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ABSTRACT 

 

ADOPTING MULTIFUNCTIONAL MATERIAL SYSTEMS 

 

 

 

Ferreira, André Duarte 

M.S., Department of Mechanical Engineering 

Supervisor: Prof. Dr. A.T. Marques 

 

 

July 2015, 174 pages 

An increase in system-level efficiency and polyvalence of products and components is 

one of the main advantages of the use of some novel polyvalent materials and structures. 

This polyvalence or multifunctionality is currently a hot topic in science and engineering 

circles and is gathering increasingly more attention. Presently this multifunctionality can 

be achieved by stimuli responsive materials such as temperature, stress and light, by 

using shape memory materials, by using surface structures with anti-biofouling and 

drag reduction capabilities, among many others. In this dissertation, an overview is pre-

sented of the topic, including state-of-the-art review, challenges, suggestions and pro-

posed methods to overcome them and to increase innovation in developing both these 

materials and structures and the products that contain them. 

Keywords: multifunctional composites; multifunctional structures; multifunctional ma-

terials; material innovation; product innovation. 
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RESUMO 

 

ADOTANDO SISTEMAS DE MATERIAIS MULTIFUNCTIONAIS 

 

 

 

Ferreira, André Duarte 

Mestrado Integrado Engenharia Mecânica 

Orientador: Prof. Dr. A.T. Marques 

 

 

Julho de 2015, 174 páginas 

 

Um aumento da eficiência total dos sistemas e a polivalência de produtos e componentes 

é uma das principais vantagens do uso dos novos materiais e estruturas com funciona-

lidades múltiplas. Esta polivalência ou multifuncionalidade está cada vez mais a ganhar 

mais atenção nos círculos científicos e de engenharia em todo o mundo. Atualmente esta 

multifuncionalidade pode ser conseguida pelo uso de materiais sensíveis a estímulos, 

tais como temperatura, tensão e luz, pelo uso de materiais com memória de forma, pelo 

uso de estruturas superficiais com capacidades antibacterianas e de redução de arrasto, 

entre muitos outros. Nesta dissertação é apresentada uma visão geral do tópico, inclu-

indo o estado da arte, desafios a vencer, sugestões e métodos para os ultrapassar e para 

aumentar a inovação na criação de novos materiais ou estruturas multifuncionais e pro-

dutos que os contenham.  

Palavras-chave: compósitos multifuncionais; estruturas multifuncionais; materiais mul-

tifuncionais; inovação de materiais; inovação de produtos. 
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Chapter 1 Introduction 

1.1 Motivation 

Humans are great at taking lumps of stuff and making them useful. This ability to design 

and engineer products from the basic materials around us is one of the things that has 

enabled our civilization to become what it is. We have been incredibly successful in add-

ing value to the material we mine, grow or collect. 

If we roughly plot the discovery of materials against time (Fig. 1), we get a graph in 

accordance to the law of accelerating returns proposed by Kurzweil according to which 

the rate of change of the growth of technologies tens to increase exponentially [1, 2]. 

The stone, bronze and iron ages are periods belonging to the three age system of archae-

ology, which takes into account the most prominent materials at each stage. After the 

long Stone Age, copper is credited as the first metal ever used by humans. Bronze came 

soon after and really impacted the world at that time, being a landmark in human 

achievement. Since then, man has been experimenting with one form of alloy or the other 

with the sole reason of improving their properties. Then polymers started gradually ap-

pearing and with them advanced composites. After the first three ages, no material has 

yet been given the honor of being the current most important, but one could argue it is 

silicon. Another aspect we can observe is that for the longest time in our history, the vast 

majority of materials have had only one function, and that’s structural. As time pro-

gressed, as new materials were discovered and human knowledge increased, materials 

started performing new functions, such as thermal resistance and conducting electricity, 

sometimes simultaneously. We’re now very close to another phase, as new revolutionary 

are discovered, such as carbon-based nanocomposites, and our ability to tailor the exist-

ing ones, especially at the small size scales, improve. If we are to approach ideality, and 

that’s the path technology seems to be headed because that’s where it has been moving 

towards to [3], it is to expect that all materials and structures perform several functions, 

meaning that in the future most, if not all, materials and structures will be multifunc-

tional.  
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Fig. 1 – A material-based age classification according to the law of accelerating returns. Based on 

[4]. Images from [5-15] . 

Materials that have as their main function to bear loads are denominated “structural 

materials” and they generally have a few good mechanical properties such as high 

strength, stiffness, fatigue resistance, fracture toughness, ductility, damping, tenacity 

and thermal stability. There is a tendency in some engineering fields to give more im-

portance to the structural functional but I am of the opinion that other functions are just 

as important and as the time passes may tend to be even more so. The semiconducting 

ability of silicon is such an example. For this reason, in this dissertation, all functions will 

be given equal importance.  

In Fig. 2 a schematic of the exterior of an airplane wing is presented and the description 

of the function of each part. We can see that currently these wings have several inde-

pendent parts each for a different function. Each of these separate parts require inde-

pendent electrical wiring, actuators and structural materials. The problem with this is an 

increased drag and weight which reduce flight endurance time and increase complexity, 

which increases cost and time to design and manufacture.  

When metals are used, lots of small parts are preferred. One of the reasons is that in large 

parts it’s harder to predict crack propagation. Co-bond is when you have two already 

cured parts and you want to cure those two parts together (into one). So, in composites 

you can co-cure or co-bond a structure reducing the number of parts. 

Nevertheless, the fact that we’re using different parts to perform different functions is 

very inefficient because each of those parts is not good at anything other than its func-

tion. Now, the wings are just one part of one of the subsystems of the airplane (Fig. 3). 

For example, the wires needed to conduct electricity for the actuators, apart from con-

ducting electricity are a dead weight for the aircraft costing tons of CO2 per year to the 

atmosphere for the excess of fuel needed to move them. 
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Fig. 2 – An aircraft wing is today constituted by several movable independent parts which increases 

complexity, weight, and cost. Adapted from [16]. 

If we are to move to more efficient systems, one requirement is then the use of multi-

functional materials and structures. As we will see, we are now in another turning point 

in materials science – the discoveries of novel materials, the exponential increase in com-

putation power, as well as the discoveries of the functioning principles of biological sys-

tems susceptible of biomimetics as well as the unprecedented good means of sharing 

knowledge are the greatest contributors to this change. 

 

Fig. 3 – Example of the aircraft hierarchical subsystems. Adapted from [17]. 

 

1 – Winglet: keeps high pressure air under the wing 

from spilling over the wingtip and robbing the tip of 

the lift or creating drag and vortices 

5 – Kruger flap: hinged leading edge flap increases lift 

while slow, stowed while fast to reduce drag 

2 – Low speed aileron: wider for increased lift; placed 

at wingtip for better control at slower speeds 

6 – Slats: sliding leading edge flap increases lift while 

slow, stowed while fast to reduce drag 

3 – High speed aileron: narrow for reduced drag; 

placed closer to fuselage to reduce overcontrol at 

higher speeds 

7 and 8 – Three slotted flaps: increase lift at slower 

speeds; increase stall speed; slotted configuration al-

lows more surface area to be deployed 

4 – Flap track fairing: houses the flap extension mech-

anism since flaps separate from wing edge as they de-

ploy 

9 and 10 – Spoilers: disrupt airflow over the top of the 

wing to dump lift; also provide drag for airbraking. 
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1.2 Objectives 

This work has as its main goals: 

 To identify and define multifunctional material systems; 

 To write a state of the art review of current multifunctional material systems; 

 To present current challenges in adopting and developing multifunctional mate-

rials systems; 

 To propose methodologies as a tool to develop  innovative ideas for a faster and 

better development of healthier, safer, more cost effective and more environmen-

tal friendly products. 

1.3 Structure of this dissertation 

Chapter 2 presents definitions of multifunctional material systems and their state-of-the-

art. The chapter is introduced with the clarification of what constitutes such a system 

and then proceeds by clarifying many concepts that are related. The rest of the chapter 

presents the state-of-the-art. 

In chapter 3 the main challenges to overcome are presented namely related to manufac-

turing and the development of these materials systems. 

Chapter 4 concerns proposed methodologies to solve some of those challenges namely 

creative thinking techniques, taking inspiration from nature, evaluation of performance 

of multifunctional material systems and increasing sustainability. It is wrapped up by 

an example showcasing the integration chapter’s topics. 

In chapter 5 a few provocative ideas are presented where multifunctional material sys-

tems could be used and chapter 6 summarizes and exposes the main conclusions to take 

from this dissertation. 
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CHAPTER 2 

 

 

An Overview of Multifunctional Material Systems 

2.1 Introduction 

In order to adequately convey information, it is essential that the writer conveniently 

removes ambiguity from the terms used. This is particularly important in a newly de-

veloping field such as this of multifunctionality in material science and engineering, 

where many terms are loosely defined, and some concepts don’t even have a term to 

describe it. Then I would like to make some clarifications I feel are necessary to remove 

that ambiguity. 

Multifunctional materials (MFM), Multifunctional composites (MFC) and multifunc-

tional structures (MFS), which I will group into the broader group of multifunctional 

material systems (MFMS), are those which can perform multiple functions that is, that 

are polyvalent.  

 

Fig. 4 – Basic nomenclature explanation. 

The definition of material systems (MS) in this context encompasses materials, compo-

sites and structures (Fig. 4). The necessity for this definition arose because we could have 

for example a unifunctional ceramic with a textured surface and an internal structure of 

a nanolattice. It wouldn’t be correct to call it a MFM because the multifunctionality arises 

Material System 

Material + 

Structure 

Each of these 

can be multi-

functional 

Multifunctional 
Material System 

refers to either 

of these 

Structure Material Composite 

Composite + 

Structure 
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both from the material and the structure. An example of a MFM would be CNTs which 

inherently have high mechanical strength and electrical conductivity or PZT which can 

provide both sensing and actuation. An example of a MFC would be epoxy/CF+(Fe pow-

der) (mechanical strength and electrical conductivity), and an example of a MFS would 

be shark denticles (providing anti-bioufouling and reducing drag). The definition of 

MFMS, then, encompasses all of these. 

Another clarification to make is defining exactly what constitutes multifunctionality. 

Some authors consider materials with multiple structural functions (e.g. damping and 

toughness) to be multifunctional, and dividing the functions in two groups: structural 

and non-structural [18, 19] while others treat structural functions like any other [20]. I 

see no reason why structural functions should be treated differently. Otherwise one 

might also divide functions as electrical and non-electrical, or biological and non-biolog-

ical since there are also a lot of electrical and biological functions. So in favoring of equal-

ity, structural functions such as stiffness, strength, ductility and fatigue resistance, here 

will be grouped as one function. 

Some more clarifications will be done, but they will be introduced later on, as first it 

seems more important to discuss some of the properties and advantages of these MFMS 

over unifunctional MS which is the basis for studying them in the first place.  

MFMS approach the concept of ideality by being more autonomous and polyvalent than 

their counterpart unifunctionals. Whereas traditionally monofunctional materials and 

structures have been used in separated parts to perform separated tasks, MFMS allow a 

single part to serve several purposes, some of those eliminating the need of an external 

resource, as we would imagine an ideal material would be. An electrically conductive 

material eliminates the need for wires, a shape morphing eliminates the need for actua-

tors, a flame retardant material eliminates the need for severe fire protection mecha-

nisms, a renewable material minimizes the need for continuing of extraction of raw ma-

terials, and of course a combination of these eliminates the need for all of those and 

maybe some more, because often times the combination of materials can result in new 

functions not present in either of the single materials by themselves. 

The use of MFMS will, and in some cases already do, allow savings in number of parts, 

reducing the need for joining operations. An effective integration should be able to elim-

inate traditional boards, connectors, bulky cables yielding major weight and volume sav-

ings (Fig. 5) increasing system-level efficiency. They should also be vastly more tailora-

ble to the application than current unifunctional materials, because of the wide range of 

combinations of materials and resulting properties and functions (Table 1). 
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Fig. 5 – A multifunctional material system should integrate in itself the functions of two or more dif-

ferent components and/or composites/materials/structures increasing the total system’s efficiency. 

Table 1 – Comparison of tailorability and optimization of different types of materials 

 

Functionally Graded Materials,  

Nanocomposites, Multiscale and 

Hierarchical Composites 

Traditional Composites 

Traditional etals, 

Polymers and Ce-

ramics 

Tailorability of 

the material 

properties 

Changing wt. or v/v %, type, size, 

orientation with or without grading 

of filler/matrix. Design at the mo-

lecular level. 

Changing wt. or v/v % and 

type of filler/matrix 

Alloying, thermal 

treatments 

Optimization of 

parts 

Through grading, stacking orders, 

ply angle, geometry, material and 

structure combination, hierarchy, 

surface utilization 

Through stacking orders, ply 

angle and geometry 

Through geometry 

Ease of adding 

multifunctionality 

   

 

An example of the potential advantages of the use of MFMS can be, seen for example, in 

electric-propelled unmanned air vehicles (UAVs). 

The equation below [21] shows that a decrease in the weight of the aircraft increases by 

1.5 times the flight time whereas an increase in battery capacity only increases the same 

variable by a factor of 1. This supports the notion of combining battery with structural 

parts in order to increase flight time. 

Δ𝑡𝐸

𝑡𝐸
=

Δ(𝐸𝐵𝜂𝐵)

𝐸𝐵𝜂𝐵
−

3

2

(Δ𝑊𝑆 + Δ𝑊𝐵)

𝑊𝑡𝑜𝑡𝑎𝑙
 

𝑡𝐸= flight endurance time 

𝐸𝐵= nominal stored battery energy 

Component 1 

Function:  

Electrical  

conduction (wires) 

Unifunctional 

Composite 1 

Function:  

Structural  

Unifunctional 

Structure 2 

Function:  

Drag reduction 

Multifunctional  

Material System 

Functions: Structural, drag 

reduction, electrical conduc-

tion and sensing 

Component 2 

Function:  

Sensing  

(sensor) 

Easier Harder 
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𝜂𝐵 = efficiency factor of the battery that accounts for the influence of the current draw 

rate, temperature, etc., on the amount of energy that can be extracted from the battery 

𝑊𝑆 = weight of the aircraft structure 

𝑊𝐵 = weight of the battery 

Besides system performance, the reduction in costs, at least in the post-production phase, 

that these composites could bring are also something to think about (Fig. 6).  

 

Fig. 6 – Cost study: Metal vs Composite vs Multifunctional Composite. 

Below is a detailed explanation for each component of the above figure. 

 Raw material: 

o It is to be expected that in most cases different materials will be used in a 

MFMS, because that’s easier than to find a MFM that performs all the de-

sired functions. On the other hand, there are several hierarchical MS be-

ing developed, as we will see, that increase material efficiency, thus using 

less material to achieve a greater performance. It is then unclear where 

would MFMSs stand in terms of raw material costs. Some may be cheaper 

others may be more expensive than current materials, but either way, for 

the same price it is expected that the performance for each function will 

increase, so the value will tend to get better. 

 Fabrication:  

o Currently manufacturing is one the greatest challenges in the production 

of MFMS, and many methods used are expensive and haven’t been trans-

ferred to industry because of scalability problems. It is to be expected that 

these issues eventually subside, but still, since MFMS are of higher com-

plexity than unifunctional ones, it might be the case that their production 
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will also be more expensive and require more expensive tooling. On the 

other hand, with the increasingly improving 3D-printing technology 

some of those difficulties may significantly reduce. 

 Assembly:  

o Assembly should be a clear winner for MFMS. Shape morphing technol-

ogies and multifunctionality reduce the number of articulated and exter-

nal components, which in turn reduce the number of parts and therefore 

joining complexity. For example, if one part made of a MFMS can do func-

tions that used to need 5 different materials/parts, then it’s a 5 fold de-

crease in joining operations. 

 Maintenance:  

o Maintenance is the component where MFMS should shine the most. Be-

cause of their increasingly autonomous status, self-healing/sensing/regu-

lating (homeostasis)/etc., the need for human control should gradually 

decrease, and therefore so should maintenance costs. 

 Non-recurring:  

o The fact that MFMS require an extensive knowledge often from a wide 

range of fields, has to have some impact in the final cost of the material. 

The design phase needs to integrate engineers from several fields as the 

material itself will satisfy the requirements of several functions of differ-

ent schools: electrical, mechanical, biological, environmental, chemical, 

etc. Simulation software, and material databases should get more com-

plex because of this reason. 

 

Fig. 7 – Literature survey on journal articles related to multifunctional composites/structures/materi-

als in Engineering Village, March 2015. 

The promise that these advantages hold have gradually and increasingly come to the 

attention of the scientific community, as we can see on a literature survey conducted this 

years’ March (Fig. 7). 

As the number of people working in a field increases so does the need for clarification. 

By reading several articles and reviews it quickly becomes clear that many terms are 
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used interchangeably with slightly different meanings. For example, the term “smart 

material” is a very lose term whose meaning varies significantly from author to author. 

I believe that as time goes on, and as these MSs gain mainstream acceptance, there will 

be need for a defined nomenclature to develop. Hereby I present a few suggestions that 

might be useful. 

Schlaich [22] suggested a nomenclature to characterize the level of autonomy of a sys-

tem which I find useful and practical (Table 2) and perhaps should be used has the 

way to address the topic of material/system autonomy. 

Table 2 – Levels of autonomy of a system [22]. 

System Sensor Actuator Control Processor 
Power generation 

and Storage 

Passive      

Sensory      

Active      

Adaptive      

Intelligent      

Autonomous      

 

Then there is the scale issue. Nanoscale, microscale, nanomaterials, nanocomposites, are 

relatively loose terms. For instance, the term ‘nanocomposite’ is generally applied for 

composites that have a filler that has at least one of its dimensions in the nanoscale. But 

then how do we define nanoscale? Many authors define nanoscale as the size from 1-

100nm. However, I think a more congruent definition would be more in line with the SI 

prefixes, that is, nanoscale being 1-1000nm, microscale from 1-1000m, and so on, other-

wise on what scale does the size of 400nm belong to, for instance? Then if more specific-

ity is needed the adjectives ‘low’ and ‘high’ might be used as in ‘low nanoscale’ for 1-

100nm and ‘high nanoscale’ for 100-1000nm (Fig. 8). 
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Fig. 8 – A visual representation of materials and structures at different sizes and a proposed classifi-

cation of materials at different scale levels. Based on Scale of Things [23]. Inset images from [24-

31]. 

Molecular, nanocomposites and composites, are those in which the reinforcement is 

realized on molecular level [32], nanoscale (e.g. carbon nanotubes (CNT) reinforced ma-

trix) or micro to mesoscale respectively (e.g. carbon fiber (CF) reinforced matrix).  

Pico-, Nano- and micromaterials are those that exist in a shape that has one of its dimen-

sions in the pico-, nano- or microscale respectively. For example, graphene (pico-

material), CNTs, nanorods, nanoparticles (nanomaterials) carbon and glass fibers (mi-

cromaterials). 

Other concepts that are going to be mentioned quite a frequently are ‘multiscale’ and 

‘hierarchical’ composites (Fig. 9). Multiscale composites concerns the different sizes of 
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the fillers. For example, a carbon fiber (micromaterial) + carbon nanotube (nanomaterial) 

reinforced epoxy matrix is a multiscale composite. A hierarchical composite concerns 

the structural organization of the fillers, where fillers/materials are organized in a hier-

archical way. For example, filler A is contained inside filler/material B, which is con-

tained inside filler/material C. This topic will be further developed in the chapter ‘Nature 

as a source of inspiration’. 

 

Fig. 9 – Classification of multi-materials according to the types, sizes and organizations of constit-

uents. 

Another useful concept for distinguishing material systems is that of material integra-

tion, that is, how well materials are integrated into one another. We can obtain multi-

functionality by integrating various functions in multimaterial systems or single materi-

als. In the former, it can be obtained by the addition of fillers at the nano or microscale 

such as in (nano-)composites, or multilayer constructs. For single materials it can be ob-

tained at the molecular level such as with several functionalized polymers. 

For now, that we are in the infancy of these materials, 3 levels seem to be enough to 

differentiate the majority of MFMS, but I would expect a more refined subdivision to 

occur as the technology progresses and the need for a finer characterization arises. 

Matic [33] and Asp et al. [34] have proposed slightly different versions of the same divi-

sion, a three scale system (Fig. 10). The integration of materials goes from not integrated 

(type I or structure) to integrated but with distinct phases (composite) to fully integrated 

at the molecular level or type III. 

Multiscale  
Composite 

(CF+CNT)/Epoxy 

Different fillers at  
different scale sizes 

Composite 

CF/Epoxy, 
(CF+GF)/Epoxy,  

reinforced concrete 

One or more fillers 

Molecular Composite 
/ Hybrid Material 

Organic-inorganic hy-
brids, FGMs 

Different constituents at a 
molecular level 

Hierarchical  
Composite 

Many biological materials 
(bone, nacre, wood,…) 

Fillers at different scale 
sizes hierarchically 

 organized 
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Fig. 10 – Classification of MFMS according to the distinguishing of the constituents: Multifunctional 

structure, multifunctional composite and multifunctional Material. Images a) and b) from [35, 36]. 

Scheme based on [33, 34]; Sources of the images used to create this graphic and not presented 

here are on their respective chapters. 

Because we are moving towards smaller and smaller devices that can increasingly eas-

ily be embedded inside materials there is another distinction I find useful to make. The 

difference between a material with an embedded device and a composite. I would ar-

gue that for a composite to be called as such, it needs to be homogeneous in at least one 

direction. 

Let’s say we need a wall to have sensing abilities, for example to collect vibration data, 

and we also have a bulky device that can do it. If we put the device outside, attached to 

the wall can we say the material has sensing abilities or that it’s MF? I wouldn’t say so. 

And if we put it inside the wall? Same answer. What if we put it inside and give it the 

shape of a quadrangular thin film that extends to the whole size of the wall? Yes, it could 

be called a type I MFMS. 

Finally, another interesting concept is that of functional density, which simply means nº 

functions / volume or mass. As we will see later, currently we’re at a point where surface 

material systems tend to have higher functional density. 

2.2 Types of Multifunctional Materials 

An important group of materials that are often studied for integration/embedding with 

others to create MFMS are stimulus-responsive materials (SRMs). These materials re-

spond to a certain stimulus by altering some of their physical and/or chemical proper-

ties. Next the prefixes to ‘-responsive’ are presented and the corresponding stimulus to 

which they are sensitive; 

1. Heat => thermo- 

o Thermochromic: change color, belong to the chromogenic group; 

a) 

b) 
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o Thermoelectric: are able to convert temperature differences into voltage and 

vice-versa; 

o Other thermo-responsive materials: shape memory alloys/polymers/ceramics; 

2. Stress/pressure => mechano- 

o Smart gels; 

o Piezoelectric: produce a voltage when stressed and change shape/produce 

stress when they are applied a voltage; 

3. Electrical current/voltage => electro- 

o Electrochromic: change color,  belong to the chromogenic group; 

o Dielectric elastomers: produce large (up to 300%) strains under the influence 

of an external electric field; 

o Electro-rheological fluids: instantly change shape when applied an electric 

charge; 

o Electrostrictive: exhibit high electrostriction, that is, they change their shape 

under the application of an electric field; 

o Electro-active polymers: exhibit a change in shape when subjected to an elec-

tric stimulus; 

o Piezoelectric: produce a voltage when stressed and change shape/produce 

stress when they are applied a voltage; 

o Thermoelectric: are able to convert temperature differences into voltage and 

vice-versa; 

4. Magnetic field => magneto- 

o Magnetorheological fluids: instantly change shape when applied an magnetic 

charge; 

o Magnetostrictive: are ferromagnetic materials that change their magnetization 

under stress or shape if subjected to a magnetic field; 

o Magnetocaloric: when exposed to a changing magnetic field they undergo re-

versible temperature changes; 

o Magnetorheological elastomers: consist of regular elastomers filled with mi-

cron-sized magnetizable particles as iron; 

5. pH-change/solvent/moisture => chemo- 

o Smart gels: while also being responsive to temperature, light, electric, mag-

netic and mechanical forces they are pH-responsive. They consist of fluids in 

a matrix of large and complex polymers which swell or deflate depending on 

the stimulus; 

6. Light => photo- 

o Photochromic > change color > belong to the chromogenic group; 

o Photomechanical: change shape under exposure to light; 

7. Molecular or Biomolecular => molecular- 

o E.g. gas sensing materials; 

8. pH => pH- 
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o are sensitive to the environment’s pH variation by means of a change in vol-

ume or change in color (halochromic). 

Due to being sensitive to external stimuli, most SRMs should be well suited for sensing 

applications. As we will see, some of these SRMs are already used in mostly actuation, 

sensing and energy harvesting applications. 

Another useful categorization to do is of functions. All of the functions below are already 

being studied some of which directly for MFMS and which will be presented throughout 

the next chapters. 

