motion control systems125. Since they are exposed to high mechanical loads, structures used in these 

applications also need materials with high stiffness. Combining damping and stiffness is a challenging 

task, because these properties are often antagonistic in a single material. Composites can be designed 

to circumvent the usual damping-stiffness trade-off, making them attractive choices for such 

applications123. Laminates of stiff and compliant multilayers133 and polymers reinforced with flax 

fibres59 are typical examples of composites with high damping performance through development of 

high shear strains in dissipative phases of their microstructure. Notably, nacre displays damping 
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behaviour comparable to the best-performing synthetic composites124,165,166. However, the design 

principles responsible for such high damping performance are not yet fully understood. 

Recent micromechanical models suggest that the damping properties of biological materials, such as 

bone and nacre, rely on their staggered platelet architecture97,109�t111. Upon mechanical loading, a 

staggered arrangement of stiff elements in a compliant matrix leads to stress transfer between 

platelets and shear within the polymer matrix. The mechanical properties of such model composite is 

dominated either by the stiff platelets or the compliant matrix, depending on the level of overlap 

between platelets, their aspect ratio, and the material properties of the constituent phases97. Under 

matrix-dominated conditions, the model predicts a simultaneous increase in stiffness and dissipation 

upon increasing stress transfer between the stiff platelets. Recent experiments have confirmed this 

prediction in platelet-reinforced polymers with a nacre-inspired structure124. Despite the unusual set 

of mechanical properties achieved, the relatively low volume fraction of stiff platelets in the polymer 

(up to 30 vol%) has limited the damping performance of the composite. Moreover, the role of 

nanoscale structural features such as mineral bridges and nanoscale asperities on the damping 

performance of biological nacre and nacre-like composites has not yet been investigated. 

Here, we study the effect of mineral bridges and nanoscale asperities on the damping behaviour of 

nacre-like composites. Using a magnetic-assisted manufacturing process, nacre-like composites with 

high volume fraction of platelets and variable nanoscale structural features were prepared and 

experimentally evaluated. The fractions of mineral bridges and nano-asperities generated under 

different manufacturing conditions were assessed by image analysis of the nacre-like microstructures. 

Dynamic mechanical analysis was conducted to quantify the damping properties of the composites 

and correlate them with the nanoscale structural features. Finally, the damping performance of our 

nacre-like composites is compared to those of other synthetic and biological reference materials. 

4.2 Results and Discussion 
Nacre-like composites were manufactured using the previously reported Vacuum-Assisted Magnetic 

Alignment (VAMA) technique (Figure 4-1a)48,52. In this approach, anisotropic particles suspended in a 

liquid are first assembled into an aligned structure by performing vacuum-assisted filtration under an 

external rotating magnetic field. When platelet-shaped particles are used, the rotating frequency of 

the applied magnetic field is tuned to ensure the bi-axial alignment of the suspended platelets parallel 

to the bottom of the filter47,49. The magnetically assembled structure is then subjected to a hot-

pressing process at temperatures in the range 700-1000�qC to obtain a porous, mechanically stable 

brick-and-mortar scaffold. In this step, the volume fraction of particles in the assembly is increased 

and strong interconnections between the particles are built. Finally, the pores of the hot-pressed 

scaffold are infiltrated with a reactive liquid resin, which is thermally polymerized to generate the 

nacre-like composite. 

In order to prepare nacre-like composites with nanoscale structural features, we use titania-coated 

alumina platelets as anisotropic particles in the VAMA process. Such platelets are rendered magnetic-

responsive by suspending them in water and electrostatically adsorbing superparamagnetic iron oxide 
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nanoparticles (SPIONs) on their surface to enable field-induced alignment. The titania coating is crucial 

to create the nacre-like nanoscale features. During the hot-pressing step, this coating undergoes 

dewetting from the alumina surface, leading to the formation of titania mineral bridges and nano-

asperities between and on the surface, respectively, of the platelets within the brick-and-mortar 

structure (Figure 4-1b). Importantly, the mineral bridges and nano-asperities are not disturbed during 

the subsequent infiltration process, resulting in a unique nacre-like microstructure after the final 

polymerisation step. 

 

Figure 4-1 Manufacturing and structural features of nacre-like composites. (a) Schematics of the vacuum-

assisted magnetic alignment (VAMA) process used to generate brick-and-mortar architectures with high volume 

fraction of inorganic platelets. (b) Illustration of the structural features formed within the brick-and-mortar 

architecture upon dewetting of the titania coating from the surface of the alumina platelets. 

The volume fraction of inorganic phase and the density of mineral bridges and nano-asperities formed 

in the nacre-like structure depends directly on the temperature and pressure applied during the hot-

pressing step. To systematically study the effect of mineral bridges and nano-asperities on the 

mechanical properties of the nacre-like composites, we selected temperature/pressure conditions 

that lead to a constant inorganic phase fraction of 60 vol% after hot-pressing36. A constant pressure of 

20 MPa was required to reach this volume fraction of solids in the scaffold pressed up to 800�qC. Above 

this temperature, partial softening of the titania phase led to a reduction of this critical pressure 

needed to achieve 60 vol% solids, as the pressing temperature was increased. This resulted in the 
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following sets of temperature/pressure conditions for the preparation of the iso-dense scaffolds: 

700 �qC/20 MPa, 750 �qC/20 MPa, 800 �qC/20 MPa, 850 �qC/17.5 MPa, 900 �qC/15 MPa, 1000 �qC/5 MPa. 

Scanning electron microscopy (SEM) images of the cross-sections of scaffolds processed at these 

different conditions provide important insights into the evolution of the brick-and-mortar 

microstructure for increasing temperatures (Figure 4-2a-c). High temperatures are crucial to promote 

dewetting of the titania layer from the alumina platelet, thus enabling the formation of mineral 

bridges, nano-asperities or inter-platelet thin films. In specimens pressed at 800 �qC or below, we found 

that the dewetting process leads predominantly to the formation of mineral bridges. Such bridges 

result from the dewetting of the titania coating from platelets in close proximity. For higher processing 

temperatures in the range 800-900 �qC, both mineral bridges and nano-asperities are observed. Nano-

asperities emerge when adjacent platelets are too far to establish a mineral bridge upon dewetting of 

the titania coating. Increasing the temperature to 1000 �qC caused extensive clustering of the platelets 

and partial distortion of the initial brick-and-mortar structures. This likely results from high capillary 

forces acting on the relatively soft titania phase. 

To better evaluate these qualitative trends and quantify the density of nanoscale features for the 

distinct scaffolds, we performed image analysis on specimens prepared at different temperatures. 

Following our earlier work36, image analysis was used to measure the size of the titania features 

observed within the brick-and-mortar microstructures (Figure 4-2d-f). The size of the titania features 

provides a simple way to differentiate between the different possible nanoscale structures present in 

the scaffold. Features smaller than 75 nm correspond to titania coatings in low-temperature 

specimens and thin films between platelets for high-temperature samples. Mineral bridges are 

identified from titania features between 75 and 150 nm in size. Finally, titania feature sizes larger than 

150 nm are assigned to nanoscale asperities. The frequency of titania features within these specific 

size ranges was divided by the total number of detected features to obtain the fraction of nanoscale 

structural elements in every specimen (see Supporting Information, section 4.5). 

Our microstructural analysis reveals that the fraction of mineral bridges gradually increased from 0.36 

to 0.62 as the processing temperature is increased up to 900 �qC (Figure 4-2g). Notably, this trend is 

accompanied by an increase of the fraction of nano-asperities from 0.01 to 0.23 within the same 

temperature range (Figure 4-2h). Such structural features are formed at the expense of titania coatings 

and inter-platelet thin films, the fraction of which decreases from 0.62 to 0.11 when the temperature 

is increased from 700 �qC to 900 �qC. The platelet clustering effect observed in samples pressed at 

1000 �qC was found to affect predominantly the relative ratio between mineral bridges and nano-

asperities. This ratio drops from 4.1 for specimens processed at 900 �qC to 3.5 for samples prepared at 