Functions/characteristics that future multifunctional composites ought to have: 

1. Autonomy 

o Self-healing/repairing; 

o Self-powered; 

o Self-monitoring/diagnostic/sensing; 

o Self-assembling; 

2. Highly tailorable properties; 

3. Structural; 

4. Active sound/vibration damping; 

5. Actuation and ability to engage in shape-changing; 

6. Electrical/Thermal Isolation/Conductivity; 

7. Heating and cooling; 

8. Electromagnetic interference (EMI) shielding; 

9. Radiation protection, including lightning strike; 

10. Light emission; 

11. Energy storage; 

12. Environmental: environmental remediation ability, recyclability and biodegra-

dability; 

13. Bio/human-related: bio-compatibility, non-toxic, able to change sensations re-

lated to the physical senses of human and other animals; 

14. Chemical reaction functions: as catalyst, selective permeation; 

15. Flame retardancy; 

16. Information storage/processing capabilities; 

17. Being able to be selectively functional: e.g. of energy absorbing plastics [37]; 

18. Levitation and movement inducing; 

19. Intelligence. 

Having presented this overall picture of MFMS it’s now time to zoom into a bit more 

detail. In the following chapters we’re going to review the state-of-the-art of several 
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MFMS, being the currently most important ones carbon-based nanocomposites, func-

tionally graded materials, piezoelectric materials, and shape memory materials. Let’s 

start with the first ones. 

2.3 Carbon Nanomaterials 

Graphene, carbon nano tubes (CNTs), carbon nano fibers (CNFs), are different spatial 

configurations of carbon atoms covalently bonded, as illustrated in Fig. 11, and have 

recently been the focus of a lot of research worldwide. This is because of an unusual 

combination of great mechanical, thermal and electrical properties. There are other pos-

sible carbon-based fillers for composites such as other carbon fullerenes shaped as hol-

low spheres and ellipsoids, and carbyne but they are comparatively under-researched. 

However, of those carbyne seems to be promising. Liu et al. [38] have predicted from 

first principles that this material has the highest specific stiffness and strength of any 

known material. 

 

Fig. 11 – a) carbon nano wall or graphene; b) single walled CNT; c) multi walled CNT; d) carbon 

nano fiber. Adapted from [39]. 

There have been many papers presenting the mechanical characterization of these car-

bon nanomaterials [40-47] which unfortunately have seen highly variable results due to 

the difficulties in performing the required tests at the nanoscale, forcing many scientist 

to resort to indirect ways of measuring. This discussion was further detailed by Shokrieh 

et al. [44]. If we were to take a few representative values, CNTs would have 1 TPa < E < 

1.8 TPa and 11 < 𝜎𝑟  < 150 GPa [40] and would be best thermal conductors currently 

known having a maximum thermal conductivity of 6600 W/mK for an individual 

SWCNT and > 3000 W/mK for an individual MWCNT, which is at least twice of dia-

mond’s, and a maximum electrical conductivity of ∼300 MS/m for SWNT and > 0.1 MS/m 

for MWNT while revealing superconducting properties at low temperature [48]. Gra-

phene has very similar properties [47], which makes sense seeing that a SWCNT is noth-

ing more than a rolled graphene layer into a seamless cylinder. Moreover CNTs, gra-

phene and CNF are of a very small size. Whereas traditional fillers generally fall on the 

mesoscale, these fall on the microscale and nanoscale for the lengths and diameters re-

spectively.  

a) b) c) d) 
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It’s possible, for example, that in nanocomposites the small size of the reinforcements 

overcome the microscale defects in composite materials. Also, because they are at the 

nanoscale, they are susceptible of reaching far greater surface area to volume ratio (A/V) 

than micro fillers. Also contributing to this advantage is that both CNTs and graphene 

have either very low (<< 1) or very high (>1) aspect ratio which also further increases 

their A/V ratio (Fig. 12). This ratio is one of the main reasons to develop nanocomposites. 

This is because a high interface region means high adhesion and high efficient transfer 

of stress across the composite components. This also means that for the same desired 

effect, a less amount is required of the filler with higher A/V. Here graphene has the 

upper hand over CNTs when embedding in a polymeric matrix, as they have a higher 

A/V because polymer molecules can’t access the small opening of CNTs, and thus only 

the exterior area of the tubes contacts with the matrix. 

 

Fig. 12 – a) Variation of the ratio of surface area / volume (A/V ratio) against aspect ratio l/d and b) 

A/V ratio for a cylinder with its radius and height. Created with WolframAlpha. 

For these reasons, i.e. extremely good mechanical, electrical and thermal properties and 

high A/V ratio, there is a keen interest in reinforcing materials with carbon nanomateri-

als to enhance their properties. Composites with polymer matrices have seen the most 

interest from the scientific community as a literature survey reveals (Fig. 13). This can 

be attributed to the relative ease of processing of polymers which don’t require high 

temperatures for consolidation and also because of their inherent low density, which 

makes them fit for forming high specific strength and modulus nanocomposites. This 

interest can also be attributed to the fact that fiber reinforced polymer matrix composites 

such as glass and carbon fiber, can also be reinforced by these materials resulting in a 

multi scale composite with even better properties. 

1 

Platelet 
Fiber 

S
u

rf
ac

e 
A

re
a 

/ 
V

o
lu

m
e 

log(l/d) a) b) 



Adopting Multifunctional Material Systems Ch. 2: An Overview of MFMS 

 

 18 

 

 

Fig. 13 – Number of publications on polymer/metal/ceramic matrix-CNT composite from Engineer-

ingVillage.com. 

Still, all three groups of materials benefit in different ways from being reinforced with 

carbon nanomaterials. Polymers see greatly improved thermal and electrical conductiv-

ity as well as increases in strength and elastic modulus when reinforced with graphene, 

CNTs or carbon nano fibers [47, 49-54]. Composites of ceramic matrixes, see an increase 

in toughness and electrical and thermal conductivity [48, 55]. Metal matrixes, most com-

monly based on Al, Mg, Cu and Ni  have been reported to have increased resistance to 

corrosion, stiffness and strength [56-59]. Some representative examples can be seen in 

Fig. 14. 

 

Fig. 14 – a) Electrical conductivity as a function of SWCNT mass fraction in a SWCNT-polycarbonate 

composite. The dashed lines represent the minimum conductivity necessary for the specified func-

tions [60]; b) Electrical conductivity as a function of graphene volume fraction in a graphene-alumina 

composite. Adapted from [55]; c) Thermal conductivity of epoxy based composites as a function of 
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filler, carbon black (CB), graphitic micro particles (GMP) and nanoplatelets (GNP) and single walled 

CNTs (SWCNT). Adapted from [61]; d) Stress-strain curve for a nanocomposite of PA6 polymer matrix 

and different CNT filler concentrations, adapted from [62] 

Though it isn’t yet understood why, the incorporation of nanofibers or nanoplatelets also 

reduces maximum heat release rate (Fig. 15 a), which is important for minimizing flame 

propagation to adjacent areas. Still, the total heat release remains the same, as the area 

under the curve reveals. 

Kaul et al. [63] have presented a thermal interface material for load bearing structures 

with thermal management needs, such as super and hypersonic vehicles, a composite of 

vertically aligned CNT reinforced epoxy where the CNT provide through the thickness 

thermal conductivity and the epoxy transmits the loads. 

Because of these interesting properties, new functions can be added to the reinforced 

material, including actuation [64, 65], strain and chemical sensing [66, 67], energy har-

vesting [68-70], energy storage [69, 71], protection from corrosive agents [72], flame re-

tardant properties [73] and environmental remediation and/or protection [74-76]. 

 

Fig. 15 – a) Reduction in maximum heat release rate due to incorporation of nanofiber or platelet 

[77] ; b) Carbon fiber after growth of CNTs on its surface[78]. 

Given than the most often used composites have polymer matrix materials, in aircrafts 

where electrical conductivity is needed in certain parts to transfer electricity from thun-

ders, the poor conductivity of polymers has to be compensated by the addition of more 

parts whose sole function is to transfer lightning strikes’ electricity. Polymer matrix 

nanocomposites with carbon-based fillers are being investigated as a possible replace-

ments for regular polymers typically used in composites’ matrixes [79]. 

The piezoresistivity of CNT-polymer composites is very promising because it opens an 

alternative to the conventional piezoelectric materials used to actuation and sensing to 

be embedded in active MFMS. A review was published by Alamusi [66] on this subject. 

a) b) 
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Scientists and engineers are also trying multiscale reinforcements, that is, reinforcing 

composites with regular fibers and CNTs [78, 80, 81]. This multiscale reinforcing, may 

be such that the CNTs are dispersed along the carbon fibers themselves (Fig. 15 b). 

One of the areas directly concerning MFMS is structural health monitoring where they 

are being extensively researched [82, 83].  

Song [84] presented a self-sensing laminated composite, as illustrated in Fig. 16. 

Amongst the conventional fibers the author stitched a tough electrically conductive CNT 

thread. The composite was able to sense damage and strain. Since nanotubes have pie-

zoresistive properties its piezoimpedance changed when the beam strained or it would 

see a sharp increase if it fractured. 

  

Fig. 16 – a1) Drawing of the longitudinal cross-section of beam composite beam with delamination 

detection and strain sensing capability. When delamination occurs, the CNTs break increasing the 

circuit’s resistance; a2) transverse cross-section of beam; b) A plain carbon fiber ply with the CNT 

thread stitched [84]. 

Baltopoulos et al. [85] proposed a solution where the CNTs are dispersed in the compo-

site, functioning as a network of electrically conducting elements, and that when a crack 

or delamination occurs, their electrical conductivity is disturbed allowing the localiza-

tion of said damage (Fig. 17 a). 

These nanomaterials are also being extensively used for adding energy storage function. 

For example, Hu, et al. [86] developed an ink infused with carbon nanotubes and silver 

nanowires that can be painted onto several surfaces giving that surface energy storing 

capabilities. 

Liu et al.[87] attempted to creating a structural battery where the polymer cathode is a 

carbon nanofiber-reinforced polymer, instead of the regular cathode on polymer Li-ion 

batteries (Fig. 17 b). Also the researchers used a solid-state polymer electrolyte instead 

of the conventional organic liquid ones. The separator region was also reinforced with 

non-conducting fibers. However, the Young modulus was only 3GPa and it had low 

energy density compared to conventional Li-ion batteries. 

a1) a2) 

b) 
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Fig. 17 – a) Crack localization by electrical resistance tomography in a CNT reinforced composite. 

Adapted from [85]; b) An illustration of the constitution of a structural battery developed by Liu et al., 

adapted from [87]. 

Yu, et al. [88] developed a supercapacitor composed of graphene and CNT that they 

claim is flexible enough to be woven into clothing and with potential to be powerful 

enough to serve as a real alternative to conventional batteries. The hybrid fiber has a 

huge capacitive surface area of 396 m2/g which results in a capacitance of 300F/cm3 and 

a power density of 6.3mW/m3 which would be comparable to a 4V 500mA Li-ion battery. 

They also developed a scalable method to continuously produce the fibers allowing fu-

ture mass production. 

 

Fig. 18 – The flexible supercapacitor made of graphene and CNT developed by Yu et al. [89]. 

Loh et al.[90] showed a composite material of multilayered carbon nanotube-polyelec-

trolyte produced to monitor strain and corrosion, where the type of polyelectrolyte de-

termined the sensitivity to pH and the concentration of CNTs determined the sensitivity 

to strain. 

Additionally this multifunctional structure can also be used to produce multifunctional 

composites for anti-corrosion coatings, biological implants, and thermal/electrical inter-

face materials with high strength [91, 92]. 

Lightcap et al. [93] briefly overviewed advances in sensing, energy conversion, and stor-

age applications incorporating graphene-based composites. 

a) b) 
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Another promising application is coating other materials with graphene. In a collabora-

tion between Portuguese an UK universities, Neves et al.[94] have successfully coated 

PP and PLA fibers with a transparent flexible single layer of graphene. They ‘CVDed’ 

the material onto a copper foil, then spin-coated PMMA on the Cu/graphene substrat, 

removed the copper by etching. The graphene was transferred to the PP fibers and fi-

nally the PMMA with acetone. The resulting electrically conducting fibers had electrical 

resistivity not much greater than that of graphene. 

It has been known that water flow over CNTs generates a voltage in the flow direction. 

However that voltage are no greater than a few millivolts. By using molecular dynam-

ics simulations Dhiman et al. [70] discovered that flowing water over graphene causes 

the ions in the water to drift along the flow direction, while sticking to the graphene’s 

surface (Fig. 19). This movement drags the free charges present in graphene along, re-

sulting in an internal current and a power density of 175W/m2. 

 

Fig. 19 – An illustration of a graphene film harvesting energy from flowing water[70]. 

Despite all this interest and investigation in these materials, their implementation in use-

ful applications has been slow and their commercialization elusive. The main challenge 

lies on the manufacturing. For example for proper homogeneity of CNTs and CNFs there 

needs to be a good dispersion on the matrix but they tend to hold together forming bun-

dles due to van der Waals forces [67]. Sometimes it also desirable to have the nanofillers 

aligned for example for applications that take advantage of anisotropic thermal, electri-

cal and mechanical properties [95], however that is even harder to accomplish and there 

has been a lack of research comparing to the research existing related to solving the dis-

persion problem. The lack of control over dispersion and alignment of the nanofillers 

makes reproducibility hard, and also significantly reduces the composite quality. An-

other issue is obtaining a strong interface between the CNTs and the matrix, to obtain 

proper load transfer, for without it it’s not possible to utilize the exceptional properties 

of CNTs. Then there’s the problem of obtaining high purity, the lack of which can result 

in significantly reducing the resulting CNTs properties. In the usual methods of produc-

tion – chemical vapor deposition, laser ablation and arc discharge – there are residual 

particles that are left after the process is complete, and purification still remains a chal-

lenge [96]. Finally there still needs to be an evaluation concerning CNTs and graphene 
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toxicity, which has been hard to determine due to the small scale involved. Some reviews 

have been published but they are of mixed results [67], such as the reinforcing of CNT 

having been shown to reduce the composite mechanical properties compared to the pris-

tine material [41]. 

Slowly but surely, 3D printing is also showing its advantages in multifunctional compo-

sites. Compton et al. produced the first 3D-printed cellular composite of CNF-epoxy 

with very good mechanical properties. Until then, 3D printed polymers comprised ther-

moplastics and UV-curable resins. It was inspired on balsa because of its fabulous spe-

cific bending stiffness  and specific bending strength   (Fig. 20). 

 

Fig. 20 – Specific bending stiffness and strength of balsa compared to other materials. Created with 

level 3 [97]. 

The mix itself is composed of epoxy resin mixed with SiC whiskers, CNFs and some 

additives to achieve the desired rheological properties and it was printed with a 3D-

extrusion-printing method that allowed the alignment of the carbon nano fibers during 

the printing process (Fig. 21 b). 

The Young’s modulus increased by 9x compared to the pure epoxy resin (they compared 

with transversely aligned with longitudinally aligned) and slightly increased ultimate 

tensile strength of 92MPa for the longitudinally aligned specimen (Fig. 21 c). The authors 

correctly recognize the possibilities in obtaining highly tailorable functionally graded 

materials, to be discussed in the following chapter. By changing the fillers, say CNTs, 

several functionalities can be added. 
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Fig. 21 – a) 3D extrusion printing of honeycomb composite; b) Illustration of the alignment of the fi-

bers through the printing nozzle during ink deposition; c) Representative tensile test for the 3D-

printed tensile bars with various compositions [98]. 

Graphene too, has had troubles with mass manufacturing whose large-scale graphene-

like materials have shown inferior properties. Recently though we are seeing some solu-

tions, such as the one proposed by Vlassiouk et al. [99] who have shown the feasibility 

of producing 5x5cm continuous sheets of single-layer graphene grown by chemical va-

por deposition. Still, more work is needed in this area. Other papers claim break-

throughs. For example, Paton et al. claim a new mass manufacturing method of gra-

phene based on the scotch tape method [100] and Polsen et al. on CVD [101]. The former 

consists in putting graphite in water and exciting it with a spinning rotor, which sepa-

rates the layers of graphite from each other, then adding a compound to the mix to keep 

them that way. The latter consists in using a vacuum chamber where a carbon containing 

vapor reacts with a substrate that is moving at 25mm/min. There are two zones in the 

chamber, the first prepares the substrate for the deposition, and in the second the depo-

sition takes place and a very uniform and high quality single layer of graphene is created. 

They are currently studying how to make the movement speed faster so that quality of 

the resulting graphene maintains at higher speeds. 

 

Fig. 22 – Novel manufacturing method proposed by Polsen et al. for mass manufacturing of gra-

phene [101]. 

2.4 Functionally Graded Materials 

Functionally graded materials (FMGs) are composite materials where there isn’t a clear 

interface between the different materials because the change from one material to the 

other is gradual or graded. For example ceramic-metal FGMs such as the one in Fig. 23 

a) b) c) 
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can have the high fracture toughness and thermal conductivity on the metal side and the 

hardness and thermal stability on the ceramic side. The gradation can take many forms, 

as shown in Fig. 24.  

 

Fig. 23 – a) Microstructure of two ceramic-metals FGMs [102]. b) a FG ZrO2/NiCoCrAlY thermal 

barrier coating obtained by plasma spraying [103].  

Also because there are no well-defined interfaces or boundaries between the different 

materials but only a smooth transition between them, there are good chances of for ex-

ample reducing thermal and mechanical stress concentrations that occur in traditional 

composites, and where failure is initiated [102].  

 

Fig. 24 – a) Comparison between traditional composites and FGMs concerning the grading and 

properties. Types of FGMs concerning the nature of the gradient; b1) fraction gradient, b2) shape 

gradient, b3) orientation gradient, b4) size gradient. b1)-b4): [104]. 
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This smooth transition reduces the high local inter-laminar stresses in common compo-

sites which result in the separation of layers and the consequent degradation of several 

mechanical properties leading to final structure failure. 

This is a field that has seen a steady increase in interest from the scientific community 

having quadrupled the number of journals since 2000 (Fig. 25). 

 

Fig. 25 – Journal articles related to FGMs, from EngineeringVillage.com, March 2015. 

FGMs were originally designed for use as thermal barriers in fusion reactors and aero-

space structural applications, and later on in structural parts at very high operation 

temperatures.  

Recently the research about FGMs is focused on: 

 FGMs subjected to thermal and mechanical loading [105, 106]; 

 Modeling and numerical simulation of loading parts made of FGMs [107, 108]; 

 Fracture properties and crack propagation/analysis [109, 110]; 

 Using piezoelectric materials and CNTs along with FGMs [104, 111]; 

 Improving and discovering better manufacturing processes [102, 112]. 

There is a recent interest growing which is in making FGMs where the concentration of 

CNT is graded. These materials show improvements relating to weight, electrical con-

ductivity, dimensional stability, flame retardancy and strength [111]. These can poten-

tially be used as gas adsorbents, actuators, catalyst supports, probes, chemical sensors, 

nanopipes, nano-reactors among others [104]. 

FGMs can also be used at interfacial zones to improve bonding strength, improve envi-

ronmental resistance and to reduce crack driving [110]. 

Wang et al. [105] introduced a thermal protection system, a perspirable skin, made of, 

among others, a FMG of ZrW2O8 and ZrO2, where with an increase in temperature a gaps 

are formed in the FGM with the help of a buckling action, allowing the passage of a 

cooling gas. 
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Other current applications include [102, 113]: 

 Aerospace: rocket components such as rocket nozzles (TiAl-SiC fibers), thermal pro-

tection systems for atmosphere reentry vehicles; 

 Medical: artificial bones, skins, dentistry; 

 Energy: solar cells, sensors, thermoelectric generators, heat exchanger panels  (Be-Al); 

 Communication: optical fibers, lenses, semiconductors; 

 Miscellaneous: 

o Engine cylinder liners (Al-SiC); 

o Brake rotors and leaf springs (e-glass-epoxy); 

o Drive-shafts (Al-C); 

o Cylindrical pressure hull (graphite-epoxy); 

o Sonar domes (glass-epoxy). 

The main challenges to overcome for the reduction of cost and implementation of these 

materials are mainly related to manufacturing. Jha et al. [102] have reviewed the current 

state-of-the-art on fabrication processes, the current models to estimate the FGM prop-

erties and a compilation of recent research on FG plates and present the need to focus 

more effort on improving the current most promising manufacturing method which is 

solid freeform. 

2.5 Piezoelectric  

Piezoelectric materials are materials that generate an electric potential in response to an 

applied mechanical stress – the direct piezoelectric effect – which can be used for sens-

ing or energy harvesting, and when applied an electric field to the material it will either 

change shape or generate mechanical stress – inverse piezoelectric effect – which can 

be used for actuation and shape control. 

In practice this means that if we apply a force to a piezoelectric material, it will develop 

a positive charge on one end and a negative charge on the other end. If we connect the 

two ends, current flows. 

Despite there existing several active materials such as shape memory alloys, magne-

torheological fluids, electrostrictives, etc., piezoelectric materials remain currently the 

most widely used active material. This is because they are capable of actuating or sensing 

at frequencies from about 1Hz to the MHz range with relatively linear behavior. More-

over, piezoelectric materials have high stiffness which provides them with strong volt-

age dependent actuation. 

The most often used piezoelectric materials are polycrystalline ceramic (PZT, PbTiO3, 

BaTiO3), single crystals (SiO2, LiNbO3 , LiTaO) and polymeric (PVDF, co-polymer) and 

they take the form of monolithic, thin films [114], wafers [115] and (nano)fibers/wires, 
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[116-121] which can be hollow [122-124] and arranged as macro and active fiber com-

posites [125, 126] (MFCs1 and AFCs) or 1-3 Composites. Comparatively, the piezoelec-

tric ceramics are more brittle but have larger actuating forces, whereas the piezoelectric 

polymers withstand higher deformations and so are better fit for shape changing appli-

cations or irregularly shaped parts. Traditionally the ceramics have been the most used, 

especially PZT, and more specifically in the monolithic form. This is mainly due to low 

cost, ease of manufacturing, high coupling efficiency, that is, high efficiency in convert-

ing electrical to mechanical energy, chemically inert, high operating temperature and 

high sensitivity (for sensing), among other qualities. However, it is very brittle and there-

fore requires extra care when being handled. It has also very poor conformability to 

curved surfaces generally requiring extra manufacturing steps so that in that can be 

used. 

A way that the fragility of the piezoceramics has been partially overcome while also in-

creasing the flexibility of the material is by having them in the form of fibers. Typically 

crystalline materials have much higher specific strengths in the form of fiber because the 

volume fraction of flaws diminishes. Then by embedding those fibers in a tough poly-

mer-matrix we can increase toughness and flexibility of the composite [127]. This was 

why AFCs were developed, and then later the MFCs. Between the two, the rectangular 

cross-section of the MFC fibers as opposed to the circular of the AFCs, allow for a greater 

transfer of the electric field from the electrodes to the PZT fibers due to the increased 

contact area and are easier to manufacture, align and space out correctly, and have up 

to 150% of the strain of AFCs (Fig. 26). For these reasons, MFCs realized commercial 

licensing and mass production, something never achieved by the AFCs. A more detailed 

comparison can be found in the literature [128]. 

Piezoelectric fibers also find use outside of MFCs and seem very promising because they 

have the most potential to be well integrated (resulting in a type II composite) into a 

material without being parasites and they can also reduce the typically high voltages 

required by MFCs for actuation purposes.  

 

                                                      

 

1 As to not change acronyms I decided to keep both meanings for MFC (macrofiber composite 

and multifunctional composite) but to not induce the reader into confusion, MFC meaning macro-

fiber composite will be always typed in italic, as opposed to multifunctional composite MFC. 
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Fig. 26 – Constitution of a typical AFC and a MFC. Adapted from [128, 129]. 

A good example was developed by Lin and Sodano [130, 131] which consisted of piezo-

electric structural fibers that can be laid up in a composite material to perform sensing, 

actuation and load bearing capacity. The structural fiber was made of a piezoelectric 

material as an interface between an interior carbon fiber and an exterior piezoelectric 

material, as illustrated in Fig. 27 a. Guillot et al. [132] also developed a Teflon-FEP coated 

PZT hollow fiber for sensing and energy harvesting purposes (Fig. 27 b) revealing a flex-

ibility that wouldn’t be possible had it not been coated (Fig. 27 c) and producing twice 

as much energy density as the current state of the art MFCs. 

  

 

Fig. 27 – a) Hybrid structural-actuating fiber [130]; b) One mm diameter hollow PZT fiber coated by 

Teflon-FEP c) in bending. Adapted from [132]. 

Next, I discuss some of the fields where piezoelectric materials currently find use and 

their applications concerning MFMS. 

Actuation 

Using the inverse piezoelectric effect, it is possible to use piezoelectric materials for ac-

tuation. They are commercially available and are currently used for this purpose in a 

variety of fields including industrial, automotive, medical, aviation, aerospace and con-

sumer electronics applications. 

However, even though we’re progressing towards smaller and thinner options, such as 

hollow fibers, nanowires/fibers and MFCs, many of today’s piezo actuators are still 

bulky monolithic devices. When integrated in a material the monolithic piezo materials 

Active Fiber Composite Macro Fiber Composite 

a) 
b) 

c) 
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have clearly parasitic effects, i.e. they don’t contribute to the load bearing capacity of the 

structure and may actually diminish it because of stress concentrations generated in the 

structure by their inclusion. This is why fiber-based piezo materials are being extensively 

researched as replacements, as they are better suited for integration in composites. Mul-

tiscale analysis [133] as well as finite element analysis [134-136] have been made on the 

subject of smart structures containing piezoelectric fiber-reinforced composite actuators. 

However due to their traditionally fragile nature and because they are but one of the 

many other possible materials for use in active and semi-active structures [137], piezoe-

lectric fibers have seen more total research in sensing and energy harvesting applications 

than actuation. 

However with the development of MFCs and the improvements in manufacturing at the 

nanoscale, this is a field in clear expansion, and the following cases reveal success. MFCs 

are composed of unidirectionally aligned rectangular piezoceramic fibers bonded by a 

polymeric matrix, and sandwiched between interdigitated electrodes (Fig. 28). This ar-

rangement of electrodes exploits the d33 electro-mechanical coupling allowing for greater 

efficiency. Because they are thin and flexible, they can easily be coupled to the surface of 

other parts, and allow for several actuation types (Fig. 28). 

 

Fig. 28 – a) Picture of an MFC showing its high flexibility [138]; b) MFCs’ work modes. Adapted from 

[139]. 

One example of where this configuration is desired is in shape morphing structures 

which have a great appeal for components for aircrafts, where morphing parts could 

replace the need for parasitic heavy actuators as we saw in the introductory chapter.  

Li et al. [140] have presented an approach for increasing aerodynamic performance, such 

as increasing lift, reducing drag and improving roll performance, by using several MFCs 

distributed on the aircraft wing surface that control the wing’s mechanical deformations. 

Damping systems based on piezoelectric materials have been developed and established 

in several engineering fields. For example Chen et al. [125] developed a vertical fin for a 

F/A-18 to control the first mode of torsional vibration which had MFCs on both sides 

(Fig. 29 a). It resulted in a reduction of the dynamic strain by 41% and dynamic acceler-

ation by 43%. 

Some other applications have also already been developed such as a piezoelectric actu-

ator for a smart projectile fin [141], flapping wings using MFC actuators (Fig. 29 b-d) 

a) b) 
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[142], shape-changing of airfoils [143], with end-goal of flight control [144], for improv-

ing hydrodynamic performance [145], and to suppress and/or control structural vibra-

tions [146, 147] and in aiding for other self-healing mechanisms[148]. These are just a few 

examples of the topics where they are being applied. 

  

Fig. 29 – a) A piezoelectric-composite-based damping system for a vertical fin of the F/A-18 [125]; 

b) MFC actuator for a small projectile fin [141]; d) A smart flapping wing actuated by an MFC and c) 

it’s motion mimicking birds’ flight [142]. 

Sensing 

By using the direct piezoelectric effect, it is possible to use piezoelectric materials as sen-

sors.  Even though piezoelectric sensors have several commercial applications, like com-

mercial piezoelectric actuators, many are used as independent devices. Here we are in-

terested only in those that are capable of belonging in a MFMS. An area where such is 

implemented is on structural health monitoring (SHM), both for sensing vibrations and 

static strain. So far most applications have been in the civil engineering field but there is 

a great interest in several other fields to use self-sensing materials. In composite struc-

tures the damage is many times internal and not visible on the surface, which makes it 

difficult to detect, because it requires advanced techniques such as thermography and 

ultrasonics, which require the use of specialized equipment. One of the ways a self-sens-

ing mechanism can be implemented is through the use of sensor networks using piezo-

electric materials embedded in the composites. 

An example of this was presented by Lin and Chang [149] who produced and tested the 

Stanford-Multi-Actuator-Receiver-Transduction (SMART) Layer for the structural 

a) 

b) 

c) 

d) 
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health monitoring of a host composite. In this case it involved an array of networked 

PZT piezoceramic actuators/sensors which are embedded in a layer to be layed up in 

between carbon fiber/epoxy composite laminates, forming a multifunctional structure as 

shown in Fig. 30.  

 

Fig. 30 – Illustration of the SMART layer for sensing in laminated composites [149]. 

This layer has already been used for the localization of impact damage by Haywood et 

al. [150]. Many other reports  have also been published on the use of these kinds of arti-

ficial neural networks to study the data and assess their effectiveness in correctly char-

acterizing the damage induced, namely the location, severity and type of damage in 

composite structures [151-156]. 

Boeing also recently issued a patent of an ink-based piezoelectric sensor for SHM for use 

in airplanes which could be deposited onto the surface of structures [157] but it seems 

more of a defensive measure as ink based piezoelectric powders is still a very weakly 

developed field, as there are very few papers published on the subject. 

Instead of being directly used as sensors, piezoelectric materials can also be used as 

transducers in conjunction with sensors for SHM, such as the design proposed by Bara-

zanchy et al. for aerospace composites [158]. 

Piezoelectric wafers, a lightweight and cheap solution, have also be used as active sen-

sors embedded or attached to composite structures [115, 159, 160].  

Besides SMART layer and wafers, more recently piezoelectric fibers have started being 

used as MFCs for sensing purposes [161-163]. These have been integrated in fiber rein-

forced composites as an initial stage for self-sensing composite structures. An analysis 

of the effectiveness of piezoelectric-fiber-based sensor to monitor the stress/strain con-

centration levels at the critical locations embedded inside composite structures was re-

cently published [164] concluding that these have  good sensitivity and performance 

compared to conventional strain gauges at low strain levels. 
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Energy harvesting/generation 

Energy harvesting refers to harnessing energy from the environment and converting it 

into useful energy. Even though the ambient energy can take many forms, the one usu-

ally concerned when dealing with piezoelectric materials is vibration or strain, which 

take advantage of the piezoelectric effect of these materials. The use of piezoelectric ma-

terials in this field has been a topic extensively researched [121, 165-171] and seems to be 

the one where piezoelectric materials for MFMS show greater strength. In fact several 

piezoelectric materials, such as ZnO [172, 173], CdS [174], InN [175, 176], NaNbO3 [177], 

PZT [178-180], BaTiO3 [179, 181], LiNbO3 [182], PVDF [118, 183], among others, have 

been employed for fabricating nanogenerators. I bolded the ones that, based on their 

state-of-the-art, seem to have the most potential and to be the most interesting for re-

searchers. Of these, the most used one is PZT as it is the one that exhibits the greater 

piezoelectric effect [184]. PVDF is also very used because it is much more flexible, it is 

capable of straining at a much higher rate and has the highest known piezoelectric prop-

erties of any polymer [185]. ZnO is the easiest to manufacture in the shape of nan-

owires/nanofilms, which can take advantage of the nanoscale size effects, it has excellent 

piezoelectric properties along one of its directions, among other properties [186]. 

Sometimes energy harvesting is done with the purpose of powering the material so that 

it can regulate itself. There are many examples of the energy of vibrations being har-

vested to power a vibration control mechanism. For example, a concept and design was 

presented by Wang et al. [187] of a simultaneous energy harvesting, storage, self-sensing 

and with vibration control wing spar. The objective is a composite wing spar for a small 

UAV which harvests energy from ambient vibrations during normal flight as well as 

from sunlight and uses that energy for, among others, to regulate the wing vibrations. 

The design is seen below in Fig. 31. 

 

Fig. 31 – a) A design for a type I multifunctional wing spar with several functionalities including self-

sensing, self-harvesting, self-storage, and self-control. Adapted from [187]; b) Spars of an airplane 

wing. Adapted from [188]. 

In his doctoral thesis [189] Wang implemented a piezoelectric-based system that uses the 

energy harvested to directly control the vibration response of a multifunctional wing 

spar, which would be able to harvest solar energy, store the energy in a thin film battery, 

self-control vibration and strain sense.  

b) a) 
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Traditional glass fiber/epoxy and carbon fiber/epoxy seem also to be viable choices for 

energy harvesting through the integration of piezoelectric materials. Tien and Good 

[190] produced such composites with PZT (Fig. 34 a) and concluded, after running nu-

merical and experimental validation, that it has efficiency potential.  

Using thin and/or bendable piezoelectric materials is one of the most promising research 

areas. This is because they have the highest potential for integration in other materials. 

One of the piezoelectric materials being extensively studied for this purpose is mul-

tilaminar polyvinylidene fluoride (PVDF) which can be produced as a thin layer and has 

been used and is being studied for interesting applications. For example Shenck et al. 

[183] scavenged 1.3mW of the energy dissipated in the bending ball of the foot by using 

a stave of PVDF  in the sole of a shoe at a walking pace of 0.9Hz (Fig. 32 a-c).  

A more recent attempt at the same objective, used electrospun PVDF sandwiched be-

tween a pair of conducting electrodes having managed to obtain 2.1mW at 210V and 

45𝜇A [118] (Fig. 32 d-f). 

 

Fig. 32 – a) The use of a PVDF stave for scavenging energy from walking; b) Conventional axis defi-

nition for a piezoelectric material; c) The use of the 3-1 mode in bending for harnessing the energy 

in the shoe sole [183]; d) PVDF fibers sandwiched between conducting electrodes for walking en-

ergy scavenging; e) Configuration of the layers and schematic of the electrical circuit used for elec-

tricity generation f) Measurements of changes in voltage with walking; D-e) adapted from[118]. 

Zeng et al. [191] also produced a PVDF and NaNbO3 based nanogenerator (Fig. 33). It 

is made of knitted fabric electrodes which sandwich a piezoelectric nonwoven fabric of 

a) b) 

c) 

d) e) f) 
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NaNbO3 NWs and PVDF composite nanofibers. It manages to survive 1 million com-

pression cycles without failure and consistently produces 3.4 V and 4.4 mA of peak 

voltage and current at 1 Hz pace of cyclic compression tests and a pressure comparable 

to that generated by normal human walking. 

  

Fig. 33 – a) Schematic illustration of the structure of the electric nanogenerator; b) Photo of the fully 

package fabric ; Adapted from [191]. 

Yang et al. [192] also proposed a flexible hybrid energy cell for harvesting from solar, 

thermal and mechanical energy and tested the energy harvesting layers (Fig. 34 b). They 

created a nanogenerator by using PVDF which exhibits both the piezo and pyroelectric 

effect, for mechanical and thermal energy harvesting and a ZnO nanowire array-P3HT 

film solar cell for solar energy harnessing. Even though its only function is energy har-

vesting, due to its small thickness (the ZnO layer is just 2𝜇m) it could potentially be 

integrated as a layer in a structural composite, such as the one in Fig. 34 a. 

 

 

Fig. 34 – a) a piezocomposite for energy harvesting, adapted from [190]; b) Schematic of a flexible 

hybrid energy cell for harvesting from solar, thermal and mechanical energy adapted from [192]. 

Qi et al. [180] integrated flexible PZT piezoelectric buckled ribbons in a silicone-based 

substrate (Polydimethylsiloxane, PDMS), as shown in Fig. 36 a. This was accomplished 

by stretching a silicon-based organic polymer, adding the PZT with a nanoscale thick-

ness ribbons, binding them and releasing the silicon. As it is released the PZT buckles 

allowing it to be stretched without breaking. Then a stretching action is able to generate 

and electric charge. Due to their small thickness and stretch ability they would be fit for 

integration in for example clothing material. 

a) b) 

a) 
b) 
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More recently new ways to use piezoelectric materials apart from the monolithic, MFCs, 

and hollow tubes have been appearing. ZnO has seen many uses in the form of nan-

owires. This shape is very interesting for it can allow an even greater integration with 

textiles up to type II. But even the most traditional piezoceramic, PZT, has been recently 

used in other shapes such as of ribbons [180] and nanofibers [193]. In fact nanofibers and 

nanowires are a new class of piezoelectric materials being heavily researched. Some re-

cent reviews have been written on them [193, 194]. Several other examples are shown in 

Fig. 36 b-f. 

Other curious recent applications is the harvesting of energy from dance-floors using 

piezoelectric materials  though it still seems to be in the initial development stage [195], 

and a piezoelectric cable for an offshore power station, to harvest energy from sea waves 

(Fig. 35) [185]. The last one, for now it’s much more expensive than photovoltaic or wind 

power (440M$/MWh vs 312$/MW and 611$/MW respectively) and has much less power-

generation density than photovoltaic cells (521 W/cm3 vs 15 000 W/cm3). 

  

Fig. 35 – Piezoelectric cable for energy harvesting of sea waves’ energy [185]. 

Now some challenges concerning energy harvesting using these MS are discussed. Most 

of the vibrational harvesters are designed to operate in the resonance frequency which 

limits the bandwidth they can be used. A specific case where this is an issue is on piezo-

electric materials for vibration harvesting. Most are designed for the resonance mode 

and the half-power bandwidth, that is the bandwidth at which the output power is 

greater than half of its mid-band value, is often small. This is an issue because ambient 

vibrations have wildly varying frequencies from 1Hz of walking pace to 240Hz of an 

electric teapot [184].To overcome this, scientists are trying to convert the ambient vibra-

tion into a vibration at the resonance frequency of the material but this is hard to do 

[184]. 

Also, piezoelectric materials cannot hold large deformations, as most piezoelectric ma-

terials are usually brittle, and the power generation is still low at the W and low mW 

range.  

Then there is the fact that the most currently used piezoelectric material, PZT, has 60% 

m/m of Pb, which of course has harmful effects for the environment. The presence of 
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lead is so widespread that scientists devote their time to study lead-free piezoelectrics 

[196]. 

Then there are manufacturing challenges [197, 198]. Some low cost methods for the dep-

osition of uniform films of piezoelectrics depend on the appropriate layers for proper 

nucleation and film growth and often result in very fragile piezoelectric films with prop-

erties far from the bulk material. 

 

Fig. 36 – a) Formation of buckled piezoelectric PZT ribbons [180]; b) Diagram of a PVDF fiber struc-

tures and a comb-shape electrode on top of a flexible substrate [193]; c) Radially grown piezoelectric 

ZnO nanowires on polyamide fibers [170]; d) Illustration of series of ZnO fine wires, working as a 

generator, adapted from [170]; e) entangling flexible fibers with radially-grown ZnO nanowires [170]; 

a) b) 

c) 

d) e) 

f) 
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f) A wearable nanogenerator based BaTiO3 nanowire-PVC hybrid piezoelectric fibers, adapted from 

[120] 

2.6 Shape Memory Materials 

Shape memory materials (SMMs) are a type of SRMs that respond to thermal, pressure 

and magnetic field (Fig. 37). For example the SMMs that are responsive to thermal 

changes are thermo-responsive. When thermo-responsive shape memory alloys 

(SMAs) are heated above their transformation temperature, their martensitic crystal 

structure undergoes a change transforming into austenite and the materials return to 

their original shape. 

 

Fig. 37 – An overview of nomenclature related to SMM [199]. 

Nowadays the most used ones are SMAs and SMPs, though SMPs lead by far, as a lit-

erature survey reveals (Fig. 38). 
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Fig. 38 – Number of journal articles related to SMPs, SMAs and SMCs, from EngineeringVillage.com 

at March 2015. 

These materials have several applications, but the most related to multifunctional ma-

terials are for shape morphing structures. 

Sun et al. [199] reviewed SMPs, SMAs and SMHs including applications and working 

mechanisms. We shall now divide the study between SMAs and SMPs focusing on the 

state-of-the-art related to multifunctionality. 

SMA specific 

SMAs are metallic alloys that can reversibly recover permanent strains when subject to 

a specific stimulus. This recovery occurs when the SMA goes back from the malleable 

martensite phase to the very stiff austenite. 

The recovery can be induced: 

 By specific temperature changes => thermo-responsive / thermally induced 

SMAs. The temperature at which the alloy changes to austenite depends on the 

composition, and it is very specific, so the material will always recover within 1-

2ºC of that predetermined temperature. This transformation temperature gener-

ally falls on the 100-500ºC range. These are the most common SMAs. 

 Magnetically => magneto-responsive / ferromagnetic SMA. These can actuate at 

higher frequencies than thermo-responsive SMAs (up to 1kHz) but are much 

more brittle and only able to operate at low temperatures [200]. 

SMAs can provide a very lightweight alternative to conventional actuators such as pneu-

matic, hydraulic or motor-based, since they are outstanding in terms of power/weight 

ratio over the other types of actuators (Table 3). Today a wide range of SMAs have been 

developed. Despite that, only NiTi-based, Cu-based and Fe-based are commercially im-

portant, in that order. NiTi is the most used SMA due to his good biocompatibility (for 

biomedical uses), excellent mechanical properties, good processability, good corrosion 

resistance, cyclic stability and wear resistance [201]. However thermally induced SMAs 
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suffer from a low operating cycle because of the time it takes to cool down and heat the 

material. 

Table 3 – Comparison of actuator performance [199]. 

Actuator Type 
Stress 

(MPa) 
Strain (%) 

Efficiency 

(%) 

Bandwidth 

(Hz) 

Work per 

Volume 

(J/cm3) 

Power per 

Volume 

(W/cm3) 

NiTi SMA 200 10 3 3 10 30 

Piezoceramic 35 0.2 50 5000 0.035 175 

Single crystal Pie-

zoelectric 

300 1.7 90 5800 2.55 15 000 

Human Muscle 0.007-

0.08 

1-100 35 2-173 0.035 0.35 

Hydraulic 20 50 80 4 5 20 

Pneumatic 0.7 50 90 20 0.175 3.5 

 

There are a few good recent references for a comprehensive review about the applica-

tions of SMAs. Among them Jani et al. [200] recently reviewed these materials, providing 

an overview about general applications, future opportunities and current challenges. 

Gupta et al. [20] also briefly introduced SMAs in the context of multifunctional and smart 

materials. 

SMAs are used in morphing aerospace structures quite extensively [202]. Sofla et al. [203] 

reviewed aircraft wing morphing technologies while also developing a shape morphing 

aircraft wing using an antagonistically positioned SMAs material which flexes (Fig. 39). 

 

Fig. 39 – Bending achieved in a prototype aircraft wing by heating of SMA strips. a) Un-morphed 

and b) morphed[203]. 

In the trailing edges of some jet engines chevrons are used for noise reduction. Boeing 

developed a device known as variable geometry chevron to reduce take-off noise and 

increase cruise efficiency which is actuated by NiTi SMAs flexures [204] (Fig. 40). 
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Fig. 40 – Variable geometry chevron developed by Boeing, adapted from [204]. 

There has been also some interest in creating biomimetic flapping wings actuated by 

SMA material. The material can be integrated in the structure of the wing as if they were 

muscles. One of such examples was a silicon wing with embedded NiTi strips developed 

by Sun et al. [199] (Fig. 41). The main issue is the low frequency of flapping, which is 

slightly less than 1Hz, mainly due to the large cooling time. 

Despite the possibilities of these materials for aircraft morphing, for now the interest 

seems to be more geared towards using hydraulic actuators and strings since airplanes 

with seamless wings by Flexsys [205], NASA and Airforce Research Laboratory who are 

working on the project Environmentally Responsible Aviation (ERA) have successfully 

completed flying tests without any issues as of April of this year [206, 207]. 

 

Fig. 41 –A bio-inspired silicon wing that opens and closes by joule heating the embedded NiTi SMA 

strip. Front a) and top b) views before I) and after II) heating, adapted from[199]. 

Coral et al. recently reviewed the state of the art of SMA-based muscle-like actuation in 

bio-inspired robots [208]. Some interesting solutions presented were a tentacle-like ma-

nipulator using SMA actuated hydrostats, the iTuna – a robotic fish with a SMA actuated 

backbone, and an earth worm-like robotic mimicking peristaltic movements, by using 

SMA wires that convert radial contraction into longitudinal lengthening. 
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In SMAs it is also possible to program multiple memory shapes, and this has seen a surge 

of interest in the recent years. This can be done using a new process known as multiple 

memory material technology [209] or by combining SMAs with other materials such as 

SMPs [210] resulting in a SMH with greater functionality, including sensing [211], mag-

netic refrigeration, active tissue scaffolding, energy harvesting [212] and self-healing ca-

pabilities [213, 214]. 

The self-healing functionality allowed by SMAs mainly consist on firstly reducing the 

gap of the fractured part by the shape memory effect, and then using some other 

mechanism to fill the much smaller space. Self-healing aided by SMA embedded 

materials has been reported by Huang, et al. [214] who produced a self-healing SMM 

made piece comprised of a SMA spring and a SMH tubular exterior. When broken, the 

spring was heated by the Joule effect making it return to its original compressed shape 

and compressing the two broken interfaces of the tubular SMH piece. That compressive 

force plus the heat from the Joule effect allowed the tubular piece to become once again 

with no visible fractures (Fig. 42 a, b). Eva et. al. [215] presented vast improvements in 

healing of an epoxy substrate with injected healing agent by including SMA wires, sim-

ilar to what is shown in the same image c. 

 

Fig. 42 - Self-healing of a SMH is shown. a) SMH with an embedded SMA spring inside; b1) pulling 

SMH till fracture; b2) joule heating SMA coil for self-healing; b3) healed specimen [214];c) [216]. 

A novel multifunctional material design was also presented by Pinto et al. [211] consist-

ing of SMA wires embedded within traditional CFRP composites. The composite ought 

to have increased mechanical properties compared to regular CFRP composites, and also 

takes advantage of its electrothermal properties by using it as a sensor for self-monitor-

ing and to serve as an embedded ice protection system for aerostructures. 

It is also possible to combine SMAs with other materials. For example Sato et al. [217] 

succeeded in creating a fiber shaped quadruple functional material by depositing PZT 

a) 

b1) 

c) 

b2) b3) 
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on NiTi, exhibiting the resulting material shape-memory effect, super-elasticity effect, 

piezoelectric effect, and pyroelectric effect. 

SMP specific 

Comparatively to SMAs, SMPs have many important advantages such as lower cost, 

density and easier processing, among others (Table 4). For these reasons many research-

ers are now turning to SMPs and trying to achieve their full potential. 

Table 4 – Comparison between SMAs and SMPs [218-220] 

(average values) SMP SMA 

Cost 20 €/kg 500 €/kg 

Density 0.9-1.25 g/cm3 6-8 g/cm3 

Shape recoverability up to 500% up to 8% 

Processing Easy (< 200ºC, low pressure) Hard (> 1000ºC, high pressure) 

Tailoring of transition tem-

perature, stiffness, bio-de-

gradability and functionally 

grading 

Easy Hard 

Response time measured in seconds measured in miliseconds 

Number of cycles very low high 

Recovery stress (related to 

Young’s Modulus) 
4 - 10MPa 200 - 400 MPa 

Strength 5 - 100 MPa 700 - 2000 MPa 

 

Still, nowadays even though SMPs lead in terms of investigation, SMAs have currently 

more commercial applications. Some recent reviews of the state-of-the-art of SMPs have 

been published [220-223]. These reviews go over topics ranging from their synthesis, 

types and their characterization, possible blends with other materials and reinforce-

ments, current and future applications and potential future directions in their improve-

ment including integration into MFC. Most studies concerning SMPs are about the ther-

moplastics ones, which have relatively poor thermal and mechanical properties (e.g. 

temperature, moisture and chemical resistance), so they aren’t able to meet many re-

quirements for multifunctional structural materials. However, thermosets, as well as 

thermoplastic SMPs reinforced with CF and CNTs, and other fillers are in development 

and show promise [222, 224]. 

The SM effect in polymers can be induced: 

 By specific changes in temperature (thermo-responsive/thermal-sensitive) –  

these are the most known SMPs. They are a class of polymers that are easily de-

formable at high temperatures (average of about 70ºC) retain their shape when 

cooled and return to their original (high temperature) shape when heated again. 

This recovery of a previous memorized shape in polymers occurs due to glass 

transition. This change in temperature can be obtained: 

o directly through heat transfer from a heat source through conduction, 

convection of radiation; 
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o electrically – through embedding electrically conducting particles/fibers 

such as carbon fillers; 

o magnetically – through embedding of magnetic fillers such as iron/iron-

oxide, nickel, or cobalt compounds; 

o electromagnetically – a combination of the above; 

o exposure in a solution/water – when exposed, their glass transition tem-

perature lowers the triggering of the SME. 

 By exposure to light – these SMPs have their SME independent from any tem-

perature effect. Light of different wavelength ranges is used for the fixation of 

the temporary and the recovery of the permanent shape instead of changes in the 

material’s temperature; 

Instead of directly supplying a thermo-responsive polymer with a source of heat, the 

other option is to do it indirectly by embedding materials that convert other forms of 

energy to heat and then trigger the shape recovery mechanism with stimulus such as 

laser energy and magnetism, the latter needing the polymer to be filled with magnetic 

nanoparticles [225]. This mixing of materials turns SMPs into truly multifunctional com-

posites. These are some of the functions of SMPs which combine the mechanisms men-

tioned until now [226]: 

 Actuation – a direct effect from the SME; 

 Magnetic sensitivity – by using ferromagnetic fillers; 

 Radiation sensitivity/opacity, namely RF, IR and UV – arise from the UV absorp-

tion properties of CNTs; 

 Electrical sensitivity/conductivity – by using electrically conducting fillers such 

as CNTs and carbon black; 

 Ability to change optical properties namely color and transparency (Fig. 43); 

 Ability to change its water sensitivity/permeability – by changing the microstruc-

ture of the polymer [227, 228]; 

 High thermal conductivity – by using thermally conducting fillers as CNTs; 

 Self-healing [229, 230]; 

 With magnetic interference shielding –  allowed by reinforcement with 

MWCNTs [231]; 

In regards to actuation, electrical actuation has been studied [232, 233]. Liu et al. [233] 

studied different mechanisms to make it possible such as filling the SMP with conductive 

fillers as CNTs, electromagnetic fillers, adding magnetic particles such as Ni chains and 

adding hybrid fibers as micro-carbon powder and carbon black.  