1000 �qC. 
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Figure 4-2 Microstructural analysis of scaffolds used for the manufacturing of nacre-like composites. (a-c) 

Representative scanning electron microscopy (SEM) images of scaffolds obtained by hot-pressing assembled 

platelets under distinct temperatures and pressures. (d-f) Size distribution of titania features obtained by image 

analysis and used to estimate the fractions of mineral bridges and nano-asperities within the brick-and-mortar 

structures. (g) Fraction of mineral bridges, nano-asperities and thin films or coatings of specimens prepared at 

different temperatures and pressures. (h) Observed experimental correlation between the fraction of mineral 

bridges and of nanoscale asperities in the investigated composites. 

The ability to systematically vary the microstructure of the brick-and-mortar scaffolds while keeping 

the inorganic phase content fixed opens the possibility to study the effect of structural features on the 

damping behaviour of nacre-like composites. To this end, scaffolds prepared at different 

temperature/pressure conditions were infiltrated and polymerized to generate a series of nacre-like 

specimens for mechanical testing. The damping properties of samples pressed at temperatures ranging 
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from 700 and 900 �qC were characterized by dynamic mechanical analysis using a three-point-bending 

configuration. The response of the nacre-like composites to an oscillating mechanical stress was 

quantified in terms of the storage modulus (�' �ñ), the loss modulus (�' �ñ�ñ) and the dissipation factor 

(�–�ƒ�•�Ü
L �' �ñ�ñ�' �ñ�¤ ). 

The experimental results show that composites prepared from scaffolds pressed at 850, 900 and 

1000 �qC display higher storage modulus, loss modulus and dissipation factor in comparison to the 

samples obtained at lower temperatures (700, 750 and 800 �qC, Figure 4-3a-c). The simultaneous 

increase in stiffness (�' �ñ) and damping losses (�–�ƒ�•���:�A�;) for specimens processed at higher temperatures 

is remarkable in view of the usual trade-off observed for these two mechanical properties. Importantly, 

the high volume fraction of inorganic phase of these composites (60 vol%) leads to stiffness levels that 

are 6.3-times higher compared to previously reported nacre-inspired composites containing 30 vol% 

platelets (see Chapter 2). 

Besides the higher volume fraction of inorganic phase, our nacre-like composites clearly benefit from 

the formation of nanoscale features within the brick-and-mortar structure. The evaluation of the 

independent effects of these structural features on the mechanical properties of the composites is 

challenging because they tend to vary simultaneously upon increasing processing temperature (Figure 

4-2h). Therefore, the possible roles of mineral bridges and nano-asperities on the storage modulus, 

loss modulus and dissipation factor of the brick-and-mortar structures are discussed here in light of 

earlier studies on similar nacre-like composites. 

The damping properties of nacre-like composites have been theoretically investigated using shear lag 

micromechanical models applied to staggered platelet architectures97,108,110,111. While the influence of 

mineral bridges and nano-asperities have not been explicitly considered, these models provide insights 

into the role of other related microstructural parameters, such as the aspect ratio (�é) and the overlap 

length between platelets (�.). For a given set of material properties, the storage modulus of brick-and-

mortar composites generally increases with �é and �., since larger aspect ratios and inter-platelet 

overlap length enhance stress transfer to the stiff elements of the staggered structure. In contrast, the 

loss modulus of such architectures shows a maximum at a critical aspect ratio (�é�Ö) or critical overlap 

length (�.�Ö). For �. 
P�.�Ö (or �é
P�é�Ö), the mechanical properties are dominated by the stiff platelets of 

the composite. Conversely, the compliant matrix controls the mechanical response when �. 
O�.�Ö (or 

�é
O�é�Ö). In the matrix-dominated regime, theory predicts that both the storage and loss modulus 

increase with �. and �é. 

Since mineral bridges and nano-asperities are expected to increase stress transfer between platelets 

and at the platelet/matrix interface, we hypothesize that these structural features should have a 

similar effect as the aspect ratio and the inter-platelet overlap length on the mechanical properties of 

the composites. Plotting the storage and loss modulus data against the fraction of mineral bridges and 

nano-asperities reveals experimental correlations that support this hypothesis (Figure 4-3d-g). The 

more efficient stress transfer in the presence of mineral bridges has been proposed in earlier 

micromechanical studies163 and is in good agreement with previously reported experimental data on 
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similar nacre-like composites36. Nano-asperities should promote stress transfer by enhancing the shear 

stresses at the platelet-matrix interface through increased friction or interlocking mechanisms, an 

effect that has also been considered in earlier modelling work31. Overall, the experimentally observed 

increase in loss modulus for specimens containing larger fractions of mineral bridges and nano-

asperities suggest that the dynamic properties of our composites are dominated by the polymer 

matrix.  

 

Figure 4-3 Damping behaviour of nacre-like composites. (a) Storage modulus (�' �ñ), (b) loss modulus (�' �ñ�ñ) and (c) 

dissipation factor (�P�=�J�:�Ü�;) of specimens processed at different temperatures and pressures. (d-g) Experimental 

correlations between the (d,e) storage modulus and (f,g) the loss modulus of the nacre-like composites with the 

fractions of mineral bridges and nano-asperities. 

To compare the damping behaviour of the nacre-like composites with that of other structural 

materials, we display our experimental data on an Ashby plot together with previously reported results 

(Figure 4-4). The reference materials include biological composites, such as nacre, bone and wood, as 

well as platelet-reinforced polymers inspired by nacre. Data for flax-based natural composites known 

for their outstanding damping performance are also depicted in the diagram. Because damping 

materials used in structural applications need to be simultaneously stiff and dissipative, we use the 

product �' �ñ�–�ƒ�•���:�Ü�; as a figure of merit for the damping performance. This product is numerically 
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equivalent to the loss modulus (�' �ñ�ñ), which is therefore taken as performance indicator in our 

comparison. 

The Ashby plot indicates that the nacre-like composites with high fraction of mineral bridges and nano-

asperities outcompete all other structural materials in terms of damping performance. With a loss 

modulus (�' �ñ�ñ) of 2.74 GPa, the composites processed at 850 �qC perform 5.3-times better in comparison 

to high-damping flax fibre-reinforced laminates, while still keeping a high storage modulus of 83 GPa. 

Notably, these remarkable properties do not depend on the loading direction, which is a major 

advantage compared to the highly anisotropic mechanical properties of the unidirectionally reinforced 

flax-based composites considered in the analysis. Because it contains alumina platelets that are 3.3-

times stiffer than calcium carbonate bricks, the �' �ñ�ñ value of our best composite is also 2.4-fold higher 

than that of natural nacre, which has the highest storage modulus among the biological composites. 

The high damping performance of the composites developed in this study illustrate the effectiveness 

of mineral bridges and nano-asperities in enhancing mechanical properties that are often antagonistic 

in synthetic materials. Fine-tuning these nanoscale structural features or implementing them in other 

composites may lead to bio-inspired materials with further improved damping behaviour. 

 

Figure 4-4 Ashby plot displaying the damping properties of the nacre-like composites compared to other bio-

inspired and synthetic materials. Data were obtained from Lakes117, CES EduPack112 and Chapter 2. The numbers 

depicted inside circles correspond to the volume fraction of stiff reinforcing particles added to the respective 

composite. Experimental values were measured at 25 °C. 
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4.3 Conclusions 
In summary, the incorporation of mineral bridges and nano-asperities in brick-and-mortar structures 

with a high volume fraction of platelets (60 vol%) enables the fabrication of nacre-like composites with 

unprecedented damping performance. The enhanced damping behaviour of such composites results 

from the ability of mineral bridges and nano-asperities to increase stress transfer between platelets 

and at the platelet-matrix interface, respectively. Because the mechanical properties of the composites 

are dominated by the compliant polymer matrix, the improved stress transfer enables a simultaneous 

increase of the storage and loss modulus of the structure. Such a behaviour contrasts with the 

antagonistic relationship between stiffness and energy dissipation typically found in conventional 

synthetic materials. By experimentally demonstrating the potential of mineral bridges and nano-

asperities in enhancing stiffness and dissipative losses, this study places materials in an unexplored 

area of the Ashby design diagram and sheds light into another unique design concept of mollusk shells, 

thus providing useful guidelines for the manufacturing of future composites with ultra-high damping 

performance. 