SMPs can also be combined with SMAs. For example, Ghost et al. [234] have shown how 

to combine SMAs and SMPs to form a smart material system, including a SMP with var-

ying stiffness due to the variation of its glass transition temperature. 
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Fig. 43 – Change in color of a poly(cyclooctene) during deformation [235]. 

Like SMAs, SMPs also find applications in aerospace. The aerodynamic performance of 

aircrafts is designed for specific flight conditions, e.g. cruise for long range airliners, 

meaning that whenever the plane is not on the condition it was optimized for, efficiency 

is going to drop. For this reason there is great interest in expanding the optimal flight 

conditions, which could be obtained through morphing parts of the aircraft giving it the 

ability to change its geometry during flight. There are several attempts at implementing 

the concept of morphing wings [236].  Two examples concerning the use of SMPs as the 

actuation mechanism are shown in (Fig. 44 a-b). 

Due to their shape morphing ability, SMPs are also being studied for use in deployable 

structures [237]. The main advantage of using SMPs for space applications is that it could 

greatly reduce the volume, weight, and cost of the structure compared with traditional 

self-deploying techniques. For example Keller et al. [238] have developed a deployable 

radio frequency reflector comprised of SMP-based composites claiming it is much more 

mechanically simpler and lighter than its conventional competitors (Fig. 44 c-d). 

One of the most recent results of scientist searching for simple, cheap and light self-de-

ployable structures is the development of cold hibernated elastic memory technology, 

which uses SMPs in open-cell foam structures or sandwich structures made of SMP foam 

cores and polymeric laminated-composite skins. The deployment occurs due to the SME 

and the foam’s elastic recovery. This technology has found many space applications such 

as antennas, habitat structures, thermal shields, soft-landers and nanorover wheels (Fig. 

45) [239]. 

Healable composite systems for primary load-bearing aircraft components have also 

been developed. Cornerstone Research Group Inc. [240] for example created a composite 

made of piezoelectric materials for SHM and SMPs for thermal activation. When dam-

aged, the SHM system will locate and assess the severity of the damage ordering the 

heating of the SMP at the damaged location, and its shape recovery will partially heal 

the damage. This composite system was able to recover approximately 80% of its flexural 

strength upon bending test. 
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Fig. 44 – SMPs application in aerospace, so far mainly for actuation: a) Prototype of a morphing 

wing unmanned combat air vehicle by Lockheed Martin[222]; b) Conductive SMP for morphing 

wing, adapted from [239]; c) A SMP composite reflector in its pre-deformed (up) and recovered 

(down) shape; d) illustration of the structure of the reflector [238]. 

There are still a few challenges for SMA/Ps that are in need of being addressed. Herein I 

name a few: 

 Low actuation frequency – the need to heat and cool down, especially the cool 

down process is slower because either it is due to passive cooling – slower – or 

active cooling – faster but increases complexity, costs and weight; 

 Low energy efficiency: only about 8-17% of the heat energy received is trans-

ferred into work (Nitinol, NiTi - [241]); 

 Low controllability – hard to control exactly the materials final temperature, 

hence it may overheat causing a significant reduction in fatigue life; 

 More difficult to manufacture and machine when compared for instance with 

steel and aluminum and more expensive [20, 242]; 

 Low recovery force due to low recovery strength – SMPs only manage a few MPa 

while SMA can go over 10 MPa; 

 Increase the number of operations of SMPs – currently they are only capable of a 

one-time operation, and so are not appropriate for use in cyclic actuations. 

a) 

b) 

c) d) 
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Fig. 45 – Self-deployable mini-rover wheels made using cold hibernated elastic memory technology 

[239]. 

Many of these problems are already being dealt with. The lack of strength of SMPs is 

being addressed with the reinforcement of fillers, namely CNT and CNF, nanoclays, SiC 

particles, carbon black, among others [220]. The problem of low fatigue life and repro-

ducibility might soon become solved, as Chluba et al. [243] reported on the addition of 

copper impurities to NiTi SMA resulting in a ultra-low fatigue SMA that was able to 

withstand 1 million shape recoveries. Some of the other challenges developments are 

mentioned in a review of the progress towards overcoming the SMPs challenges by 

Rousseau [219].  

2.7 Other 

Apart from the large groups of materials mentioned until now – carbon based nano 

materials, FGMs, piezoelectric and SMMs – there are several other very interesting ma-

terial systems that don’t fit into a neat large group such as the ones mentioned. This 

subchapter is for those. 

Aptamer based 

A promising recent area of research is seeking to advance materials that use the presence 

of targeted molecules as a stimulus to trigger further changes to the system. These hybrid 

materials integrate a molecular recognition probe within that is specific to the molecules 

to which they are to respond to. The possible probes include antibodies, molecularly 

imprinted polymers and aptamer technology. A paper from Mastronardi et al. focused 

on the latter, based on the premise by earlier researchers that these are the most compat-

ible for integration, which for now seems restricted to laboratories, with smart materials 

[244]. 
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Carbon Fiber Reinforced Composites for Energy Storage and Sensing 

The idea of adding energy storage function to high performance structural materials has 

been gaining increased attention. Carbon fiber reinforced composites are one of the can-

didates for structural batteries both type I (layered CF/epoxy-battery) and II (integration 

of energy storage material within the composite). 

An initial application was for unmanned aircraft vehicles such as the DARPA Wasp 

micro air vehicle [245], which used a polymer Li-ion battery layered on top of the car-

bon-epoxy wing, managing to achieve a record-setting flight time (when compared to 

unifunctional designs) (Fig. 46). 

 

Fig. 46 – The DARPA Wasp Micro Air Vehicle. The silver area has the embedded Li-ion battery in the 

wing structure [245]. 

Due to the resurgence of interest in electric cars in recent years, so has the interest in 

better batteries. Eric Jacques, a researcher in vehicle and aerospace engineering at KTH, 

has mentioned how carbon fiber can fill two functions in an electric car: as a lightweight 

composite reinforcement material for the car’s body, and as an active electrode in lithium 

ion batteries. He says carbon fiber offers a viable alternative to graphite. Lithium can be 

inserted into the carbon fiber microstructure and the carbon fiber acts as a good conduc-

tor [246]. 

The weight of the battery is one of the largest obstacles to overcome for electric and hy-

brid vehicles. As we will see, a structural battery could massively increase the overall 

system’s efficiency. Fortunately this technology is already alive and improving. Drayson 

Racing Technologies and Lola first presented the Lola Drayson B12/69EV, an electric rac-

ing car that uses a composite structural battery to aid the main battery for powering (Fig. 

47) [247]. 
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Fig. 47 - Lola Drayson B12/69EV electric racing car with nickel-based and CF structural-batteries. 

[248] 

Even though the way the composite was achieved in the Lola Drayson, and many others, 

are hidden inside the R&D of industries, other researches might give a hint due to re-

search of their own. Pereira [249] obtained a CF/epoxy with energy storage function by 

embedding thin film lithium energy cells within the CF layers. The strength and stiffness 

of the carbon/epoxy laminate was not significantly changed, and there was no abnor-

malities in the energy cells’ charging and discharging processes when the composite was 

mechanically loaded to up to 50% of its ultimate tensile strength. 

Since 2010 Volvo, together with Imperial College of London and nine other European 

companies and institutes, have been developing body panels for cars that store energy 

(Fig. 48) [250]. In an interview it is shown the charging of a simple sheet of a carbon fiber 

multifunctional composite being charged and subsequently being used to illuminate a 

light. Conservative estimations on weight savings approach 15%. Moreover, there would 

be much less wiring since energy could be withdrawn from several sources on the car 

that are closer to the device. The materials consist of carbon fibers, nanostructured ca-

pacitors and super capacitors.  

 

Fig. 48 – a) A diagram explaining the concept for structural vehicle batteries being designed by Volvo 

in partnership with Imperial College of London [250]; b) One of the developers showing how a struc-

ture-battery panel would fit like a normal panel [251]. 

 

a) b) 
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As for the batteries’ electrolyte, Snyder et al. [252] studied different formulations in order 

to obtain structural batteries in the range between highly conductive but structurally 

weak to the inverse. Unfortunately they found that the Young’s modulus and the elec-

trical conductivity were inversely related. 

One of the difficulties pointed out is in finding custom Li-ion cells because there are very 

few manufacturers that are willing to making them. This is because the production of 

batteries is typically for large series (thousands to millions) meaning that small (10-100) 

custom lots can be prohibitively costly as they need to be manually made. In a study 

about the design and application of structural batteries Thomas et al. complain how just 

the custom cells they had to purchase cost several thousands of dollars per unit [245]. 

Another issue is that structural-batteries need to be longer lasting than conventional bat-

teries. One can’t just replace an aircraft wing or a car aileron after 2-3 years of use, like 

it’s done with mobile phone batteries. They should last for decades. This requires syn-

ergy in the performance life between the structural material and the energy device. This 

is an advantage for supercapacitors because even though they store ten times less energy 

than current lithium-ion batteries, they can last a thousand times longer, meaning they 

are better suited for structural applications.   

There are those who also focus on giving CFRP capacitor functionality. An example of a 

structural capacitor was the one developed by Luo and Chung [253] with a capacitance 

of 1.2𝜇F/m2 which consisted of a carbon/epoxy laminate with a paper in-between to re-

duce through-the-thickness conductivity. Unfortunately the capacitor was not mechan-

ically tested. 

 

Fig. 49 – a) Illustration of the self-sensing CFRP, the layup orientations and the presence of an 

electrical interleaf to isolate sensing plies; b) Resistance change across mounted sensors denoting 

damage in fibers corresponding to sensors 3-21.Adapted from [254]. 

Scientists have been trying to improve the energy storage capabilities of supercapacitors, 

but one of the biggest problems in designing load-bearing supercapacitors is preventing 

them from delaminating [255]. 

In terms of sensing, the ability to detect and locate damage on a CFRP has also been 

accomplished by Hou et al. [254] by measuring electrical conductivity along the fibers. 

a) b) 
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In places where fibers are fractured, resistance increased, whereas in places where inter-

fiber contacts were disrupted, it decreased (Fig. 49). 

Cement-based and conducting elastomer 

Ubertini et al. [256] developed two novel sensors for SHM of civil structures, one that 

uses a self-sensing cement paste that can be applied over large linear concrete structures 

segments or embedded in them, allowing their monitoring while contributing to load 

bearing. The other is a soft-elastomeric capacitor that can be applied over large surface 

areas, providing the structure an external sensing skin.  

Commercial 3D Printing Materials 

By using VeroBlack and TangoPlus, two 3D printing optimized polymers, Guttag et al. 

[257] created a composite with dynamically controllable surface texture (Fig. 50). 

The 3D printed composite is composed of a soft elastomeric matrix (TangoPlus) which 

has embedded stiff particles (VeroBlack) which, upon the application of external stim-

uli, is able to conform its surface to have several kinds of features.  

According to the researchers the technique also allows for directionality to occur, so for 

example, they could create a surface that is smooth in one direction but rough in the 

opposite, and also since it also relies on the geometry of the particles it is scalable to 

any size. 

 

Fig. 50 – a) Basic setup of the composite – black circles: VeroBlack stiff particles, grey matrix: Tan-

goPlus elastomer; b) at a certain compressive strain the particles rotate resulting in anisotropy of 

the texture; c) Simulation used to observe the effect of using inhomogeneous with variable shape 

particles [257]. 

Copper Nano-ink 

A laminate for simultaneous energy harvesting and storing was developed by Kim et al. 

[258] by using a printed by inkjet at a nano-scale copper circuit on a polymer film to 

connect a thin film solar module to a thin film lithium-ion battery. It resulted in a single 

film which was then embedded and co-cured within carbon/epoxy prepreg layers to fab-

ricate an energy harvesting and storage composite. 

Foams 

There are plenty of foams out there but I’d like to mention two I found appropriate for 

the topic of MFMS. The first one are syntactic foams, which are a class of particulate 

c) 

b) 

a) 
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composites where materials are filled with hollow particles. This way instead of the po-

rosity simply consisting of gas, each porosity is encapsulated in a stiff and strong shell, 

resulting in foams with significantly higher modulus and strength but similar density. 

They are still in their infancy, but I find this concept promising since the presence of the 

hollow particles not only increases specific properties but could also add new function-

alities to the material they fill. 

The second one is Aerographite: A 3D network of porous carbon tubes with a density of 

just 2kg/m3, making it the lightest material currently known, electrically conductive and 

with a capacity to be compressed to 95% of its volume returning to the original volume 

without any damage. Due to its hierarchical structure, and the resulting very low den-

sity, it has outstanding specific properties such as stiffness and tensile strength. Its mor-

phology is also susceptible to be significantly changed concerning aspect ratios, diame-

ters of the tubes, and the structure of the surface. 

It was produced by using a sacrificial template made of ZnO that was put into a carbon 

enriched atmosphere. Heating it to a certain temperature then introducing H2 which re-

acts with the ZnO resulting in steam and Zn gas leaving the light carbon foam Aer-

ographite behind [259]. 

Glass Fiber 

A solution that improves impact resistance along with sound/vibration damping while 

also being designed for future sensor and wire integration was proposed by Vaidya et 

al. [162]. The proposed solution consists of a sandwich structure in which the woven E-

glass face sheets are connected to the vertical woven E-glass piles and to the foam core. 

Bai et al. [260] have also demonstrated the viability of creating self-luminous glass fiber 

reinforced polymer composites by using a translucent resin mixed with self-luminous 

powders in the matrix without any loss of load-bearing capacity of the composite.  

Kevlar Composites for CLAS 

The development of composites with integrated broad band radio frequency antenna – 

also called conformal load bearing antenna structure (CLAS) – for the use on the skin of 

fighter aircrafts [261-263] is the scope of the program named Smart Skin Structure Tech-

nology Demonstration (S3 TD) which is sponsored by the US Air Force’s. Yao et al. at-

tempted to achieve full integration by developing a microstrip antenna incorporated in 

a 3D orthogonal woven composite structure of Kevlar 129/vinyl ester composite [264]. 

Kevlar Fibers Coated With Polymers  

Lee et al. [265] developed a fiber-based pressure sensor with unprecedented sensitivity, 

excellent durability and quick response, comprised of highly conductive fibers coated 

with dielectric rubber materials (Fig. 51). The conductive fibers were fabricated by coat-

ing poly(styrene-block-butadienstyrene) (SBS) polymer on the surface of poly(p-phenyl-
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eneterephthalamide) (Kevlar) fiber, followed by converting silver (Ag) ions into Ag na-

noparticles directly in the SBS polymer. It changes its capacitance when subject to trans-

verse pressure. To prove its feasibility, the authors embedded the fibers along with data 

transmission in gloves and used them to control drones with finger movements. 

 

Fig. 51 – A hybrid textile based pressure sensor [265]. 

NiF2 on PET 

Yang et al. [266] created flexible (holding 76% of its original energetic capacity after 10 

000 discharge cycles and 1 000 bending cycles) super-thin (0.25mm) supercapacitor that 

can behave like a battery, that is, it can charge and discharge slowly (Fig. 52). This tech-

nology could be used not only in wearable electronics but also in conjunction with shape 

changing materials. 

 

  

Fig. 52 – A flexible ultra-thin supercapacitor developed by Yang et al. [266, 267]. 

Materials with Sandwich Structures for Increased Thermal Properties 

As proposed by Wirtz et al. [268] a sandwich structure can be used as a thermal energy 

storing device along with a structural function for the temperature control system of an 

electronics module. Heat is stored on the phase changed material’s latent heat. The me-

chanical behavior of such structure was also described and it was found to have a good 

performance-to-weight ratio. Other projects on this subject include the sandwich struc-

tural-heat pipe developed by Queheillalt et al. [269] and the multifunctional sandwich 

panels for space satellites by Ozaki et al. [270]. Through-the-thickness and in-plane ther-

mal conductivities were improved in sandwich panels by using a carbon foam core along 

with face sheets made of carbon fiber composite by Silverman [271] for the use in light-

weight spacecraft thermal radiators. 
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Metallic-Intermetallic Laminate Composites 

Metallic-intermetallic laminate (MIL) composites are composites made of a combination 

of metal and intermetallic laminates. The composition, physical, and mechanical prop-

erties of the MIL composites can be tailored by varying the individual foil compositions, 

thickness, and layup sequence. The processing is also relatively easy. In the case of one 

well known MIL, due to its high specific properties, Ti-Al3Ti, the processing temps are 

below 700ºC and the pressures below 4MPa without the need for any special atmos-

phere. They have mainly potential for type I multifunctionality. 

Since these composites are obtained by initially ductile metallic foils, this allows easy 

shaping of the layers allowing non-planar structures such as tubes, shafts and rods to be 

formed. Since they can also be machined, we can obtain other more complex structures 

as well as cavities for the incorporation of other functionalities such as passive damping 

or sensors [272]. Other functionalities, apart from structural, are also ballistic protection 

and thermal management (thermal energy storing or conduction). 

Fig. 53 a shows a typical structure of a Ti-Al3Ti MIL, and b the introduction of cavities 

in the intermetallic layer for vibration damping functionality. Their size, distribution and 

location can be designed and produced for each individual layer, and can also be filled 

with granular materials to serve as particle dampers. Fig. 53 c shows a MIL of Nitinol 

and Ni-Ti Aluminide with embedded tubes that can absorb energy that could return to 

their original shape through heating. 

Other functionalities could be obtained through the embedding of other materials or 

devices in the cavities, mainly in the intermetallic layers. 

  

Fig. 53  – a) typical structure of Ti-Al3Ti MIL; b) X-ray fluoroscope image of through-thickness cavi-

ties created within the intermetallic layer of a Ti-Al3Ti MIL composite for vibration damping; c)  em-

bedded tubes within the intermetallic layers for energy absorption [272]. 

Polyaniline 

Polyaniline (PANI) is an intrinsically conducting polymer (ICP) meaning it conducts 

electric current without needing electrically conducting fillers like other polymers do. 

ICPs are of interest because of their uses in batteries, antistatic shielding, anticorrosion 

coatings [273] chemical sensing [274] and environmental remediation [275]. Of all the 

10cm a) b) c) 
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current ICPs known, PANI is currently the most promising because it is easy to synthe-

size, cheap and chemically stable [276, 277]. 

Porous Silicon 

Westover et al. [255] demonstrated a multifunctional material capable of simultaneously 

store energy (energy density of 10Wh/kg) and withstand static (up to 300kPa) and dy-

namic mechanical stresses (up to 80G’s). This new material is a supercapacitor that stores 

electricity by assembling electrically charged ions on the surface of a porous material, 

instead of storing it in potential chemical reactions the way conventional batteries do. 

The materials are nanoscale-porous electrodes of silicon coated with a protective ul-

trathin graphene-like layer of carbon. A polymer film acting as a reservoir of charged 

ions is sandwiched between the two electrodes. By pressing the electrodes together, the 

polymer is forced to penetrate into the tiny pores of the electrodes. After it cools down 

and solidifies it forms an extremely strong mechanical bond. 

Silver-Silica-Silver Material System 

Using a 3 layer Silver-Silica-Silver MS with high-resolution printed arrayed holes, 

Cheng et al.  [278] created a plasmonic nanostructure that exhibits visible light color 

with low dependence on incidence angles and on the presence of a polymer layer on 

top, for protection purposes. By altering the holes’ diameter, which they tested from 

45nm to 75nm, and distance between each other they were able to control the dis-

played colors, which were pure and with high brightness (Fig. 54). 

 

Fig. 54 – a) Illustration of the composition and structure of the plasmonic metasurface; b) Optical 

microscopic image of the plasmonic print; c) SEM micrograph of a detail of the fabricated pat-

tern[278]. 

Zinc Oxide 

Bagal et al. [279] developed a flexible (increased rupture strain of up to 51% of planar 

ZnO), electrically conductive and transparent ZnO-PDMS structure. It was created by 

using atomic layer deposition to deposit a ZnO layer on top of a photoresist which had 

been worked on using interference lithography to create nanoridges of various heights 

(Fig. 55).  

a) b) c) 
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Fig. 55 – a) SEM micrograph of the ZnO nano-accordion; b) Test setup for mechanical and electrical 

characterization; c) Process of fabrication of the structure; d) Part of the mechanical characterization. 

The size values represent the height of the ridges; e) Part of the electrical characterization revealing 

changing electrical resistivity with strain. Adapted from [279]. 

2.8 By functions 

here are other materials or frameworks being developed which are made of several 

constituent materials or research that involves several materials, where the common 

factor is function. For these, a grouping by function makes more sense. 

Energy related 

In previous chapters structural energy storing composites were already mentioned. Here 

I present a few of the remaining that didn’t fit in the other groups namely structural 

capacitors and autophagous composites. 

A comparison of several structural capacitors focusing on their stiffness and energy den-

sity was made by O’Brien et al.[280] (Fig. 56). This comparison shows that regular ca-

pacitors have high energy density but poor stiffness and conventional structural compo-

sites have the opposite relationship. In this case it meant that none of the materials eval-

uated achieved the threshold – represented as a dashed line – for having a total efficiency 

at least as good as the unifunctional components separated, which would mean for the 

same load bearing capacity and energy storage density, the final component would 

weigh the same. That threshold seems to have been surpassed according to claims by 

Baechle et al. [281] who created dielectric capacitors of laminated glass-epoxy prepregs 

with metalized film electrodes.  

c) 

a) b) 

d) 

e) 

1cm 
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Fig. 56 – Comparison between structural capacitors. The dashed line represents the threshold above 

which the system’s weight is less than combined weight of each of unifunctional subsystems. 

Adapted from [280]. 

As part of the DARPA Synthetic Multifunctional Materials Program, Neudeucker and 

Benson [282] have proposed a “PowerFiber” which consists of a structural and energy 

storing fiber whose concept can be used for several materials (Fig. 57 a). The same au-

thors developed such a fiber based on SiC and carbon and Lithium (Fig. 57 b,c) which 

was able to store up to 0.8𝜇Ah at 1.5V for eight 150𝜇m diameter 5cm long fibers. 

 

Fig. 57 – a) The structural and energy storing ‘Power Fiber’ b) SEM micrograph of a SiC ‘Power Fi-

ber’ c) Photo of ‘Power Fibers’ embedded in a PET matrix (‘Power Composite’); d) ‘Power compo-

site’s’ discharge capacity and voltage after 990 charging-discharing cycles; a-d) adapted from 

[282]. 

Batteries aren’t made for structural purposes, but with the increasing in interest in struc-

tural batteries, the question of how Li-ion batteries behave when subject to loads has 

arisen. In his thesis [283], Hyoncheol Kim analyzed the effects of structural, thermal, 

a) b) 

c) d) 
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fabrication and kinetics effects on lithium-ion batteries for the purpose of their integra-

tion in structural-batteries where he said there had been low understanding of their ef-

fects on batteries due to the premise that they are to be kept in a stress free environment. 

Suabedissen, et al. [284] concluded that applying stress not only decreases batteries’ ca-

pacity early on, but can also lead to its shorting. 

Structural energy storage mediums, such as the ones that have been presented before, 

are a field of research where there is a great amount of funding going into. For example, 

ARPA-E in 2013 alone gave away $56M in funding for the development of electrical ve-

hicles’ storage [285, 286]. The U.S. Department of Energy’s Advanced Research Project 

Agency for Energy is investing $8.7 million in research projects concerning integrating 

energy storage capabilities in structural materials [287]. It is to expect that great improve-

ments to this area will quickly follow. 

Finally there is another lowly researched area which concerns autophagous composites, 

that is, which can be consumed to generate electrical power after the part they constitute 

is no longer needed, for example in space propulsion systems after the fuel has been 

consumed [288]. An example of such a composite has been proposed by Joshi et al. [289] 

which consisted of thermoplastic matrix composites with incorporated oxidizers which 

demonstrated a significant energy output from directly burning the material. 

Clothing 

Clothing might not be something one thinks of when looking for MFMS, but some of 

them do have multifunctionality. With the improvements in nanofibers such as CNTs 

and TiO nanowires and new thin films such as graphene, the possibilities for innova-

tion increase and so does funding, such as by the PROETEX European project for ad-

vanced e-texiles for firefighers [290]. 