4.4 Materials and Methods 

4.4.1 Materials 

Titania-coated alumina microplatelets (Xirallic Crystal Silver T-50, Merck GmbH, Germany) were made 

magnetically responsive through the electrostatic surface adsorption of superparamagnetic iron oxide 

nanoparticles (SPIONs), as described by Erb et al.48. Dry magnetized platelets (20 g, 5 vol%) were 

suspended by vigorous stirring in a 100 ml aqueous solution containing 2% poly(vinyl alcohol) (MW = 

13-23 kDa, Sigma Aldrich, Germany), 1% poly(acrylic acid) sodium salt (MW = 8 kDa, Polysciences, USA). 

The resulting suspension was stirred for 24 hours to avoid platelet agglomeration. One drop of an 

antifoaming agent (Antifoam 204, Sigma Aldrich, Germany) was added 5 minutes prior to the magnetic 

alignment step used to prepare the aligned scaffolds for sintering. 

4.4.2 Vacuum-assisted magnetic alignment 

Inorganic scaffolds with aligned alumina platelets were produced using the vacuum-assisted magnetic 

alignment (VAMA) approach reported in our earlier work36,52. To prepare the aligned scaffolds for the 

subsequent sintering and resin infiltration steps, the platelet suspension was cast into the funnel of 

the vacuum filtration set-up. The funnel was equipped with filter paper to allow for a sealed system 

under the weight of the suspension. The setup was encircled by four solenoids that were externally 

controlled to generate an in-plane rotating magnetic field. A distinct colour change was observed 30 

seconds after the start of the VAMA process. Since the platelets became more reflective when 

oriented, this colour shift indicates their alignment within the plane of the rotating magnetic field. The 

aligned platelets were subsequently consolidated into a disc-shaped compact (46 mm diameter) by 
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pulling vacuum at 100 mbar for 25 minutes. The vacuum led to the removal of excess liquid of the 

suspension, leading to a mechanically stable scaffold after drying. 

4.4.3 Drying and sintering 

Aligned scaffolds were pre-fired in air at 500 °C for 3 hours to remove the organic phase before 

transferring to a spark plasma sintering (SPS) oven (HP D 10, FCT Systeme GmbH, Germany). Samples 

were sintered in a 50 mm nitrogen-purged graphite die at varying temperatures and pressures. 

Processing conditions were optimised to achieve nacre-like composites with a platelet volume fraction 

of 60% 36. To this end, the following temperature/pressure (°C/MPa) combinations were used in this 

study: 700/20, 750/20, 800/20, 850/17.5, 900/15 and 1000/5. The heating and cooling rates were set 

to 100°C/min to ensure stable crack-free scaffolds after the sintering process. 

4.4.4 Matrix infiltration  

The infiltration of the inorganic scaffold was carried out in an oil-bath press (KIP 100E, P.O. Weber, 

Germany) that allows for the application of isostatic pressure. For pressing, a sintered scaffold and a 

commercial epoxy (Sikadur-300, Sika, Switzerland) were placed in an evacuated minigrip bag, which 

was wrapped by a nitrile bag to prevent resin leakage. The final pressing force of 800 kN was reached 

by gradually increasing the force in 100 kN increments including a dwell time of 30 seconds. This 

method was found to be crucial to avoid damaging of the scaffold through excessive build-up of 

pressure. To ensure complete impregnation, 800 kN pressing force was applied for 10 minutes. The 

infiltrated scaffolds were then placed in silicone moulds filled with degassed liquid resin and were 

subsequently oven cured at 70 °C for 5 hours under vacuum. This resulted in a porosity of less than 

0.2% in the final infiltrated scaffolds. The glass transition temperature of the epoxy matrix when 

processed under the described processing conditions is expected to be 53 °C. 

 

4.4.5 Mechanical characterisation 

Dynamic mechanical analysis (DMA) was performed using a three-point bending setup with a 20 mm 

span (Q800 instrument, TA Instruments). The specimens were pre-loaded with a flexural force of 0.1 

N to conduct the measurement in the positive deflection regime. Amplitude frequency sweeps were 

carried out with a frequency range of 1 - 100 Hz at constant amplitude of 10 µm. The storage modulus 

�' �", the loss modulus, �' �# and the loss factor, �–�ƒ�•�:�Ü�;, were calculated as the mean obtained from a total 

of six measurements for each sample configuration. Here, the viscoelastic properties at 10 Hz were 

extracted and considered for the comparison. 

4.4.6 Microscopy and image analysis 

Quantification of titania feature sizes was performed by image analysis of scanning electron 

micrograph (SEM) cross sections. Cross sections for microstructural analysis were flat polished with a 
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broad ion beam (BIB) mill (IM4000, Hitachi, Japan) and imaged using a scanning electron microscope 

(GeminiSEM 450, Zeiss, Jena, Germany). To better differentiate the alumina platelets, the titania 

coating and the epoxy matrix, the samples were not coated before imaging. This led to a strong 

contrast between the bright alumina platelets and the dark epoxy phase. Images were prepared for 

quantitative analysis using the threshold, median and erode functions of the Fiji software package167. 

Six 8-bit images obtained through this process were combined to a cluster of images and the thickness 

of high-���}�v�š�Œ���•�š�����Œ�����•�������š���Œ�u�]�v�������µ�•�]�v�P���&�]�i�]�[�•���o�}�����o���š�Z�]���l�v���•�•���(�µ�v���š�]�}�v168. Thicknesses were categorised 

in a histogram with a bin number of 50. Considering the magnification of the SEM image, the feature 

sizes could be computed in nanometre scale, which allowed for the assignment of the four titania 

feature types: unconnected continuous coatings, mineral bridges (connected asperities), nano-

asperities (unconnected asperities) and thin films between platelets. The proportion of mineral bridges 

and thin films between platelets with respect to all the titania features was taken as the fraction of 

mineral bridges (�Û�à�Õ), whereas the fraction of nano-asperities (�Û�Ô�æ�ã) was considered to be the 

proportion of unconnected asperities relative to all the titania features (see Supporting Information, 

section 4.5). 

4.5 Supporting Information 
The fraction of mineral bridges (�Û�à�Õ) and of nanoscale asperities (�Û�Ô�æ�ã) was calculated from the size 

distribution of titania features (Figure 4-2d-f) using the following equation: 

 �Û�à�Õ 
L
�Ã�I�>

�Ã�I�> 
E�Ã�P�B
E�Ã�=�O�L
 (4.1) 

and 

 �Û�Ô�æ�ã
L
�Ã�=�O�L

�Ã�I�> 
E�Ã�P�B
E�Ã�=�O�L
 (4.2) 

 

where:  �Ã�I�> is the sum of pixels in mineral bridges (feature size between 75 and 150 nm) 

  �Ã�P�B is the sum of pixels in thin films between platelets (feature size <75 nm) 

  �Ã�=�O�L is the sum of pixels in nanoscale asperities (feature size >150 nm) 
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__________________________________________________________________________________ 

Chapter 5 Conclusions 
__________________________________________________________________________________ 

Conclusions 
Synthetic composites with enhanced damping performance can be manufactured by mimicking the 

design principles of biological materials or by harnessing the intrinsic damping properties of natural 

fibres. In this thesis, such strategies were shown to be effective means to overcome the well-known 

trade-off between mechanical stiffness and damping response of conventional materials. 