Starting with the simpler ones, many raincoats are multifunctional structures with sev-

eral layers each with a different purpose. An external waterproof rubber-like layer, an 

interior layer for comfort to skin contact including the ability to absorb moisture to main-

tain the skin dry, and an intermediate layer for thermal isolation.  

More extreme cases of this include firefighters’ clothes (Fig. 58). In those there’s an outer 

shell generally consisting of woven fabrics and whose function is to provide flame (1), 

thermal (2) and mechanical resistance (3). Inside there’s the moisture barrier made of 

breathable (4) moisture-resistant (5) film laminated to a substrate for stability. Then ther-

mal liner which is composed of layers of flame-resistant and thermally-insulate non-wo-

ven fabrics that are attached to a woven facecloth for stability and strength, totaling 5 

functions. 
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Fig. 58 –Typical layers of firefighting jacket [291]. 

Other wearable type I multifunctional structures have been presented on the chapters 

concerning piezoelectric and carbon-based nanocomposites. More recently there has 

been an increasing interest in a more integrated (type II) for wearable devices and 

clothes.  

Liu and colleagues [292] produced a small solar cell with a multimaterial wire with 

MWCNTs enveloping it, to function as a power source with a 1.78% efficiency of energy 

conversion with no decrease after 1000 bending cycles. The MWCNT provides flexibility 

and mechanical strength and functions as the anode and the Ti coated wire absorbs solar 

energy and functions as the cathode (Fig. 59 a-c).  

On the other hand, energy storage fibers for wearable devices/clothing are also being 

developed such as a cable-like supercapacitor made of SWCNTs coated cotton thread 

(Fig. 59 d) [293], and an energy storing multimaterial fiber composed of CNT-Si/CNT 

yarns as the anode, and CNT/(Lithium Manganate (LMO)) yarns as the cathode (Fig. 59 

f-h). Other examples and the state-of-the-art of wearable applications can be seen at the 

recent review by Zeng et al. [294]. 
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Fig. 59 – a) Illustration of polymer solar cell fiber; b) Micrograph  of the polymer solar cell; c) Photo 

of the textile with several polymer solar cell fibers on a shirt, powering an electronic device [292]; d) 

Photo and diagram of a fiber supercapacitor for energy storage [293]; e) 3D representation of the 

LMO/CNT and CNT-Si/CNT yarns; f) Manufacturing method of the energy storing fiber; g) Photograph 

of the fiber providing energy to lighten a LED; h) The fiber woven into a textile (grey color)[295] 

Self-Cleaning coatings  

Ganesh et al. [296] published in 2011 a review concerning self-cleaning coatings where 

the two great groups of these materials, hydrophobic and hydrophilic are analyzed. 

These functions come mostly from the roughness of surfaces, either making a rough sur-

face from a low surface energy material or modifying a rough surface with a material of 

low surface energy (Fig. 60). 

a) 

c) 

b) 

LMO 

CNT 

CNT-Si 

f) 
b) 

g) 

h) 

d) 
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Fig. 60 – A flowchart showcasing current materials and processes used to create self-cleaning 

coatings [296]. 

Wu et al. [297] later presented a different approach by dispersing microcapsules in and 

onto a polymeric matrix. The ones filled with hexamethylene diisocyanate exhibited self-

healing and anti-corrosion abilities. The anti-corrosion function activates when the mi-

crocapsules fracture releasing the hexamethylene diisocyanate that react with water or 

moisture to form polyuria that fill the crack and provide anti-corrosion (Fig. 61). 

 

Fig. 61 – An illustration of the self-cleaning and self-healing coating produced by Wu et al. [297] 

(adapted). 

Other examples will also be given later in the chapter Nature as a Source of Inspiration, 

since many self-cleaning mechanisms are biomimetic in their nature. 

Self-Healing materials 

Self-healing materials are materials that are capable of self-repairing damage without 

human intervention. Not having artificial self-healing MSs is something we’re greatly 

missing out on. To give the reader a perspective, the fatigue life of human tibia would 

be less than three years if the self-healing mechanism was not present [298]. There have 
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been written reviews [299-302] and even books about this topic [303-305], so here only 

but an overview is presented. 

Whereas in living beings these processes seem self-evident – merging of broken bones, 

healing of blood vessels and skin – in machines, structures and devices, the materials 

generally do not possess this ability. Things are mostly designed on the basis of the dam-

age prevention philosophy instead of damage prevention and management. Currently, 

and contrary to living beings, we can only restore the function of a fractured parte, and 

not the microstructure in a way that it would be undistinguishable from what it was 

before damaged.  

To help categorize these materials we can divide them into classes (Fig. 62). The first is 

related to how the healing mechanism is triggered. If it needs an external stimulus such 

as light or heat they’re called non-autonomic, whereas if the damage itself is enough to 

trigger the healing they’re called autonomic. The second is related to how the healing 

mechanism is or isn’t part of the material. In extrinsic self-healing, the process requires 

external, specifically brought in by vascules, or embedded in micro or nanocapsules ma-

terials for the self-healing to occur. Intrinsic self-healing, on the other hand happens 

when the matrix itself has the ability to provide healing function.   

 

Fig. 62 – Classification of self-healing materials according to their autonomy and healing mecha-

nism integration. 

The self-healing ability has been studied in for ceramics, metals and polymers. A way to 

quickly perceive the difference in difficulty of implementing the self-healing functions 

on these three material types is through the temperatures at which the mechanism of 

healing occurs. Low temperatures for polymers and their composites (< 120 °C) and high 

temperatures for metals ( < 600 °C) and ceramics ( > 800 °C). In Table 5 a brief summary 

is presented of research concerning each material, the healing methods studied, and the 

type of healing method according to the classification presented before. 

Intrinsic 

Autonomy of 

healing initiation 
Healing mechanism 

integration 

Healed 

Specimen 

Non-Autonomic 

External 

stimuli 

Autonomic Damage as 
stimulus 

Extrinsinc 
Healing agent 
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Table 5 – Summary of the research papers concerning ceramics, metals and polymers and their 

composites. 

Healing method Autonomy of healing initiation Healing mechanism integration 

 Autonomic 
Non-autonomic 

(stimulus) 
Intrinsic Extrinsic 

Ceramics and their composites     

SiC Oxidation [306, 307] ✓  ✓  

Metals and their composites     

SMA + off-eutectic [308]  ✓(thermal) ✓ 
✓ (SMA wires for 

closing the gap) 

Low fusion temperature alloy [301, 

308, 309] 
 ✓(thermal)  

✓ (hollow tubes, 

microcapsules) 

Precipitation [301]  ✓ (thermal) ✓  

Inductive and Resistive heating for 

SMA activation 
 ✓ (electrical)   

Electrochemical [301]  ✓ (electrical)  ✓ 

Polymers and their composites     

Supramolecular-based Polymers 

[310, 311] 
 ✓ (mechanical) ✓  

Diels Alder polymers [312, 313]  ✓ (thermal) ✓  

Electrical resistive heating [314]  ✓ (electrical) ✓  

Organometallic polymers [315]  ✓ (electrical) ✓  

Sensitive to heating through electro-

magnetic induction 
 

✓ (electro-mag-

netic) 
  

Ionomers [316]  ✓ (ballistic) ✓  

Sensitive to opto-chemical reactions 

[317] 
 ✓ (UV radiation)   

With healing agents circulating in 

vasculature [318-320] 
✓   ✓ (vasculature) 

With microcapsule filled healing 

agents [321] 
✓   ✓ (microcapsules) 

With encapsulated solvents[322] ✓   ✓(microcapsules) 

With healing agents contained in 

hollow glass fibers [323] 
✓   ✓ (hollow tubes) 

 

For a more detailed table exclusively for polymers please refer to [324]. Next let’s dis-

cuss each with a little more detail. 

Ceramics and their composites 

Though it is reported to have been observed for other ceramics [325] it is about SiC that 

most reports focus on in terms of the self-healing ability. A recent review has been done 

on structural ceramics’ self-healing ability by Madhan et al. [300] and Gosh’s Book [303] 

also provides an overview. Currently the main self-healing mechanism used for ceramic-

matrix composites is intrinsic and non-autonomic oxidation-induced self-healing 

through the increase in volume of SiC when oxidized. What happens is that the SiC on 

the surface of the crack, when contacts with O2, and at high temperatures (1100-1200 °C) 

oxidizes and increases in volume sealing the crack (Fig. 63). There are still other less 
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researched mechanisms, but most still require temperatures higher than working tem-

perature [299]. 

 

Fig. 63 – Crack healing mechanism driven by SiC oxidation [303]. 

In civil engineering, concrete is the most researched material for self-healing potential, 

and it has seen an exponential increase in interest in the last decade. In concrete, the 

problem that arises so much interest lies in the crack formation and possible corrosion 

to the reinforcing steel rods that occur as a result, which weakens the structure. Moreo-

ver repairing such damage is time consuming and costly and depending on the nature 

of the building may be hard due to low accessibility.  

Currently there are 5 self-healing mechanisms being studied for concrete (Fig. 64). 

Herbert et al.[326] have provided a review and comparison of those methods and some 

considerations to have for their implementation to be successful.  

 

Fig. 64 – Concrete self-healing mechanisms currently being studied: a) chemical encapsulation; b) 

bacterial encapsulation; c) mineral admixtures; d) chemical in glass tubing; e) and intrinsic healing 

with self-controlled crack width. Adapted from [326]. 

 

(I) (II) (III) 

a) b) c) 

d) e) 
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Metals and their composites 

In metals, self-healing has seen very limited success. This is because of strong atomic 

bonding, high fusion temperature and reactivity. The self-healing in these materials so 

far has been achieved and/or studied by: 

1. The use of SMA wires to close cracks in combination with an off-eutectic healing 

system, that is, a hypoeutectic or hypereutectic composition where at the same range 

of temperatures that the SMA is activated, the matrix partially melts allowing the 

crack to be welded upon cooling [327]; 

2. Having a lower fusion temperature alloy melt to fill in the cracks on a higher tem-

perature fusion alloy [301, 308, 309]; 

3. Manipulating the precipitation process in a metallic solution [301, 328]. 

Polymers and their composites 

Where self-healing finds most interest is, by far, in polymer matrix composites. In them, 

internal micro cracks/damages during their lifetime cycle are very hard to detect and to 

repair. The current way to deal with this is to adopt conservative designs, which lead to 

overweight structures that do not utilize the full potential of fiber reinforced polymer 

matrixes. 

The development of self-healing in thermosets has followed a distinctly different route 

than that of thermoplastics. While for thermoplastics healing is generally associated with 

the high chain mobility which allows a softening and flow of material across a damaged 

interface that occurs upon heating, for thermosets such is not possible because their typ-

ical cross-link network prevents the polymer chains from diffusing through the material 

when heated above the Tg and instead the material degrades. 

Because of this, for thermosets most of the methods developed thus far are extrinsic, 

requiring the use of a healing agent to mend the cracks. The research is presently focused 

on discovering the best distribution method and healing agent as well as the possibility 

of mixing in others. As for the distribution method of the healing agent the most well-

known are: 

1) Healing agent sealed in discrete micro-capsules for one time local healing when cap-

sules are ruptured [329](Fig. 65 a). This only works for micron-sized cracks with 

limited size and the healing process ceases once the healing agent is used. In addi-

tion, since it is a polymerization process, instant healing is difficult to achieve [18]; 

2) Hollow fiber embedment, generally glass fibers but more recently CNTs have also 

been researched [330] (Fig. 65 b). This method allows for multiple healing to occur 

and for larger cracks, and also can increase structural performance as the fibers also 

have load bearing capacity; 

3) A bio-inspired network of capillaries in which healing agent flows inside for multi-

ple local healing events (Fig. 65 c) [318, 331, 332]; 
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4) Brownian motion induced polymer chain crawling has also been applied for self-

healing but with limited achievement [19–21]. 

Let’s see each of the first three healing mechanisms in more detail. 

One early development of the microencapsulated healing agents was developed by 

White et al. [333] for polymer composites. The healing agents would fill the cracks by 

capillary action and a catalyst dispersed within the polymer matrix would polymerize 

the agent when they contacted, bonding the crack interfaces.  

  

Fig. 65 – a) Illustration a self-healing mechanism based on a microencapsulated healing agent em-

bedded in the matrix. When a crack occurs, the healing agent fills it cracks by capillary action, and, 

mixed with the catalyst, is polymerized and bonds the crack faces together; b) illustration of self-

healing mechanism in hollow fiber-based self-healing composites. Adapted from [333]and [334]; c) 

Self-healing mechanism based on distribution by vasculature; d) ESEM image showing ruptured mi-

crocapsule [335] e) Intra-ply shear cracks intercepting hollow glass fibers in a self-healing CFRP 

laminate[336]; f) Vascule in an Epoxy/CF laminate[320]. 

The efficiency of the healing, in terms of fracture toughness mode I, can be defined as 

[333] 

𝜂 =
𝑃ℎ𝑒𝑎𝑙𝑒𝑑

𝑃𝑣𝑖𝑟𝑔𝑖𝑛
=

𝐾𝐼𝐶 ℎ𝑒𝑎𝑙𝑒𝑑

𝐾𝐼𝐶 𝑣𝑖𝑟𝑔𝑖𝑛
 

Where P is the loading and 𝐾𝐼𝐶 the fracture toughness in mode I.  

a) b) c) 

d) e) f) 
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With this in mind, using the tapered double cantilever beam test in Fig. 66 a the healed 

specimens were able to attain up to 75% efficiency. 

 

Fig. 66 – a) Load-displacement curves of virgin and self-healed specimens for mode I fracture 

toughness tests with microcapsules containing only epoxy-solvent healing agent[333]; b) The same 

but with the microcapsules containing a mixture of epoxy monomer and solvent instead [337]. 

Further research in epoxy-based composites has shown that including epoxy along with 

the healing agent in the microcapsules increases the efficiency to 100% as shown in Fig. 

66 b [337]. Fatigue [338-340] and low-velocity impact [341] tests have also been done, as 

well as repeated self-healing [342]. 

Various healing agents have also been tried such as nanoporous silica capsules [343], 

nanoporous glass fibers [344], Scandium(III) Triflate [345]. Williams et al. even tried to 

use the self-healing polymer itself as the matrix in carbon fiber-reinforced composites by 

for aerospace applications [323]. 

Hollow fibers have shown to exhibit similar levels of performance in CFRP [323] with 

the added advantage of allowing for multiple healing and having less parasitic effects 

on the composite due to their load bearing capacity. 

As for the vasculature mechanism, a simple vasculature design incorporated into a FRP 

via a “lost wax” process was found to facilitate a self-healing function which resulted in 

an outstanding recovery (≥ 96%) in post-impact compression strength. The process in-

volved infusion of a healing resin through the vascule channels [318] and was inspired 

by the bone’s self-healing mechanism. 

The current common way of incorporating vascules or vessels, which are nothing more 

than tubular holes in the composite through which a healing agent can go through, is to 

lay low melting point solder wire between the piles of the laminates during stacking. 

Then it is removed post-cure in a process similar to lost wax. Norris et al. [318] has pre-

sented another other slightly different method where a portion of the ply is cut to leave 

a space for the vessel and tested both methods against compression impact. 

b) a) 
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One of the main challenges concerning these technologies is to minimize the parasitic 

effect in terms of load bearing capacity due to the vascule incorporation which also 

should be aligned with the local fiber orientation [318]. The next step would be to move 

from 2D planar vascules to 3D interconnected vascular network across multiple length 

scales. In natural systems, the level of vascular interconnectedness and complexity is 

formidable, but in engineering we’re still seeing the first steps towards such accomplish-

ment. For example Patrick et al. [319] developed and tested two architectures of 3D vas-

cular systems with a circulating healing agent for a composite of epoxy/E-glass fibers 

having managed to heal delamination damage multiple times and increasing the com-

posite’s resistance to delamination initiation and propagation each time (Fig. 67 b). The 

proposed life cycle for such a self-healing polymer would be the one depicted in Fig. 67 

a. After delamination damage occurs, vascules where two healing agents circulate are 

ruptured. They rush into the crack gap reacting with each other resulting in polymeri-

zation and consequent recovery of the fracture resistance.  

 

Fig. 67 – a) Proposed life-cycle of self-healing microvascular fiber-reinforced composite by Patrick 

et al.; b) [319]. 

Even if self-healing occurs and is shown to totally restore strength, it might be useful to 

have indications of the location and severity of the damage. Such can be accomplished 

if the healing agent is mixed with a fluorescent dye like Pang et al. did [346]. 

As the literature review showed, self-healing currently almost exclusively deals with re-

pairing the structural function of materials. Still, when damage occurs in multifunctional 

composites, several functions can be impaired at the same time, which raises the need 

for the healing ability to repair them as well. For now this remains but a prediction of 

what it will be, as there don’t seem to be much research going on about this yet exoteric 

topic. 

 

a) b) 
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Fig. 68 – Damaged hollow fiber composite material viewed under UV light shows “bleeding” of the 

fluorescent dye mixed with the healing resin [346]. 
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CHAPTER 3 

 

 

Challenges in Adopting Multifunctional Material Systems 

3.1 Introduction 

As the state-of-the art research revealed, MFMS are still in their infancy. There are a few 

applications, many promising material systems but a lot more of potential.  

Many challenges have been presented so far, concerning existing MFMS. For example, 

it was mentioned the issues concerning alignment and good dispersion of CNTs, diffi-

culties in large scale manufacturing of graphene, issues concerning manufacturing hi-

erarchical structures, low actuation rate of SMMs among many others. In this chapter, 

we’re concerned about challenges of MFMS in general, and also grouping the topics 

mentioned throughout the previous topic into general groups. So we’ll talk about man-

ufacturing, developing new MFMS and their needs, the increasingly higher multidisci-

plinary requirements, and environmental and sustainability issues. 

3.2 Manufacturing 

Key enabling technologies (KETs) are technologies which drive innovation in the present 

and that have potential to do so in the future. They contribute to the development of 

disruptive technologies. KETs include photonics, nanotechnology, advanced materials 

and biotechnology, which are all directly related with MFMS. 

Currently the EU has great R&D capabilities in some KETs. However, a report by the 

European Commission states that the EU’s major weakness is the translation of its tech-

nical knowledge into goods and services [347, 348]. For example, despite the EU being a 

dominant force in patent fillings, those are increasingly being more exploited outside the 

EU. This gap between knowledge generation and its commercialization is known as the 

‘Valley of Death’. The technology transfer process between research institutions should 

be strengthened, but there seems to be an issue that is slowing this down which is the 

loss of manufacturing share to other countries mainly in Asia. 
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A similar issue can be seen in the USA where recently (May 2011) President Obama's 

advisory panel on science and technology was tasked with the elaboration of a strategy 

aimed at reviving the country’s manufacturing sector. One of the concerns expressed 

was that the U.S.’s innovation system was being compromised by the loss of manufac-

turing to other countries. "As manufacturing goes, so too will design and R&D," they 

said. 

In Europe KETs-related manufacturing is decreasing [349]. This creates some problems. 

In the short term, related to job creation and opportunities for growth, and in the long 

term, knowledge creation since R&D and manufacturing are mutually reinforcing often 

taking place in close proximity to each other. 

I don’t believe we should do this as a competition with the other nations, in the sense of 

being better than the others, but as a way to improve EU itself and by drag, the world. 

Innovation in manufacturing is a whole topic by itself, and one that as we just saw is 

important to set minds focused on. And so is the next topic, which is concerned with 

innovations before the manufacturing phase. 

3.3 Innovative Material Systems Development and Integration in Prod-

ucts 

Idea generation 

A great part of the challenges in the development of products that have MFMS are con-

cerned with the material systems themselves.  And the first step is the idea generation 

process, or ideation. 

When creating a new systematic approach for engineering problem solving, Genrich 

Altshuller reviewed over 40 thousand – now up to 3 million thanks to his followers – 

patents in the 70’s and he was able to discover the proportion of developments arising 

from different types of knowledge (Fig. 69) [350].  

 

 

32%
45%

18% 4%
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Major improvement
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 Fig. 69 – Levels of innovation on which new engineering patents are based on. Data from [351]. 

This is important because there are plenty of life-changing innovations out there waiting 

to happen, that don’t require new scientific discoveries but simply connecting bits of 

knowledge already available. Take for instance 15 year-old Jack Andrakas that won the 

Intel International Science and Engineering Fair for $70k that used a combination of 

knowledge of CNTs and antibodies to come up with the idea of an inexpensive pancre-

atic cancer blood test. 

Or the bagless vacuum cleaner invented by James Dyson that used cyclone separation. 

This technique was a novelty for vacuum cleaners but it was a well-established one for 

other industries such as saw mills since the 19th century [350]. 

Or Jake Dyson’s adaptation of a cooling system used in satellites to cool down LEDs, 

where heat has been the main impediment to increase their lifespan for many years 

[352]. 

As for material innovations, we have very advanced technology that is used every day 

by all living organisms which certainly has solved many problems that we are still trying 

to, in terms of material and energetic efficiency as well as multifunctionality. 

So in the ideation process the lack of available knowledge is not a problem per se. Rather, 

the problem is in finding and organizing the knowledge that is available and appropriate 

to solve specific problems or inspire new solutions. 

Needs of MFMS and their Performance 

A new material, alloy or composite should satisfy certain requirements for being 

deemed useful and sustainable and environmental healthy for the applications it is to 

be used on. The following are some of those requirements: 

 Engineering 

o Mechanical, electrical, thermal, chemical characteristics such as strength, 

ductility, fatigue strength, chemical stability, electric and thermal conduc-

tivity, … ; 

(1) Apparent solution: A simple improvement of a technical system achieved 

by using knowledge easily available to solve a simple problem in an obvi-

ous way. 

(2) Minor improvement: An improvement resulting from solving a problem 

requiring knowledge from the same industry. 

(3) Major improvement: Require knowledge outside an industry but still 

within the same field of knowledge, e.g. mechanical engineering. 

(4) New concepts: An improvement that brings together knowledge from 

more than one field of knowledge. 

(5) Discovery of a new phenomenon generally by scientists involving deep 

knowledge in that field. 

Mostly 
Engineers 

Mostly 
Scientists 
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o Related to manufacturing:  

 Necessary equipment for production – does it require expensive, 

and very specific machines? 

 Is it scalable for production in large scales? 

 Economic 

o Raw material costs and logistics – is it toxic, explosive or highly flamma-

ble? if so, it will need careful transportation;  

o Machine maintenance and running costs; 

o Energy requirements; 

o Production costs – can it be automated and produced in large scales?; 

 Sustainable development criteria and environmental characteristics: 

o Reuse and recycling capacities; 

o Availability of raw materials – consider asteroids as well;  

o Toxicity of raw and final materials and of waste products; 

o Embodied energy and CO2 footprint; 

If a material system meets these requirements to be fully accepted into an industry ide-

ally it would also need to satisfy the ones on Table 6. 

Table 6 – Requirements to increase a new MFMS adoption rate in the industry. Inspired from [353]. 

I – Information 

(I1) Extensive and reliable property data provided by the manufacturer 

(I2) 
Literature offering detailed descriptions of product development using 
MFMS. 

(I3) 
Networks involving scientists and engineers including from areas such as 
biology, environment and medical. 

P – Performance 

(P1) Equations that describe the MFMS behavior. 

(P2) 
Equations that describe system-level efficiency depending on the included 
functions’. 

M – Material and Struc-
tural 

(C1) 
Stable properties. It can be consistently manufactured in order to obtain 
the desired properties. 

D – Design Tools 

(D1) 
Design guidelines, such as guidelines regarding fatigue protection, con-
trol of operating temperature, joule heating. 

(D2) 
Design tools describing the functional behavior, such as computerized 
constitutive material models, product geometry models and material 
property databases. 

O – Operation (O1) 
Adaptive systems measuring the changes of material or product behavior 
and adapting the operational conditions to the properties and / or behav-
ior changed. 

S – Standardization 
(S1) 

Standardized nomenclature (material 1/material 2-function A, function B, 
hierarchy if applicable…) 

(S2) Standardized test procedures for each function. 

 

I believe P2 to require some further explanation. Knowing how system-level efficiency 

varies with the added functions is very important because it is the first step in the deci-

sion whether to include multifunctionality in the design. Even more so in high perfor-

mance systems where a total system’s performance change by the inclusion of MFMS 
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isn’t clear. Sometimes this may need performance estimates for both the design with 

unifunctional and multifunctional components which can be a challenge without going 

through two separate design and build stages. This is made more complex when sys-

tems have more than one objective. For example, UAVs have a simple quantifiable sys-

tem metric that is flight endurance time and a wide range of software and databases 

that can be used to predict accurately that metric based on given parameters. But, for 

example, a family automobile has multiple objectives besides energy autonomy such as 

comfort, power and safety which increases the difficulty reaching a conclusion of de-

cided whether to opt to use a MFMS. 

The distinct nature of the functions, and the need to assess their efficacy as well as the 

broad-knowledge requirement for a better ideation process also rises another issue. 

Multidisciplinarity 

As the number of simultaneous functions material systems are able to perform, so does 

the number of fields involved in their developing and manufacturing, since many func-

tions belong to different fields of study. For example, a bio-inspired self-cleaning with 

energy storage and harvesting and actuation abilities might involve biologists, material 

scientists, electrical and mechanical engineers.  