The stiffness and damping behaviour of nacre-inspired composites was first investigated by simple 

casting and alignment of magnetically responsive alumina platelets in an epoxy matrix (Chapter 2). In 

this bio-inspired approach, an external magnetic field is used to promote the in-plane orientation of 

platelets into a staggered configuration that conceptually mimics the architecture of nacre. We 

showed that the stiffness of the resulting nacre-inspired composites can be increased by up to 3.5 

times without compromising the high damping provided by the dissipative polymer matrix. A simple 

micromechanical model for composites with a staggered architecture captures reasonably well the 

behaviour of the bio-inspired composites under oscillatory loading. According to this model, the 

damping performance of the composite should be maximised at an optimum aspect ratio and optimum 

volume fraction of the stiff phase. This results from the fact that the mechanical properties of the 

staggered composite are either governed by the softer matrix or by the harder platelets. In agreement 

with this model, we experimentally found that it is very important to carefully design the architecture 

�}�(���š�Z�������}�u�‰�}�•�]�š���������•�������}�v���]�š�•�����}�v�•�š�]�š�µ���v�š���u���š���Œ�]���o�•�X���d�}�����}�‰�Ç���v�����Œ���[�•���•�š�Œ�µ���š�µ�Œ�����‰���Œ���•�����]�•���P���v���Œ���oly not a 

valid path towards high damping materials. Instead, one should replicate the structural design principle 

to fully exploit the energy dissipation potential of brick-and-mortar staggered structures. Because of 

the different constituent materials involved, we found that the optimum aspect ratio of our alumina-

reinforced epoxy composites is about half that of the aragonite tablets found in the nacreous layer of 

mollusk shells. 

To harness the intrinsic damping capabilities of natural fibres, we also investigated the mechanical 

properties of hierarchical flax-reinforced laminates (Chapter 3). The damping performance of flax fibre-

reinforced plastics are one order of magnitude higher than those of conventional synthetic fibre 

composites. Such flax-based composites also challenge the high damping properties of naturally 
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occurring materials such as nacre. However, a common problem in unidirectional composites is the 

weaker transverse direction. This thesis shows that the transverse properties of unidirectional flax-

reinforced polymers can be increased by introducing ultra-high modulus discontinuous carbon fibres 

with controlled orientation in such composites. Tape casting or 3D printing were found to be suitable 

processing routes to control the orientation of the carbon fibres relative to the flax fibre bundles. 

Ultimately, orthogonal hierarchical composites show enhanced transverse stiffness and mechanical 

strength without compromising the properties along the stronger longitudinal direction. In terms of 

damping, a co-aligned fibre architecture significantly increases the longitudinal performance of the 

hierarchical composite, whereas an orthogonal fibre design reduces the damping performance gap 

between longitudinal and transverse loading conditions. The vast design freedom provided by the 

carbon fibre orientation allows us to fabricate hierarchical carbon/flax composites with tailored 

unprecedented properties. In addition to forming interlayers between unidirectional flax bundles, 

carbon fibre fillers can also be used in 3D printable inks to create reinforcing ribs on the surface of flax-

based laminates. This design significantly increases the bending stiffness of thin shell structures made 

of flax fibre composite, as predicted by simple beam theory. 

Materials with damping performance that surpass biological and flax-based composites can be 

manufactured by replicating the nanoscale microstructural features present in the brick-and-mortar 

architecture of nacre. This was demonstrated in this thesis using a manufacturing technique previously 

developed to create materials with a highly mineralised staggered architecture of interconnected 

platelets (Chapter 4). Microstructural features such as platelet bridges and nano-asperities lead to an 

increased stress transfer between platelets and between the matrix and platelets. Because the 

mechanical properties of our nacre-like architecture are controlled by the compliant polymer phase, 

the improved stress transfer enables a simultaneous increase in storage and loss modulus of the 

composite. This bio-inspired strategy allows for the fabrication of nacre-like composites with storage 

modulus as high as 83 GPa, combined with a damping loss factor of 0.033 and a loss modulus of 2.74 

GPa. This loss modulus value represents a new record for structural materials and is in strong contrast 

with the antagonistic relationship between stiffness and energy dissipation typically found in 

conventional synthetic materials. By experimentally demonstrating the potential of mineral bridges 

and nano-asperities in enhancing stiffness and dissipative losses, this study places our composite 

materials in an unexplored area of the Ashby design diagram.  

Overall, the research presented in this thesis provides useful design strategies and manufacturing 

routes for the development of bio-inspired and hierarchical composites with very high damping 

properties. Our materials not only have properties higher than that of their natural role model, but 

also displays a microstructure that can be tuned to meet damping and stiffness requirements for 

specific structural applications. 
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__________________________________________________________________________________ 

Chapter 6 Outlook 
__________________________________________________________________________________ 

Outlook 
This thesis illustrates the potential of bio-inspired concepts in creating composite materials that 

address the limiting stiffness-damping trade-off of conventional materials. To benefit from this 

knowledge in real applications, further research and development will be needed on the 

manufacturing, characterisation, and computational modelling of the proposed bio-inspired 

composites. The translation of bio-inspired concepts and natural fibre properties into real applications 

has been a challenging engineering task. To address this challenge, the following aspects need to be 

carefully examined in future work:  

The manufacturing techniques that work perfectly well under lab-scale conditions need to first prove 

their applicability for large scale production. Since the staggered platelet architecture, the aligned 

fibres in a laminate and the microstructural features are the key for obtaining enhanced mechanical 

properties, full control over the microstructure of large-scale composites is crucial. To gain such 

microstructural control one has to evaluate the suitability of the casting and alignment process of 

platelet-containing suspensions at larger scales, potentially exploring methods to increase the volume 

fraction beyond the 30 vol% studied in this thesis. To fabricate such large composites, the magnetic 

alignment set-ups have to be adapted or new techniques developed, with the challenge to generate a 

rotating magnet field of controlled amplitude over the entire component. Furthermore, the sintering 

step needed to produce the microstructural features of nacre-like composites limits the size of the 

components that can be manufactured. For an upscaled production, one has to think about alternative 

ways to introduce such features, possibly without the need of high temperatures and high pressures 

as applied in this thesis. 

Secondly, larger samples need adapted characterisation methods and alternatives to currently used 

lab-scale techniques, such as Dynamic Mechanical Analysis. The logarithmic decrement method (LDM), 

for example, is a rather simple method to measure the vibration-decay behaviour on application-

relevant larger samples. With LDM, not only the sample dimensions can be increased but also the 

amplitude of the applied oscillation. Because it can trigger other dissipation mechanisms, the 

amplitude of the mechanical stimulus may have a significant effect on the damping performance of 
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the composite. To study the effect of large amplitudes on the damping behaviour of the composite, 

samples can also be characterised under continuous harmonic excitation conditions using the vibration 

beam analysis. It is important to note that LDM measurements rely on the vibration of the sample at 

the natural frequency of the structure. Therefore, the effect of frequency can only be investigated by 

changing the dimensions or underlying microstructure of the composites. Measuring vibrating beams 

over long periods will provide insights into the longevity of the damping performance and will show 

how fatigue may adversely affect the damping behaviour. 

Finally, future work using computational techniques should enable the design of more elaborate 

microstructures and the prediction of their mechanical properties. Such techniques will enable 

modelling of complex loading scenarios typical of real applications. Moreover, computational methods 

require usually only a small number of experimental data to identify structure-property correlations 

of the composite. This would significantly reduce experimental effort and greatly facilitate the design 

of tailored structures. Because of the vast parameter space available for the design of bio-inspired 

composites, computational approaches will be crucial to explore candidate structures that can be later 

experimentally tested. This computational exploration is especially relevant for structures that 

combine tailored microstructures with complex macroscopic geometries. In this context, specific 

applications such as plane wings and helicopter rotor blades might benefit from inspiration taken from 

the complex structure and geometry of birds and flying insects that can actively control the 

morphology and hence the damping behaviour of their wings. One could imagine combining such 

concepts of active structural adaptation with high damping materials to design structures capable of 

large dissipation of energy on demand. 

With this outlook ideas I hope to inspire more people and researchers to dive into the world of 

vibration, energy dissipation and sustainable materials needed to create the next generation of 

mechanical systems with excellent vibration damping performance. 
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