Some authors have reported that for example SMAs had no shortage of ideas for appli-

cations but it wasn’t marketable for several reasons [351, 353, 354]: 

1) A lot of the available information was too difficult to digest by design engineers, 

since it was focused on materials science; 

2) There lacked material models, and design equations to guide in the design pro-

cess and for the material simulation; 

3) There lacked integration in finite element simulations and CAD software which 

resulted in the need for extensive testing prior to production; 

Closer collaboration between materials scientists and engineers was needed, and per-

haps other methods of information sharing and organization/treatment. 

As we will see later, to increase creativity it helps to have broad knowledge about dif-

ferent fields. One specific case where that is important is in bio-inspired design. For ex-

ample to improve this bio-inspiration, it would help to have some curriculum modules 

in engineering courses on bio-inspired design or even biology, structured to align itself 

with the rest of the curriculum of the course, as it was done in the University of Maryland 

for mechanical engineering undergraduate students [355]. But implementing this is a 

challenge in itself as professors might not see the benefits immediately. 
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Recyclability, Biodegradability, Sustainability and the Environment 

Composites haven’t yet been properly recycled due to their heterogeneous nature. The 

methods developed so far have high energy requirements and/or end up with low qual-

ity recyclates. Nowadays, the products at the end of their life see the composites they’re 

made of down recycled, that is, used as fuel for energy recovery systems [356]. Still, it is 

unclear how similar to current composites, especially to the most used ones CFRP and 

GFRP, will be the multifunctional composites of the future. If current MFMS are of any 

indication, then they will be harder to recycle, because of the even greater number of 

distinct materials and their higher connectedness.  

A way to overcome this would be to have recyclability in mind when designing the ma-

terial system. Another way to overcome this is the ability for materials to be upgradable, 

so that new technologies can be implemented in existing materials. Still, these are great 

enough challenges by themselves. Even more so self-recyclable materials, which at the 

push of a button, would consume themselves originating clean energy or simply turn 

into a bio-degradable compound.  

As a knowledge rich but resource-scarce continent, Europe needs its products to have 

high knowledge content and low material and energy requirements. In this regard, ma-

terial systems development takes a special position because on it depends the design of 

new products for recycling and the recycling technologies (Fig. 70). 

 

Fig. 70 – Recycling and the importance of innovative material systems. The arrows on the right rep-

resent dependency: design for recycling depends on current recycling technologies and materials, 

recycling technologies depend on materials. 

Currently designing for recycling presents a big problem for MFMS because functions 

have been many times attained through the addition of distinct materials into the com-

posite which is in conflict with the desire to separate the materials so that they can be 

recycled. In terms of recyclability multifunctional materials, such as CNTs and graphene, 

should be superior to MFCs because of this –they are a single material with several func-

tions, so no material separation is needed for recycling. On the other hand MFC rely on 
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their multifunctionality to be supplied by more than one material. Other factors ex-

cluded, the lesser the number of materials there are in a MFMS the easier it would be to 

separate them for recycling purposes. 

But recyclability isn’t the whole issue. We should also think about the production of said 

materials, namely their embodied energy and embodied energy per time in use (embod-

ied energy divided by life cycle) [357]. Titanium may have a high value of embodied 

energy (Fig. 71), but because of its good durability properties, if well designed, the part 

could last for many years and have lower embodied energy per time in use than other 

materials that initially show lower embodied energy values. This is important to think 

about because material development also needs to concern itself with durability proper-

ties in order to decrease embodied energy per time in use and therefore increase sustain-

ability. 

Also, even though a material may be more costly and have a higher embodied energy 

per time in use to produce, if e.g. it makes the vehicle or aircraft it constitutes lighter, it 

will result in a lower energy requirement for moving. If the material system incorporates 

other functionalities such as damage sensitivity reducing the need for external machin-

ery for damage sensing, it provides the company with less costs and the environment a 

lift from the burden of having to produce, and recycle or harbor the wastes from said 

machinery. 

 

Fig. 71 – An overview of some of current materials embodied energy and CO2 footprint [97]. 
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The production of materials has also been highly correlated with CO2 production, un-

fortunately because the energy necessary to their production often comes from burning 

of fossil fuels. 

Therefore with the change to renewable sources of energy it is expected that CO2 foot-

print and embodied energy don’t correlate so well. This is a challenge indirectly related 

to the topic of challenges related to MFMS, because it concerns more the energy field 

rather that the material and manufacturing part. However, the energy field too, can ben-

efit from the development of energy harvesting material systems, which typically use 

renewable sources of energy, of which the most useful for this case should be the Sun. 

But even if materials are produced in the most efficient manner from renewable energy 

sources and their multifunctionality reduces redundancy in products and the systems’ 

energy requirement throughout its life cycle, a lot can be wasted during manufacturing. 

There’s a concept in aerospace named buy-to-fly ratio which is the amount of raw mate-

rial that is bought that ends up flying. Typically in aerospace it is around 10:1[358, 359]. 

So they waste 90% of the material they buy, which is incredibly inefficient. Additive 

manufacturing would immensely improve this (Fig. 72), and would allow several na-

noscale structures and hierarchical material systems to be produced, thus increasing 

manufacturing and material efficiency. 

 

Fig. 72 – Increases can be seen in manufacturing efficiency by using additive rather that subtractive 

processes, adapted from [360]. 

We’ve mentioned costs, efficiency and recyclability. We’re left with hazardousness and 

biodegradability.  

Non-hazardous is the property of materials whose production doesn’t release waste 

that is dangerous or potentially harmful to the environment or to health. A clear exam-

ple is PZT, which contains lead. If present in the component contains more than 

1000ppm it is considered as hazardous by the Restriction of Hazardous Substances Di-

rective. Some of it is released to the atmosphere as PbO during PZT’s production, 

which is one of the reasons why researchers want to replace the material. 

As for biodegradability, it is especially important for products whose materials can’t be 

recycled or are used as disposable items, and therefore the end result will be some kind 

of waste. It is possible to imagine that as the human race expands to living outside our 

planet, there will be (near?) unlimited space to leave waste, but still, are we to be 
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known as a space-polluting species? Nevertheless, while we’re on Earth, biodegrada-

bility definitely increases sustainability, even more so for Europe as our limited space 

also means limited landfill space, which should ideally be close to null. The importance 

of this is recognized by the European Commission (EC) who have the Landfill Di-

rective (1999/31/EC) whose purpose is to prevent and reduce the impact of landfills, 

with one of the main objectives to reduce the landfill space of 2016 to 35% of that of 

1995 [361]. A more recent (2014) communication from the EC proposed the total elimi-

nation of landfills of EU’s member states by 2030 [362]. In the same report, they pro-

pose suggestions for designing and innovating in what they call a circular economy, in 

which little is wasted, and a lot recirculates throughout the process from when a mate-

rial first is extracted to when it is recycled and included in a new product. It also pro-

motes designing products so that waste is eliminated, meaning that innovations related 

to increasing product sustainability are spread throughout the value chain, instead of 

relying only on solutions at the end of the life of a product. 

These 5 properties – efficiency, recyclability, biodegradability, non-hazardousness and 

commercial viability – conclude the requirements that an ideally-approaching sustaina-

ble and environmentally friendly material would have (Fig. 73). 

 

 

Fig. 73 – Requirements of the ideal-approaching sustainable material systems. 

In Fig. 70 we can see how recyclability depends at a fundamental level on the develop-

ment of recyclable MFMS. This is the reason I believe that a key part in the adoption of 
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designed. One of the ways to improve this is to develop better unifunctional MS.  An-

other is improving manufacturing processes which currently is a serious problem in 

many of these materials. 

On the other hand, manufacturing is material-dependent and is a huge topic in itself, 

and needs to be addressed as such for it to be properly discussed. Also, 3D printing is 

taking this industry by storm and it is possible it will change the paradigm in regards to 

manufacturing as well. Previously said impossible, it is now for instance possible to print 

complete metal parts, e.g. a full scale rocket engine part 3D printed by NASA  engineers 

[363], 3D printed metal bridge in Amsterdam [364], 3D-printed platinum thruster cham-

ber by ESA [365] and so on [366-368]. Or even the 3-D Printed Habitat Challenge for 

$2.2M in prize “designed to advance the additive construction technology needed to cre-

ate sustainable housing solutions for Earth and beyond” by NASA. 

In here I then decided to focus on material systems innovation and design in conjunction 

with innovative product development, which is already a huge topic in itself, as we’re 

about to see.  
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CHAPTER 4 

 

 

Sensible Adoption and Innovation of Multifunctional Ma-

terial Systems and their Products 

4.1 On the Idea Generation Process 

General Tools that Foster Creativity 

Every human that has ever lived, has lived in a different world from that of everyone else: the 

unique world their brain created. As each person grows, and their unique brain structure 

changes and experiences are lived, we create a set of beliefs and thinking patterns that 

the brain finds best fit to explain and to deal with all that it has observed. This results in 

different versions of the same objective world, for different people.  

To create new useful multifunctional materials, or combinations of them, or to find ways 

to use existing multifunctional materials and composites in products, or to develop new 

manufacturing techniques, or to better take inspiration from nature, it is important to 

understand and improve the skill of idea generation or ideation. 

This skill is often linked with the well-known expression used in innovation circles of 

“thinking outside the box”. This implies that we tend to live inside a ‘box’ which is pre-

cisely the world construct mentioned in the first paragraph. Thinking outside of that 

isn’t easy, and that’s one of the reasons many companies hold idea generation contests 

for young people, which live in considerably different worlds that those of the typical 

employee of the company.  

The following list was based on Davidson et al. [369] list of cognitive processes that prob-

lem solvers use when generating solutions.  

1. Divergent thinking – thought process that consists of widening the field of ideas, 

to create more choices. It is the route to innovation. 

a. Creative thinking – consists on an extreme way of divergent thinking that 

stimulates unorthodox solutions and the adoption of radically new per-

spectives, this is where “outside-the-box” thinking belongs.  
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2. Convergent thinking – thought process that consists in splaying the domain of 

ideas to a few or one single selected option. The larger the initial domain of ideas 

the better the chances the selected idea will be more satisfactory. 

a. Critical and logical (deductive) thinking – consist on the main thinking 

patterns that are responsible for the reduction of the number of ideas. 

These processes can be arranged in a time-frame (Fig. 74) which can be explained as 

follows: We start off by expanding the domain of ideas. Existing ideas may lead to new 

ideas (purple). These are generally created by the person’s perspective, in their field of 

work and according to their patterns of thought. If intent is put towards creative thinking 

by using some tools to be introduced shortly, then radically new, “out-of-the-box” ideas 

can be thought of (red). Radically new and unorthodox ideas tend to widen the scope or 

the field of view of the ideas. For instance, if initially ideas to develop a new material 

system with actuation ability might only belong to PZT, they might diverge to all piezo-

electrics. Someone might then suggest that we ought to take inspiration from nature, and 

give an idea from an actuation mechanism of a living being. This widens the field of 

possible ideas to biology now. And so on. After we’ve expanded this domain to a level 

that we feel comfortable that it encompasses a sufficient and varied amount of ideas, we 

can proceed to convergent thinking where progressive filtering occurs until a few or a 

single idea or solution is selected. This phase can prolong itself up until prototyping 

where generally the flaws of lesser solutions become more apparent. 

 

Fig. 74 – A typical thinking process of generating a solution. 

Below is a list of useful techniques by alphabetical order to stimulate divergent and cre-

ative thinking. They result from the mixture of known techniques such as lateral think-

ing by Edward de Bono, from Tim Brown’s Change by Design [370], Ulrich’s and Ep-

pinger’s Product Design and Development [371] as well as other well-known techniques. 

Brainstorming 

The idea is simply to think about ideas following a few rules to increase its efficacy: 

1) Postpone the judgement of ideas: Such judgement includes saying certain ideas 

won’t work, are unfeasible, or that they have problems. The reason for this is that 

even bad ideas can serve the purpose of sparking great ideas (Fig. 75). This rule 

also helps no. 3. 

Divergent thinking Convergent thinking Selected Idea 

Time 

Ideas resulting from fresh per-

spectives, creative thinking 
Ideas from divergent thinking 
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2) Encourage exaggerated and wild ideas – these often allow for new perspectives 

to be considered, and considerably widening the field of ideas (high diver-

gence); 

3) Focus on quantity over quality – the more ideas there are, the easier it is to com-

bine them so that new can form. 

 

Fig. 75 – When brainstorming, welcome others’ ideas, even if they sound ridiculous they can be useful 

in their ridiculousness in generating great ideas [372]. 

Brainstorming is one of the simplest idea generation tools, probably one of the most used 

and can often be combined with other tools to become more efficient.  

Challenging the Status-quo 

Asking why something exists and why is it done the way it is. See last paragraph of 

“First Principles Thinking”. 

Combining Ideas 

1) Can these two things be blended? Partially, totally? 

2) Can functions, principles or materials be combined? 

3) How would the combination be packaged? 

A quick way of generating more ideas for novel MFMS is to combine materials, struc-

tures and the method the two are connected, if applicable (Fig. 76). This is a solution-

based approach. In Table 7 a few simple examples resulting from this are presented.  

 

Fig. 76 – M: material; E: Method; S: structure; P: property; F: function. 
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Table 7 – A few examples of combinations of materials and structures resulting from creative and 

combinational thinking and that could perhaps yield interesting results if attempted. 

Combination Possible Desirable Function(s) 
Possible Desirable Prop-

erty(ies) 

Aligned CNTs in a nanolattice Structural ; Sensing 

High specific strength and 

Young’s modulus; High elec-

trical and thermal conductiv-

ity. 

Layered (PVDF + MFC + Li-ion) 
Energy harvesting; Actuation; 

Energy storing. 
Good multifunctionality 

Graphene coated MFC Structural; Actuation; Cooling; 

High strength, actuation 

rate, thermal and electrical 

conductivity. 

Graphene as outer layers of hon-

eycomb structure with an elasto-

mer and piezoelectric material 

Energy harvesting; Damping 

High in-plane electrical and 

thermal conductivity; High 

damping coefficient. 

Fibers (CNT-Si/CNT+CNT-LMO 

+ NiTi) 
Energy storage; Actuation High degree of autonomy 

Geothite reinforced myocelium Structural; Biodegradable 
High strength and Young’s 

modulus. 

Asymmetrical PDMS tube (out-

side) with ZnO nanowires and 

polymer solar cell fiber (the one 

on Fig. 59 a) and air. 

Actuation; Energy harvesting 

High solar convention rate; 

High actuation sensibility 

and very low actuation force; 

High controllability.  

 

Concept Fan 

Start by writing the problem to solve inside a circle. To the right, possible solutions ra-

diate. To the left, the broader theme where it belongs. From that generate other ideas 

(Fig. 77). 

Connecting the Unconnected 

Chose an object, a picture or any noun from an encyclopedia or on sight at random and 

associate it with the topic being thought about:  

1) How could that help addressing the challenge?  

2) How are the two related?  

3) Mind map the ideas generated. 

First Principles Thinking 

To view knowledge as a sematic tree and making sure one understands the trunk and 

the big branches, i.e., the fundamental principles, before going to the details (leaves) oth-

erwise they don’t have anything to hang on to. To analyze the foundation of a problem. 

For example, there was a time when while many people were more concerned in im-

proving horse carriages, rather than analyzing transportation itself. A few others, at the 

time, instead looked indeed at the fundamentals of transportation and saw how self-

moving carriages – auto-mobiles – could in the future (our present) fulfil even better the 

same principles in a better way, and thus, focused on that.  
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Fig. 77 – Exemplification of the concept fan for the problem of “having a more streamlined shape”. 

As another example, when Elon Musk and colleague engineers verified that the raw ma-

terials of typical rockets only accounted for about 2% of the total cost of the rocket which 

meant that the materials weren’t being used smartly which lead to the going to the draw-

ing board and completely redesign rockets. This led to the creation of SpaceX, where 

they were able to reduce the cost of a space rocket from 65million to about 7million, 

while also introducing rocket reusability [373]. 
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This line of thinking is kind of a ‘starting from scratch’. It allows one to drop all of the 

baggage and history that one or people that have been in the field for a long time, carry 

around with them, and which in the end prevents them from seeing things in a fresh 

perspective. 

Imitating 

Imitation, where someone copies the initial design but then changes it or mixes it with 

different designs and ends up with a better result, is often underappreciated. One of the 

good reasons is that those who imitate a solution might spend significantly less on R&D 

than those who developed it, but then can be the ones reaping most of the rewards. 

However, when innovators fail, it’s often due to poorly executed ideas, because they 

always have a great head start over their competition. For example, Apple’s iPad is the 

most famous version of the concept of a tablet, yet there had been several other earlier 

attempts at such product, which failed because they were poorly executed [374]. The 

idea was the same, the execution, and thus the final products were not. Imitation, again 

not in the sense of blindly copying, proved to be highly beneficial. 

Oded Shenkar has reviewed research on breakthroughs in eight scientific fields, from 

neuroscience to history [375], where he observed that: 

1) Imitation was a primary source of progress; 

2) Good imitation requires both intelligence and imagination; 

3) 98% of the value created by innovations goes to the imitators, going the other 

2% to the innovators; 

4) Most of the ideas weren’t simply copied, they were improved upon which is 

what then catapulted them to success. 

To a greater or lesser extend all humans are bound to imitate because that’s our nature 

[376]. Meme’s are a unit of information that multiply from brain to brain [377]. Part, if 

not most, of creativity comes from taking existing memes and putting them together in 

new ways. The greater the number of memes we have in our repertoire, the greater the 

chances that we can create one uniquely ours. This is a reason that supports the theory 

that innovation is only possible because of the gradual process of knowledge building 

of several underappreciated individuals, namely scientists and engineers, who despite 

not making Nobel-worthy discoveries, it was theirs’ that allowed one in the first place. 

Looking at the Extremities of the Gauss Curve 

When looking for latent needs it is more important to look at extreme cases of users. For 

example if looking to improve kitchen utensils, it might be more valuable to observe 

children and professional chefs using knives. The former may reveal difficulties that 

adults have learned to conceal but that are still there, whereas the latter – lead users – 
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may reveal novel uses that could be facilitated by some minor implementations in the 

regular products. 

Provocation 

Using provocative techniques such as  

1) Wishful thinking, “What if …?”; 

2) Exaggeration. Taking concepts to their extreme forms; 

3) Reversal: Instead of thinking about how to solve a problem, or improve a com-

posite or a manufacturing method, thinking about how to make the problem 

worse, the composite weaker, or the manufacturing method less efficient. Then 

invert those ideas. Sometimes how to make something worse is more obvious 

than how to make something better. But then since they are often opposites, by 

devising ways to worsen something, those same ways might be applied in re-

verse to improve them. 

Separating Ideas from Concept 

It consists in extracting the underlying principle behind a product or a mechanism, and 

looking for different ways in which the same principle could be applied. For instance, in 

saw mills the principle of cyclonic separation was used for several decades before some-

one noticed its usefulness in vacuum cleaners [350]. 

This tool was used in all of the study cases in the chapter “Nature as a source of inspira-

tion”. 

Simple Language Reframing 

Reformulate the problem with simpler language. If someone came running to you look-

ing very distressed put their hands on your shoulders and asked: “In quick terms, how 

would you explain [concept/problem]?” How would you? 

Shifting Perspective 

Consists in asking if one were someone or something else, what would happen differ-

ently. Trying to put oneself in the shoes of the subject we’re studying.  

Visual Thinking 

The picture superiority effect is the name of the phenomenon where memory retention 

and recalling is greater when the information is learned by pictures, images or graphics 

rather than sounds and words. This is not a 1-2% increase in recalled information, but 

200-400%. This effect is well established and has been shown in various experiments in 

different conditions [378-380]. In fact, for the brain, letters are nothing more than pic-

tures, and words groups of pictures with minute differences [381]. It might be a practical 

and easy way to provide information, but not the most effective, by far, to acquire it (Fig. 

78). 
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Fig. 78 – Showcasing two ways of conveying information: a-c) Examples of great explanatory im-

ages [382, 383]; d) Text. 

For example in the case the subject is a person: A talented mechanical engineer, sitting 

down at their desk after an invigorating swim on the shore may not be prepared to de-

sign a simple bathroom appliance for their grandmother that suffers from arthritis. A 

thus in cases like this it is necessary to be empathetic. 

Other soft-skills 

 Changing environment where the brainstorming session is occurring and/or do-

ing it while walking2; 

 Setting a culture where it’s acceptable to ask forgiveness after rather than per-

mission before, that gives permission to people to fail but still rewards them for 

succeeding. In such a place, there will be projects bound to go nowhere. But those 

are the cost to pay for the innovative projects that will. This environment is op-

posed to an organization where incrementalism is the norm, and therefore inno-

vation is low but efficiency is high. 

 Stay focused on the topic, have a clear motivation set in mind, build upon the 

ideas of others and use drawings to convey ideas; 

                                                      

 

2 A recent study by Stanford researchers Oppezzo et al. [364] showed that walking, wherever it 

may it and specially in one’s natural pace so as to reduce the required cognitive power to do it, 

significantly enhanced creative thinking compared to sitting, as tested people that walked they 

showed more ideas and of a more innovative character. 

a) 

b) c) 

More of this Less of this 
d) 
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 Having a thick skin for failure. Human history is a list of things that couldn’t be 

done, and then were done; 

 Failing sooner to succeed earlier. Prototyping early in the product development 

process, so that ideas can be given a physical expression that allows designers, 

engineers and scientists to quickly point out faults that could be missed by only 

having a mental representation of the idea, and which could result in sticking 

with an idea for too long. It then goes without saying that early prototypes 

should be fast, simple and cheap, enough to allow the team to learn something 

and keep going. 

TRIZ 

Genrich Altshuller, a soviet engineer, found that existing methods of problem solving 

lacked structure and systematization. So in the 70’s he launched TRIZ, which is the Rus-

sian acronym for ‘Theory of Inventive Problem Solving’ [384], a systematic approach to 

problem solving.  

Even though TRIZ is not intuitive and its effective use requires practice and training it 

appears to have some success as there are companies and universities that teach this 

method in their engineering curriculum [350, 385]. 

For the purpose of product development adopting innovative MFMS I believe the fol-

lowing to be the most useful tools TRIZ can offer: 

The software Tech-Optimizer, which is a database arranged by the functionality of sev-

eral solutions. This type of software is very useful for type I-IV discoveries. For example 

for the function of reducing drag, there appear 30 solutions, which include using ultra-

sounds as is used by the chemical industry, shark skin and the saw fish in biology; 

Contradiction-solving: one of the main methods used in TRIZ is based on solving con-

tradictions, and it works like this (Fig. 79): let’s say we are designing a product or a part, 

and at a certain part we reach a dilemma between two properties we want that contradict 

each other. For example let’s take the airplane example from before. We want it to have 

less weight but a bigger battery, because each of them increases its flight endurance time. 

However that’s a contradiction because a bigger battery means more weight. By going 

to the TRIZ Matrix and choosing the appropriate contradicting properties it would pre-

sent the principle no. 40 or no. 5 (see Appendix B3) as a possible solution to solve that 

contradiction, which then should lead us then to think about having a structural battery. 

                                                      

 

3 Even without the matrix, the 40 TRIZ principles can be very useful as a way to promote new 

perspectives to problem solving just by knowing of their existence, so I decided to include them 

here. 
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Fig. 79 – Simplified schematic of TRIZ process applied to solve a contradiction. Inside dotted-lined 

rectangles are optional steps. 

Allowing a certain amount of time for side projects.  

Andre K. 2010 Physics Nobel prize winner, said in his Nobel lecture how the graphene 

breakthrough was initially one of his “Friday night experiments” in which he would do 

side projects resulting from lateral thinking and many times read apparently irrelevant 

literature without any clear ideas in sight. These side projects resulted in a 10% success 

rate and several near misses. The successes were stunning though, including the gra-

phene, the levitation and the gecko adhesion biomimetics. He also mentions how the 

properties of graphene contradict the common wisdom and how they shouldn’t be pos-

sible.  

Poking in new directions, even randomly can be more rewarding than common sense 

would led us to believe. This may be because digging too deep in well-established areas 

might result in diminishing returns compared to the effort that is put in. On the other 

hand, there is plenty of unexplored stuff at the surface just waiting for a little poke. A 

clear example of this is how several young fellows are able to innovate in apparently 

technical areas [386]. The idea of time off for side projects is probably more prevalent in 

tech-based companies where prominent examples such as Apple’s Blue Sky [387], 

Google’s 20% time [388] or LinkedIn’s InCubator [389] give it media attention, and from 

which great results have come. 

State the  
contradiction /  

problem 

Go to TRIZ Matrix for 

the principles to apply 

See if principles can 

be applied to solve 

problem 

Biological  

system  

(BioTRIZ) 

Stating what is 

known  
State (a) possible 

ideal outcome(s) 
Expand  

understanding 
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On Information Sharing 

On paywalls and on grouping knowledge into journals  

Open access is a moral imperative. Scientists and engineers do what they do for passion 

of technological and scientific progress, and in this age where information has the po-

tential to reach so many, there has never been a better time to do science and engineering 

and achieve that objective. This potential could increase, weren’t knowledge stopped 

from reaching eager minds. How many more discoveries and advances could be made 

if scientific knowledge was more freely shared among us [390]? 

One of the impediments to this free share of scientific knowledge is the existence of pay-

walls. There are points both in favor and against their elimination and the journal 

method of sharing scientific knowledge, though the points in favor are immensely more 

numerous and, I believe, more sound [391-394]. 

Brembs [395] analyzed data the consequences of the current knowledge sharing system 

concerning various measures of scientific quality, and reached the conclusion that leav-

ing journals in favor of another more collaborative communication system aided by the 

internet will be vastly superior. 

In his book [396], Nielsen, a pioneer in quantum computing, argues how we’re at the 

tipping point of a change of paradigm, a revolution in a 300-old way of doing science, 

driven by new cognitive tools enabled by the internet, that is resulting in a networked 

science, where mass-crowd-collaboration takes precedence over lone or small scientists 

groups. 

For the readers to whom this may interest, I took the liberty to compile a few alternatives 

(Table 8). Users of these websites include scientists and engineers from prestigious uni-

versities from all over the world. I invite the reader to inform him/herself and be posi-

tively surprised. 

Table 8 – Most of the descriptions were taken from the “about” section of the respective websites. 

Open access archives  

of articles 
Description 

http://arxiv.org/ Open access archive, over 1million papers. 

http://figshare.com/ 

Allows users to upload any file format to be made visually in the browser so 

that figures, datasets, media, papers, posters, presentations and filesets can 

be disseminated in a way that the current scholarly publishing model does 

not allow. 

https://www.plos.org/ 

PLOS (Public Library of Science) is a nonprofit publisher and advocacy or-

ganization founded to accelerate progress in science and medicine by lead-

ing a transformation in research communication. 

https://doaj.org/ 
It is an online directory that indexes and provides access to high quality, 

open access, peer-reviewed journals. 

https://peerj.com/about/ Low-cost for scientists, open for all to access. 

http://elifesciences.org/ 
The open-access non-profit eLife journal is the first step in a initiative to 

make science publishing more effectively benefit science and scientists. 

Collaborative Science  

http://arxiv.org/
http://figshare.com/
https://www.plos.org/
https://doaj.org/
https://peerj.com/about/
http://elifesciences.org/
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http://mathoverflow.net/ It is a question and answer site for professional mathematicians.  

http://www.galaxyzoo.org/ 

It is a scientific project that has invited members of the public to help clas-

sify a million galaxies. Those involved are directly contributing to scientific 

research. 

http://polymathprojects.org/ 
This group blog, together with its associated wiki, is intended to host “poly-

math” projects – massively collaborative mathematical research projects. 

http://www.researchgate.net/ 

Their mission is to connect researchers and make it easy for them to share 

and access scientific output, knowledge, and expertise. On ResearchGate 

they find what they need to advance their research. 

Other  

http://www.openac-

cessweek.org/page/about 

A global event now entering its eighth year, is an opportunity for the aca-

demic and research community to continue to learn about the potential ben-

efits of Open Access, to share what they’ve learned with colleagues, and to 

help inspire wider participation in helping to make Open Access a new norm 

in scholarship and research. 

https://www.openaccessbut-

ton.org/#how 

Searches the web for web versions of the pdf (hosted by the authors of such 

papers in their own, or their faculty’s website) and if it can’t find, automati-

cally sends an email to the authors asking for the file. 

https://www.innocentive.com/  
They crowdsource innovation solutions from the world’s scientists, engi-

neers and businessmen who compete to provide ideas and solutions to im-

portant business, social, policy, scientific, and technical challenges. 

 

As this shift happens, authors can still license their works under creative commons at-

tribution, meaning that authors can keep their copyrights if they wish, but readers can 

freely read and re-use the published work in the most meaningful manner as long as 

they credit the author (Fig. 80). 

 

Fig. 80 – Meaning of the creative commons attributions. 

For example, the 29th edition of the European Conference on Object-Oriented Program-

ming [397] will be open access under creative commons attribution after the executive 

members voted almost unanimously in favor. 

Awards 

Awards are a great way to encourage and reward people to think about the future, and 

possible solutions. Knowing that we are contributing to the world becoming better is 

good enough motivation for many, but even then it is human to like to be acknowledged 

for hard work. There are several examples of this in general science and engineering 

areas such as the Xprize [398] and Intel International Science and Engineering Fair [386], 

http://mathoverflow.net/
http://www.galaxyzoo.org/
http://polymathprojects.org/
http://michaelnielsen.org/polymath1/index.php?title=Main_Page
http://www.researchgate.net/
http://www.openaccessweek.org/page/about
http://www.openaccessweek.org/page/about
https://www.openaccessbutton.org/#how
https://www.openaccessbutton.org/#how
https://www.innocentive.com/
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the Nobel prize and even material specific awards such as the James C. McGroddy Prize 

for New Materials [399] and the New Material Award [400], which attract lots of atten-

tion and are a great way of creating interest in innovation thinking.  

More than monetary prize, they ought to serve as recognitions for outstanding achieve-

ments and devotion to science and encouragement for other people to join in on the fun. 

The next subchapter is dedicated to another method of fostering creative thinking and 

of accelerating innovation by imitation. 

4.2 Nature as a Source of Inspiration 

Intro 

One might argue that biological materials, with few exceptions, are worse performing 

than engineering materials, and are rarely used in engineering, and therefore we should 

dismiss nature when looking for sources of inspiration. However we have to remember 

that nature is very parsimonious, it has to use an inexpensive and very limited range of 

ingredients whose properties are often on the low-end and are formed with little energy 

requirements at ambient temperatures. With just a small palette to paint from, it is able 

to achieve an astonishing range of structures and functions where evolution and natural 

selection are the mechanisms that filter out the bad designs. Nature has developed ways 

to interface soft and hard materials with far superior capabilities than currently we have. 

Their sensing systems are extremely sensitive and only limited by quantum effects [401, 

402] and as we will see many biological materials have mechanical properties far sur-

passing those of the bulk materials they are composed of, something not so common 

with engineering material systems. Nature has seamlessly integrated multifunctionality 

into its materials and structures something we’re only now about to start.  

From an economic point of view, the US’s Fermanian Business & Economic Institute 

have estimated how the field of biomimicry could account for 1.6 million US jobs and 

$1.0 trillion US GDP in 2025 [403]. 

Lepora et al. [404] performed a statistical survey of biomimetics field in engineering and 

related sciences and discovered how this field had been doubling in size every 2–3 years, 

which outpaced general science’s expansion of 6% per year. Until more recently, the in-

crease in number of papers can be seen in Fig. 81 b. A lot of the interest is related to 

materials as many of the publications are in journals concerning material research (Fig. 

81 a). 
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Fig. 81 – a) Number of papers published related to biomimetics for the specified journals [404]; b) 

Literature survey on journal articles containing Biomimetic(s)/biomimicry in the title, data from Engi-

neeringVillage.com in June 2015. 

From an engineering point of view, the understanding of the mechanical behavior of 

natural materials inspires and gives us new strategies and guidelines to design more 

advanced materials. Jamal et al. [405] found in some tests how by being exposed to bio-

logical examples, afterwards the subjects increased the novelty while maintaining vari-

ety of the generated ideas. This relatively new subject of biomimetics which includes, 

among others, bio-inspired materials has seen an increasing interest in scientific com-

munities.  

While many things were indeed bioinspired like Velcro, some self-healing mechanisms, 

EAPs and SMPs fibers for actuation, others aren’t so clear such as the photographic cam-

era and the honeycomb. Yet, since their underlying working principle is the same or so 

similar, they could have been.  

We now discuss three important concepts that nature has been using very successfully 

and which are responsible for many of natural material systems incredible properties. 

On Multiscales, Hierarchy and Surface Utilization 

Nature uses these 3 concepts beautifully well and only now are we starting to use and 

see their immense importance.  

As mentioned in Chapter 2.2, multi-scale composites are those that exhibit structures at 

different scales of length, for example, a carbon or glass fiber and CNT reinforced ma-

trix. If these structures are organized so that lower scales’ structures form the higher 

scales’, then they are called hierarchical structures, which is what constitutes many nat-

ural materials such as bamboo, bone [406], spider and other insects silk, and many 

more, some of which will be shown here.  
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Both multiscalability and hierarchy can play a role in determining the bulk material 

properties. Understanding these effects can aid in the development of new materials 

with properties tailored for specific applications. 

 

Fig. 82 – a) Composite; b) Multi-scale composite; c) Hierarchical composite/structure; d) 1D hierar-

chical composite; e) 2D hierarchical composite; f) 3D hierarchical composite. 

The multiscale property can be double-scale or of 2nd order if structures are present on 2 

different scales, tripe-scales or 3rd order if structures are present on 3 different scales, and 

so on. Depending on the number of axis necessary to describe the structure, it can be 

one, two or three dimensional (Fig. 82). 

Lakes [407] has revealed some usefulness in studying multiscale materials by showing 

how high order honeycombs and foams can have greater strength and toughness than 

their lower order counterparts. The hexactinellid sponge Euplectella aspergillum that Jo-

anna Aizenberg and colleagues studied [408] reveals 6 hierarchical levels from meso- to 

nanoscale (Fig. 83 a-c). Bone is also an example where each level has a different kind of 

material (fibrous, laminar, porous and particulate) that is responsible for a different 

property that bone possesses, for example the collagen fibers are responsible for the stiff-

ness (Fig. 83 d). By looking at the cross section of feathers we initially see a honeycomb 

structure at the microscale. But then zooming to the nanoscale we observe that each of 

the membranes that constitute de cells of the internal layer are made of fibers (Fig. 83 e). 

a) b) c) 

d) e) f) 
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Fig. 83 – a) Skeleton of the Euplectella aspergillum; b) The ordered square-grid arrangement of the 

skeletal lattice; c) Rendering of the skeletal structure [408]; d) Schematic drawing of the bamboo’s 

hierarchical structure [382]; e) SEM micrographs and drawings of the hierarchical structure of falcon 

feathers.[409]. 

Lotus leaves possess air trapping mechanisms at micro scale by papillae and at the nano 

scale by wax tubulus (Fig. 84 a-e). Due to the nanoscale size of these protruding struc-

tures it also achieves a self-cleaning mechanism since the contaminations are usually 

bigger, and therefore rest on their surface and get carried away with water droplets (Fig. 

84 o) [410]. Pitcher plants possess fibrous nanofilaments where in wet conditions a thin 

water film forms on their surface promoting hydroplanning making insects and animals 

to slide inside (Fig. 84 l-n) [411]. The hierarchical structure on the water striders’ legs 

give them super water repellency allowing it to support itself on water. 

a) b) c) 

d) 

e) 
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Fig. 84 – Two examples of nature’s way of achieving slipperiness a) Lotus flower [411]; b) Lotus 

leaf[412]; c) Rough texture of the lotus leaf at the microscale that conveys the lotus leaf hydropho-

bicity; d)-e) Protruding nano-structures (papillae) that trap air in their midst allowing a high surface 

tension to develop between surface and water droplets creating super-hydrophobicity [413]; f)-h) 

Structures responsible for the colored appearance of butterflies [412]; i) A water strider resting on 

water surface ; j) SEM image of a water strider’s leg revealing oriented needle-like protrusions (mi-

crosetae) which in turn have a k) grooved structure [412]; l) Pitcher Plants [414]; m) SEM micrograph 

of ridges in the rim of the pitcher plant [415]; n) Waxy tubules present on the ridges, trapping a thin 

water layer on the surface which promotes hydroplaning [416]; o) Schematic of self-cleaning mech-

anism in Lotus’ leaves [411]; 

The iridescent color of butterflies doesn’t come from pigments on the skin but due to the 

way light scatters when hitting the textured surface of its wings, a property called struc-

tural color (Fig. 84 f-h).  

There are some man-made macro structures that exhibit some degrees of hierarchy. 

One very well-known example is Eiffel’s Tower which is of 3rd order and has a density 

over one thousand times lower than wrought iron, the material it is made of (Fig. 85). 

l) n) 

b) c) 

20m 200nm 

i) j) k) 

370m 200nm 

a) d) e) 

o) 

f) g) h) 

m) 
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Fig. 85 – a) Eiffel Tower seen from champ de Mars, Paris, France. b) detail of one of the legs revealing 

the intricate hierarchical structure [417]. 

Some preliminary works in developing composites of hierarchical nature are also al-

ready underway. For example, the reinforcing of CFs with CNTs which in turn will re-

inforce a matrix is being studied [418]. The reinforced CFs showed increased mechanical 

properties comparatively to the pure version (37% increase in tensile strength and 48% 

in Young’s modulus), and it possible that the CFs reveal new functionalities due to the 

embedded CNTs. 

Another more systematic approach also being followed is to create hierarchical struc-

tures from the ground up such as micro- and nanolattices. Julia Greer and her colleagues 

are lead scientists on the subject and have recently published an example of a successful 

attempt of creating an alumina nanolattice of the octet-truss type (Fig. 86 a) [419]. It 

showed vastly improved toughness (Fig. 86 b). By taking the structure to the nanometer 

level, it is possible to create materials with less flaws, closer to being ideal materials. This 

way it was possible for the material to take advantage of the shell buckling deformation 

that happens instead of fracture for low thickness-to-diameter ratio of the struts. In some 

of the tests to 50% strain compression, some of the lattices with the smallest wall thick-

nesses (5-10nm) were able to recover to 95% of their initial size. Other tests made by the 

same authors in several other spatial configurations and materials observed a marked 

increase in specific strength of the nanolattices comparatively to bulk materials (Fig. 86 

c). The high specific strength also means that these materials have a high structural effi-

ciency, meaning they use fewer materials to reach the same strength. The current main 

issue is mass production since the nanolattice was manufactured by photoligography, 

and the whole structure is about half the size of the diameter of a hair (Fig. 8). 

a) b) 
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Fig. 86 – a) An alumina octet-truss nanolattice; b) Compression test revealing vastly improved tough-

ness [419]; c) An plot of strength vs density revealing the higher specific strength of the nanolattices 

produces by Greer and colleagues [420]; d) SEM micrographs of other examined microarchitectures 

(scale bars: 10m)[31]. 

For hierarchical materials to be useful, the weight savings need to surpass the cost and 

added complexity of multiscale manufacturing. The resulting structure must also be 

manufactured with very good precision, because they are more sensitive to imperfec-

tions, as an error in the lattice may bring a falling dominoes effect because of how the 

stress propagation must be carried out for the structure to properly function. 

The last topic for this chapter concerns the usefulness in adding functions to the skin of 

structures. Traditionally, the surface of engineering materials is mentioned when talking 

about concerns for the developing of cracks, stress concentrations, roughness and toler-

ances and not so much as a way to add new functions to the material/product. However, 

a1) a2) b1) 

b2) b3) 

c) 

d) 
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it indeed can be engineered to achieve desired functions, and we are increasingly seeing 

it. 

The examples on Fig. 84 also show how ubiquitous the presence of added functionalities 

to living beings’ skins is. One of the constraints living organisms abide by is low energy 

availability, which results in them being extremely energy efficient. One way to increase 

efficiency is precisely to combine as many mechanisms and functions in the same struc-

ture, and a good example of such a structure is skin. Because organisms interact with the 

environment they live in, we can almost always find in their skins some form of multi-

functionality.  

A Few Other Examples of Inspiring Natural Materials and Structures  

All of the material systems mentioned before are inspiring and can give rise to new 

technologies. In this chapter, other material systems that haven’t been mentioned in 

any of the previous chapters but are nonetheless very interesting, are presented. 

Spider Silk 

Spider silk is a protein fiber spun by spiders. Even though the atomic interactions 

(mainly hydrogen bonds, which are the basic bonds that hold proteins together) are up 

to 1000 times weaker than those in steel or the covalent bonds in Kevlar, it manages to 

have great mechanical properties (Table 9) due to its hierarchical nature (Fig. 87).  

 

Fig. 87 – Hierarchical structure of spider silk [421]. 

Table 9 –Average mechanical properties of natural and synthetic fibers and a high strength steel, 

adapted from [422, 423]. 

Material  (kg/m3) E (GPa)  (MPa)  (%) Toughness (MJ/m3) 

MA silk 1300 10 1100 27 180 

Silkworm silk 1300 7 600 18 70 

Nylon 6.6 1100 3 950 18 80 

Kevlar 49 1400 130 3600 2.7 50 

Carbon Fiber 1800 300 4000 1.3 25 

Steel 7800 200 1500 0.8 6 

MA silk = produced from major ampullate (glands) from spiders 

Silk has served both as an inspiration for artificial fibers [424] and has a pillar for other 

materials to develop. For example, Lepore et al. [425] reported the production of 

graphene/CNTs-incorporated spider silk measuring a Young’s modulus of up to 

~47.8GPa, a fracture strength of up to ~5.4GPa and the highest ever recorded toughness 
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modulus of up to 2.1 GJ/m3. This was achieved by spraying the spiders with aqueous 

dispersions of graphene and CNTs. 

A question then arises, can(/should) this be tried on other biological materials? 

Limpets’ teeth 

Recently another biological material has also come to scientists attention for its superb 

mechanical properties, the limpets’ teeth. It has a tensile strength of 4900±1900 MPa and 

Young’s Modulus of 120 ± 30 GPa [426]. For comparison, high-performance Toray 

T1000G carbonfibres have a tensile strength of 6500 MPa. 

These very high values are attributed to the high mineral volume of goethite nanofibers 

that reinforce the soft material, whose diameters are inferior to critical size below which 

defects are minimal, meaning that they approach the materials theoretical tensile 

strength. 

 

Fig. 88 – a) A family of limpets on a rock [427]; b) A moving limpet [428]; c) Detail of a limpet’s 

leg[429]; d) Detail of a limpet’s teeth showing the high anisotropy of the composite due to the high 

alignment of goethite (FeO(OH)) nanofibers [426]. 

Hagfish Fibers 

Hagfish, a 400 million old fish species, have the ability of producing surprisingly high 

quantities of slime as a defense mechanism (Fig. 89 a). This slime contains structural 

fibers that bind the mucus sheet where a large volume of water is trapped and it is 

formed, through mechanisms still unknown [430], when leaving small vesicles inside 

the hagfish. The structural fibers are similar in size to spider threads but they are built 

in cells from intermediate filament proteins via a self-assembly hierarchical process. On 

the other hand, the spiders’ threads are built from a spinning process that transforms 

spider silk liquid proteins into an insoluble fiber. At 800MPa of tensile strength they’re 

not as strong as MA spider silk, but still worth looking into as the underlying principle 

through which it achieves such strength might be useful for developing ultra-resistant 

fibers [431]. 

a) 

b) 

c) d) 

3m 

goethite  
nanofibers 
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Fig. 89 – a) Hagfish slime. The threads that can be seen as very thin filaments; b) Tightly wound fi-

ber cells as a means of storing the threads before deployment; c) Hagfish [432]. 

Other 

Owl’s Feathers 

Many owls have the ability to fly with an incredibly high degree of stealth, very useful 

to catch their preys by surprise, due to the low sound volume they produce when fly-

ing. What allows this reduction in noise seems to be a combination of different feather 

structures in the leading and trailing edges of the wings, as well as a forest-canopy-like 

structure of the feathers. 

Inspired by that structure, some researchers have recently created a material that when 

covering the underlying structure was able to significantly (up to 30dB) reduce the 

noise produced [433]. 

Shark’s skin – It is > 80% v/v collagen which has a rupture strain of 4%. However when 

swimming from side to side the skin expands and contracts 10-15% and 1-15% respec-

tively. This is allowed by the crossed-helical array of fibers, resembling a 45/-45 layup 

wrapped around a cylinder. Not only that but to bear the increased stress and to allow 

a better force transition from the muscles when swimming at high speeds, it has the 

ability of changing its stiffness by a factor of 13 [434]. This is in addition to the drag 

reduction functionality that it exhibits and will be further explored in the next chapter. 

Plants and trees – There could be valuable actuation lessons to be learned by under-

standing how mimosas and sensitive fern bend their leaves when touched, or how bug-

eating plants closes themselves around the bugs or how the sunflower changes it’s 

flower orientation in the sun’s direction throughout the day to maximize its exposure to 

light. Since all of these actuations are embedded within the same material that both sup-

ports the plant and provides it with energy harvesting through photosynthesis, they are 

truly multifunctional materials. Another way, along with hierarchical structure, that 

trees use to increase structural efficiency is stiffness variability which can occur [435]: 

 Due to moisture and temperature changes (glass transition); 

 Cross links and sacrificial bonds; 

10 m 

a) b) 

c) 
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 Across one scale; 

 Across many scales (hierarchical structures). 

Next, some case studies are discussed of natural material systems, the extraction of the 

underlying principle that enables the desired function, and its application to an engi-

neering material system. 

Case Studies of Bio-inspired Material Systems 

Adhesiveness – Geckos’ feet 

Geckos’ are known for their ability to climb surfaces with apparent ease, and without 

their feet having any kind of adhesive substance. It was discovered that they have an 

intricate hierarchical structure (Fig. 90) that ultimately result in a huge surface area at 

the nanoscale which allows van der Waals forces to generate between the gecko’s feet 

and the surface which are responsible for the adhesion mechanism. This adhesion is di-

rectional, for it to work, the gecko needs to put its paws in a certain direction and then 

slightly drag it, so that all the multiscale structures work in the same direction. The un-

derlying principle to be extracted from this is 

P1) An anisotropic hierarchical structure that has a very high surface area which gener-

ates van der Waals forces. 

Cutkosky [436] created a silicon rubber structure based on just that (Fig. 91 a-d) and 

applied it to a robot gecko to demonstrate its functionality (Fig. 91 e). Even more re-

cently, it was discovered that geckos also use electro-static forces to generate even more 

adhesion power in surfaces where such is possible [437]. This resulted, when applied to 

the climbing robots, to some impressive feats such as a 12 gram robot pulling 24kg, 

which would be roughly the equivalent of a human being pulling a blue whale.  

 

Fig. 90 – Structural hierarchy of the gecko’s adhesive system at increasingly smaller scales from a) to 

g) [438]. 
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Fig. 91 – a) Prototype of silicone rubber bio-inspired directionally adhesive structure [412]; b) 3D 

render of the prototype [412]; c) SEM micrograph of a detail of the top part of the hierarchical 

structure [439]; d)  SEM micrograph of the terminal shape on the loaded state [439]; e) The 12g 

μTug robot that can carry 2000 times its weight [440].  

Hydrophobicity and Slipperiness – Lotus’ Leaves and Pitcher Plants 

The understanding of the underlying principles behind the superhydrophobicity (con-

tact angle >150°) and hydroaffinity of these two plants has led to the production of new 

materials with a functional superficial structure. These are two great examples of bio-

inspired designs. 

Lotus’ leaves – Lotus’ leaves have an hierarchical structure presented in the previous 

chapter composed of papillae at the micro scale and wax tubules on the surface of the 

papillae at the nanoscale, that create superhydrophobicity (Fig. 92 a). The reason lotus’ 

leaves are more frequently mentioned than other superhydrophobic species’ surfaces is 

because they have been compared before and lotus leaves’ have been shown to be con-

sistently superior [410]. For here we’re only interested in the microscale papillae (Fig. 92 

b), which trap air in their midst not allowing water to fill those spaces unless a certain 

critical pressure is achieved (Fig. 92 c). The underlying principle behind this function is 

then: 

P1) Presence of cylindrical/conical sub-micro structures that protrude from the surface 

which trap air in-between maintaining the surface dry. 

Checco et al. [30] produced a super hydrophobic surface by, among other steps, etch-

ing the surface of a substrate of silicon, leaving it with cylindrical or conical pillars (Fig. 

92 b-c. The size of the pillars is modestly lower than that of the papillae and the rea-

sons are to increase the robustness of water repellency, something that in the papillae is 

done by their waxy tubules. 

a) 

b) 

a) b) 

c) d) 
f) 
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Fig. 92 – a) Papillae of a lotus leaf; b) Papillae after the removal of the wax tubules; c) Schematic 

explanation of the underlying principle [410]; SEM micrograph of a silicon surface textured with d) 

nano cylinders and e) nano cones [30]; f) Illustration of the underlying principle applying to the syn-

thetic material (silicon)[441].  

Pitcher Plant – The rim of this plant (named peristome) has a regular microstructure 

with radial ridges and an anisotropy of topography directed towards the inside of the 

plant. In the rim, and at the nanoscale, there are bundled nanofibers that trap humid-

ity, water rain and nectar secreted at the inner margin of the peristome, creating a thin 

liquid film at the surface. This combination of anisotropic surface and aquaplaning 

promoting surface are the two mechanisms responsible for the slipperiness of the rim 

and the demise of the insects that dare walk on top of it. The underlying principles are: 

P1) Anisotropic surface topography in the direction of the sliding movement; 

P2) Liquid filled and trapping bundles of fibers that are able to create a thin film of the 

trapped liquid. 

P1) depends on P2) because if the surface isn’t wet, the dry surface has too much adhe-

sion. 

In creating SLIPS™  [442] P2) was applied (Fig. 92 d) by using arrays of nanoposts and 

bundles of Teflon® fibers and a lubricating film (Fig. 92 e-f) both revealing very high 

liquid repellency. 

f) 

a) e) d) 

c) 

b) 
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Fig. 93 – a) SEM micrograph of the wax crystals on the peristome of a pitcher plant[443]; b) Underlying 

principle of the slipperiness of the rim of the pitcher plant (adapted from [416]); SEM micrographs of 

two configurations tested: c) arrays of nanotubes and d) randomly distributed Teflon nanofibers e) 

Application of the underlying principle behind the slippery surface of pitcher plants into a synthetic 

material [442]. 

Drag Reduction and Anti-biofouling – Shark skin 

Despite fish being constantly at sea, unlike moving boats, they don’t gather as much 

algae and bacteria on their skin. Sharks skin is reportedly one of the best at this and it 

impedes bacterial growth because the distinct ridges on its diamond shaped scales’ sur-

face are so small that bacteria need to expend extra energy to suspend over those gaps. 

When moving, the stress on the bacteria’s cells attachments increases even further and 

with it, the effectiveness of the anti-biofouling [444]. It is unclear whether the diamond 

shape is simply coincidental of the positioning of the denticles on top of each other or if 

they are also unfavorable to biofouling. Also the small vertical gaps between the denti-

cles might also be responsible for a part of anti-biofouling since other fish, despite not 

with the same efficacy, also present this property [445]. Just in case, it will be included 

in the underlying principle which would then be: 

P1) Ridges of sub-micron size or size that best reduces bacteria attachment aligned in the 

flow direction and forming among them diamond shapes. 

Sharklet Technologies® [446] has this principle applied in their antifoul plastic sheet 

product (Fig. 94 c). The vertical drop between denticles has been replaced with horizon-

tal space while maintaining the diamond shape. 

Also of interest about the shark skin, is the swimming efficiency it provides its bearer. 

The same ridged surface lifts and reduces turbulent vortices size when the sharks are 

swimming, thereby reducing overall drag (Fig. 94 b) [445]. 

The drag reduction functionality was mimicked by Wen et al. [447] by 3D printing thou-

sands of small (1.5mm) plastic denticles and putting them on top of a flexible membrane. 

The 3D shape of the denticles was obtained by using micro-CT imaging of the skin of a 

shark species (Fig. 94 d). 

e) 

c) d) a) 

b) 
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Fig. 94 – a) Shark skin revealing dermal denticles that are one of the responsible for high swimming 

efficiency of sharks. Arrow indicates flow direction; b) Reduction of drag through lifting and reduc-

ing of size of turbulent vortices. Flow into the page.[445]; c) Sharklet™ synthetic surface with anti-

biofouling properties [446]; d) SEM micrograph of 3D printed plastic denticles to reduce a surface’s 

drag[447].  

Now Lufthansa [448], Airbus [449] and university researchers [450, 451] are studying 

how to apply it to commercial aircrafts in order to decrease drag and increase fuel sav-

ings. 

Self-healing – Mammal skin 

In mammals, when a cut is made on the skin and superficial capillaries are ruptured, 

the blood that was circulating inside them now goes towards the surface. The contact 

of the blood with the air triggers a chain reaction resulting in platelets rushing to the 

cut and the production of fibrin that holds blood cells tightly together in a bundle, 

stopping further blood to flow to that place (Fig. 95 a). The underlying principles are  

1) That contact between a part of the material system and air triggers the healing 

mechanism, and that a fracture results in said contact; 

2) The first step in the healing process is the filling of the fracture by products of 

the reaction of the system with air. 

Mammals prevent any reaction to occur before the rupture, by the presence of a skin 

and the sealing of the “healing agents” inside the circulating blood, isolated from air. 

Tavangarian et al. [325] created a healing mechanism with the same underlying princi-

ples. A SiC/spinel nanocomposite is put below a thermal barrier coating. When that 

coating is ruptured due to a fracture, SiC reacts with the oxygen in the air, resulting in 

a 80% in volume expansion of the reacting zone due to the formed SiO2 80%. This silica 

further reacts with the spinel resulting in mullite which has a binding effect (Fig. 95 b-

e). 

500m 20m 

4.5mm 

a) 

d) 

c) 

b) 
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Fig. 95 – a) Comparison of biological healing to the self-crack healing mechanism, the inset is a 

colored SEM micrograph of a blood clot revealing platelets, erythrocytes and fibrin; Various cracks 

b)-c) before and d)-e) after sintering in air for 1h [325] (all images adapted). 

Color change – celaphopod’s and chameleon’s skins 

Celaphopods and chameleons have a somewhat similar mechanism for their color 

change ability. Their nervous systems contracts or relaxes cells in the skin depending 

on the color they want to portray.  

Octopus’ skin – One of the most studied celaphopods’ color change abilities are the oc-

topi. These have a property called metachrosis, where chromatic change results from 

the expansion of certain pigment cells (Fig. 96 a).  They also are photo-responsive in 

the way that their nervous system automatically senses the colors of the environment 

and are able to translate that into the contraction of the pigment cells in order to blend 

in and become apparently transparent. The underlying principles are then 

P1) Elements that show color depending on their strain; 

P2) Photo-sensitive elements that communicate with the elements responsible for 

color. 

In the following paragraphs 3 examples of inspired technologies that successfully in-

corporated at least one of the underlying principles are presented. 

Ge and colleagues [452] created a thin film of elastomeric poly(dimethyl siloxane) 

(PDMS) embedded with silica nanoparticles. When relaxed the materials is highly 

transparent, but by being stretched, cracks and wrinkles appear making it opaque by 

diffusing light and colored depending on the nanoparticles’ size [452] (Fig. 96 c) (P1).  

Wang et al. [453] produced an electro-mechano-chemically responsive layered struc-

ture which when electrical fields are induced, patterns of deformations are formed. If 

sufficiently deformed it shows fluorescence (Fig. 96 d) (P1). 

b) 

c) 

d) 

e) 

Not healed Healed a) 
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Yu et al. went further and mimicked each of the functional octopus layers (Fig. 96 e)  

[454] (P1&P2). Layers ‘ac’ and ‘al’ mimic the chromatophores, layer ‘am’ mimics the 

muscles that are responsible for the expansion and contraction of the chromatophores, 

and the ‘ao’ layer mimics the photo-responsive proteins in the squid’s skin. 

 

Fig. 96 – a) Schematic of metachrosis, the mechanism responsible for the coloration change of cel-

aphopods ; b) Skin chromatophores of a squid [453];Three celaphopod-inspired color change mech-

anisms: c) Mechanism of transparency change and composition of a mechano-responsive sil-

ica/PDMS film [452]; d) Layers and the electrical actuation of an electro-mechano-chemically re-

sponsive elastomer for on-demand fluorescence [453]; e) Layers of a celaphopod-inspired photo-

responsive skin; f) Demonstration of a static pattern of the adaptive skin matching its background 

[454]. 

Chameleon’s skin – Recently Teyssier et al. [455] fully discovered the working mecha-

nism behind the chameleon’s skin change of color. Chameleons have one to two layers, 

whose cells are named iridophores, below the epidermis that contain nanocrystals that 

reflect light based on the spacing between those nanocrystals. To change that spacing, 

and therefore color they change the salt balance of the iridophores resulting in a shrink-

age or swelling of the iridophores. The working principle is then 

P1) The color of the light reflected depends on size and spacing between protruding el-

ements in a reflective surface. 

When Zhu et al. [456] published a paper concerning a flexible strain-responsive color 

changing structure, that discovery was yet to be made for a few months. But still, the 

structure they produced uses the same working principle responsible for the color 

change in the chameleon’s skin. The structure consists of a silicon film with an etched 

array of thin beams embedded into a plastic film. By stretching the structure they were 

a) 

b) 

c) 

d) 

e) f) 
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able to change its color for 39nm of wavelength from green to orange. They report that, 

exactly like the chameleon, the color reflected by the structure depends on the spacing 

between the bars and their size.  

 

Fig. 97 – a) Color change occurring during excitation of a chameleon;  b) TEM micrographs of nano-

crystals in iridophores on their relaxed and excited state [455]; c) Iridophore types in lizards. The first 

2 exhibit 2 superimposed layers (scale bars=500nm); d) Picture of a sample of the flexible color 

changing structure; e) SEM micrograph of the view from the top. The inset shows the cross section 

of the bars; f) Photo of the chameleon-skin-inspired changing color material with 0% and 4.9% 

strain[456]. 

Other interesting examples of biomimetics-based applications and designs have been 

compiled by Vincent et al.[457], Helms et al. [458] and Cohen [459]. 

These case studies helped in understanding the process of bioinspiration. In the follow-

ing chapter, I present a few ways to perform bio-inspired innovation. 

Methods for Systematic Innovation Through Biomimetics 

General Principles Followed by Natural Systems 

Before going any further, there are a few principles that are seen frequently in biology 

and that should be pointed out because they can help us to understand the general ‘rea-

soning’ behind biological designs: 

1) The way nature performs a function requires the least amount of energy [460]; 

2) Nature builds structures using the local commonest materials; 

3) Given the constraints, including the environment and the evolutionary history of 

the system, the systems developed are the most reliable. 

The universality of these assumptions can be seen for example on the striking similarity 

between mammals of different continents, even though they have evolved separately for 

a) 

b) 

f) 

e) 

200nm 200nm 200nm 

d) 

c) 

2mm 
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about 200 millions of years since Pangea split, which was more than enough time for 

more significant attributes to have developed if they ought to. 

Principle 1 tells us how nature’s solutions approach ideality. Principles 2 and 3 how the 

solutions must be seen in the context they were created and not as isolated entities that 

make sense in all environments. For example, one could study the bat’s or dolphin’s 

echolocation and realize in terms of detection mechanisms, vision is most likely superior, 

and therefore we could quickly dismiss echolocation as useful. However by putting the 

mechanisms in their context, we realize that they are used at night and for small moving 

insects and for long distance location of prey underwater respectively. In their respective 

environments, these mechanism are more effective than vision.  

The context of historical evolution also matters. For example, even though the horse and 

the cow essentially have the same diet, cows have several stomachs while horses only 

have one. This is only due to the fact that when the family to each cows belong emerged, 

they were forced to marginal habitats where food sources were scarcer, and therefore 

needed a higher efficiency digestive system. 

Also, P2&P3 mean that since we are not bound by the same constraints as nature, the 

main objective of biomimetics is to extract the underlying principles from natural mate-

rial systems and apply them to our broader material pallet and our own constraints, or 

lack of. To exemplify, many natural materials are built over a long period of time, many 

times too long to be practical for human processes. So that’s a constraint for us. However, 

nature is limited to low energy sources (low temperature/energy) processes whereas 

we’re not so much. Understanding these differences is critical to a good biomimetic pro-

cess because they might change our perception of the feasibility of certain solutions, es-

pecially for engineers who might not be familiar with, for example, the time frames that 

take to a certain biological process to occur. 

Devising a Simple Human-based Method 

There are two great groups of methods of bioinspiration depending on the starting 

point of the process (Fig. 98): 

 Solution driven where an interesting biological mechanism inspires the search 

for potential technological applications; 

 Problem driven, which is the more common approach and it’s where a techno-

logical problem inspires the search in the biological world for biological mecha-

nisms that when conveniently applied, can solve it. 
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Fig. 98 – Synthesis of solution and problem-driven approaches to bioinspiration. 

A Simple Problem-driven Method 

In the case studies we saw the solution-driven approach being used, so now I’ll present 

a simple systematic problem-driven approach. 

1) What function we are looking for? 

a. Rephrasing the problem in terms of the function to obtain, simplifies the 

search. For example: If we intend to increase actuation force, the func-

tion to obtain is actuation. Some biological actuating mechanisms, might 

have low force, but the underlying principle, when applied to human 

technology might allow much bigger values, and a completely new ac-

tuating mechanism; 

b. By keeping the guideline broad, but just specific enough, more ideas 

from the natural world are allowed to pass our filters. E.g., if the prob-

lem is to obtain a more streamlined shape for a vessel, what we’re actu-

ally looking for is low drag (c.f. concept fan, in subchapter Thinking 

Creatively);  

c. Keeping in mind the inherent multifunctionality of most biological ma-

terials. One of the reasons bone isn’t stronger is because it needs to al-

low self-healing using the same resources the rest of the body has. In-

creasing system-level efficiency tends to decrease subsystems’ perfor-

mance.  Natural systems are incredibly system-level efficient, and they 

pack many functions together, which can make their subsystems to ap-

pear weak, and therefore they might fly under the radar and not be 

studied. 

d. Functions can be (complete list in p.15): 

i. Structural, e.g. strength; 

ii. Drag resistance changing; 

iii. Actuation; 

Biological 

mechanism 

What function would 
this  

mechanism perform? 

Search for biolog-

ical mechanism 

that does it 

What function are 
we looking to ac-

complish? 

Extract the underlying 

principle 
Biological terms 

Engineering terms 

How can the principle 
be applied to a  

engineering system? 

Extract the underly-

ing principle 
Biological terms 

Engineering terms 

How could the mecha-
nism be applied to the 
engineering system? 

Solution-driven 

Problem-driven 
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iv. Thermal (high thermal conductor/insulator, thermal expansion), 

… 

 

Fig. 99 – Some of natures’ solutions for strength and their respective examples: a) Micrograph of a 

blue jay feather [461]; b) Micrograph of a porcupine quill [462]; c) Grass [461]; d) Hedgehog 

spine[461]; e) Hierarchical structure of the cell wall of softwood [463]; f) SEM micrograph of the 

cross section of a broken pearl showing the composite nature of nacre [464]; h) The orientation of 

cellulose fibers in a coniferous tree branch resembling a fiber reinforced polymer [435]. 

2) How do biological systems accomplish that function? 

a. State the solutions presented by biological systems in their raw form. 

For strength, we’d have: wood, cellulose fibers, bone, abalone shell, ani-

mal quills, skulls (Fig. 99); 

b. Look for extreme/specific cases. If the purpose is to increase strength, el-

ephant bones, sequoias trunks. If the purpose is to increase specific 

strength, airborne animals’ structures; 

a) b) 

c) d) 

e) f) 

Hollow structures 

Structural and  
material hierarchies Composite materials 

Sandwich / lattices  

Smart material distribution 

Foams 

Graded changes in material properties 

h) 
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3) What is/are the general/underlying principle(s) used when biological systems 

accomplish that function? For strength it would be: 

a. Using composite materials; 

b. Using hierarchal organization of materials/structures; 

c. Taking advantage of size effects; 

d. Using materials smartly: honeycombs, foams, hollow structures (Fig. 

99). 

4) How can we apply this principle to accomplish the desired function in the 

original system with current technology? 

Others have used similar methodologies, on which this one was based, with some suc-

cess [458, 465-469]. I prefer this approach because of its simplicity and because it re-

tains the core elements. 

Artificial Intelligence’s Approach 

Intro 

Instead of relying on the human why not outsource some of the steps to a computer 

software or artificial intelligence (AI)? The first obvious steps where this could be done 

is in searching and organizing information, but later on even entire solutions could pos-

sibly be devised by an advanced AI. This would immensely increase the productivity of  

doing biomimetic innovation. 

We see creativity as a human process, and we’ve spent a great amount of time studying 

it in order to better understand it and take better advantage of [470]. There are those that 

believe machines will be capable of being creative [471, 472], myself included. In fact, AI 

is progressing so rapidly, that it has raised concerns about AI-safety and keeping AI-

beneficial to human society of several AI researchers around the world [473]. 

For the past 50 years, Moore’s law has proven to be uncannily accurate. And as pro-

cessing power increases at such a staggering pace, so does our ability to take advantage 

of it. Starting this project now ensures that we can be taking full advantage of existing 

technology at all times and not playing catch-up. 

First let’s take a brief look at some of the progress that has been made in this field. There 

has been some work regarding automatizing certain steps of the biomimetic process. A 

few of the attempts are presented now. 

A little bit of state of the art 

AskNature (www.asknature.org) is an online library supplied by the Biomimicry Insti-

tute (www.biomimicry.net) that groups research articles about design inspired on na-

ture by function (Fig. 100 a). 

http://www.asknature.org/
http://www.biomimicry.net/
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Chakrabarti et al. also developed a tool, SHAPPhIRE [474] to aid in inspiring designers 

and engineers to come up with novel solutions by providing a database of natural sys-

tems and a database of artificial systems (man-made) and their description, structure 

and functions (Fig. 100 b).  

 

Fig. 100 – a) Searching for “reduce drag” in biological systems in www.asknature.com ; b) Original 

natural database of SAPPhIRE tool [474]. 

Bruck et al. [355] created a database of products whose design was inspired in nature 

responding in part to the suggestion by Cohen et al. [475] of creating a database that in 

addition to bio-inspired products would also include engineering analysis of biological 

systems. 

The BioM Innovation Database [476] is a similar concept to the previous one, containing 

400 bio-inspired products, with the aim of supporting research and enabling detailed 

case studies. Then there’s also BioTRIZ [477] a TRIZ based method for bio-inspired de-

sign, and Design by Analogy to Nature Engine (DANE) [478] a design case library. 

Several other studies with the same general focus in mind of an automated by computer 

systematizing of biomimetics have been conducted. For example Glier et al. [479] have 

tried text analytics methods for automated text classification for search results in bioin-

spired design, Vandevenne et al. [480] describe a technique of organism detection by 

mass reading of biology articles, Goel et al. have presented a few other examples [481] 

and presented a comprehensive state-of-the-art on the subject [482]. 

The topic of using AI for engineering design, analysis and manufacturing is a very lively 

field as one can see by reading some of the papers from the journal with the same name 

[483], and that I believe will be most, if not all, of the future way in which we design. 

A Glimpse Ahead 

Wilson et al. [484] found that keyword-based retrieval searches often suffer from provid-

ing too many irrelevant results. Because they’re search-oriented, they also lack organi-

zational abilities between concepts. ThinkMap’s Visual Thesaurus reveals how an early 

stage organizational concept map looks like Fig. 101. If it could be possible to adapt and 

improve such a system to biomimetics it would greatly aid in the search for relevant 

biological analogies or solutions. 

a) b) 

http://www.asknature.com/
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Fig. 101 – An interactive word map generated by Thinkmap’s ® Visual Thesaurus® [485]. 

At this stage it matters to mention Wolfram|Alpha and IBM’s Watson. 

Wolfram Alpha is an online answer engine that provides an answer to a query by com-

puting the structured data the system contains that answers the query. Comparatively, 

a search engine simply provides a list of links which then give access to the contents that 

contain the keywords searched, or in more advanced cases, links that can contain the 

answer, but it doesn’t provide the answer itself. IBM’s Watson, is a form of a more ad-

vanced search engine which recently won some Jeopardy contests against champions, 

where it had to understand language, puns, humor, and even learn and adapt in real 

time. If instead it was fed biological and artificial system’s functions and asked to find 

patterns and predict solutions it would likely yield very interesting results. Fig. 102 

shows a comparative illustration between the 3 engines. 

With the increasing rate of evolving technology and discoveries, in a not too distant fu-

ture, by the time reviews about a topic are published, the state-of-the-art will already by 

outdated, which means that the current method of gathering information will soon need 

to be updated. 

The ideal would indeed be to have the biological entities and the engineering concepts 

as structured data, so that a software understands the concepts. Fig. 103 shows a simple 

ontology related to wood composition showing how the concept understanding of a ma-

chine would look like. The process of machine learning would be akin to baby human 

learning, continuously acknowledging ‘what’ is something and how it relates to other 

things. 
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Fig. 102 – Comparison between IBM Watson’s and Wolfram|Alpha’s approach to answering a query, 

adapted from [486] 

 

Fig. 103 – A simplified knowledge representation of wood composition for description logics. 

For example if a biological mechanism is found that can be encoded to “composite ma-

terial with high self-healing ability” it would then be stored in the database, and the 

computer would be able to use that information to the user when asked for self-healing 

composites. It would be faster than having to go through scientific papers to find such a 

healing mechanism which, many times, are in biological terms and thus an engineer 

looking for such a function to put in his material system would take longer to find it.  

By using deductive and statistical reasoning it would make inferences that would lead 

it autonomously to conclusions such as  
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That is, self-learning. This would mean for example that wood would come up as a re-

sult if we wanted a multiscale material, even if no one had coded into the program that 

wood was such a material. 

Later on image analysis could be implemented such as improved versions of Imagine 

Identify (https://www.imageidentify.com/), Merlin Bird Photo ID (http://merlin.al-

laboutbirds.org/photo-id) or Oxford’s Semantic Image Segmentation (http://www.ro-

bots.ox.ac.uk/~szheng/crfasrnndemo). The former is a work-in-progress image identifi-

cation web-based software that is able with a moderate rate of success to identify what 

is in a certain picture. 

We can devise what would a software or web-based application for aiding in bio-in-

spired design could look like (Fig. 104 b). It would allow filtering by scale-size, material 

integration, life’s kingdoms4 (Fig. 104 a). It’s knowledge would be ontological, alike 

Wolfram|Alpha. For a given material, function or structure it would then show higly 

organized information presented in a visual way. It would be able to semi or fully au-

tonomously scan whatever the way studies are published at the time, be it papers, or 

entries in some online database, including the information presented in the images. 

 

                                                      

 

4 Currently the most commonly accepted is the one proposed by Cavalier-Smith and subse-

quently revised [482] 

  Wood has structures in the nanoscale. 

  Wood has structures in the microscale. 

  Material systems that have structures in several scales are multiscale. 

  Wood is a material system. 

∴Wood is a multiscale material system. 

 

a) b) 
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Fig. 104 – a) Life organization according to Cavalier-Smith [487]; b) Mockup of a possible biologi-

cal solutions aggregator and analyzer for a web-based application. Images with ‘*’ from [445]. 

Created with Balsamiq®. 

A software/web-based application like this would immensely facilitate human creativ-

ity in devising new bio-inspired solution, and it would be the first step in streamlining 

the steps of acquiring and organizing information in the bio-inspiration process both 

for problem-driven and solution driven approaches. 

4.3 Taking Advantage of Size Effects and Using Fractals 

Fractals 

Fractals might be a way to create easily programmable hierarchical, high surface area 

structures. The Koch Curve (also known as the Koch Snowflake) is a mathematical curve 

obtained by repeatedly replacing each segment of a generator shape with a smaller copy 

* 

* 

* 
* 
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of the generator (Fig. 105 a). In doing so the total length of the curve gets bigger, ap-

proaching infinity as long as we keep iterating. Fractals can also be created by repeatedly 

calculating simple equations whose results feed on the next calculation. 

 

Fig. 105 – a) The Koch Curve; b) A cooling chip circuit designed in a fractal branching pattern by 

researchers at Oregon State University [488]. 

Manufacturing technology is the limiting factor because these patterns are easy to pro-

gram. The fact that it is derived mathematically and consists of repeating patterns of 

equal shapes may allow for a better reproducibility and also could be very promising for 

applications where surface area is important such as adhesive, substance repellence and 

self-cooling/high heat-transfer rate (Fig. 105 b). 

Size Effects 

The size of clusters of atoms influence melting point, phase definition, mechanical 

strength, optical and thermal conductivity, heating capacity – which can even become 

negative, that is decreasing temperature with heating – , magnetic properties and cata-

lyst behavior [489]. For example, nano-sized clusters of atoms of copper are transparent, 

platinum are catalysts, aluminum becomes a combustible material, gold turns liquid at 

room temperatures and silicon becomes a good conductor. 

These properties are attributed to surface effects, flaw insensitivity and quantum size 

effects. The former is about how smaller clusters of atoms have a higher percentage of 

surface atoms than bigger clusters (the surface-to-volume ratio introduced in the chapter 

of carbon nano materials). And the surface atoms behave slightly different than those on 

the inside. The second is related to the fact that as the size of materials reduce, they be-

come increasingly insensitive to cracks and defects, even existing a critical size below 

which full insensitivity is reached, and hence the strength of the material approaches its 

theoretical limit instead of being limited by the stress concentration around the flaws. 

This might be the reason why in nature many organisms and materials have their build-

ing blocks at the nanometer length scale at least in one dimension [490]. Finally, when 

material’s size is reduced, the averaging of all the quantum forces that are responsible 

for the bulk material’s properties no longer works, and the individual behavior of atoms 

and molecules takes precedence. 

a) b) 
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In practical terms, we can take advantage of these effects by producing materials that 

are nanoscale in one or more dimensions (Fig. 106) and using them for multi-scale 

composites or hierarchical structures. 

Fig. 106 – Examples of 1,2 and 3D nano-scale structures. 

Earlier, a good example of this has already been shown where a nanolattice of a ce-

ramic was found to be much tougher than expected (Fig. 86) due to a decreased num-

ber of flaws. 

So far we’ve mainly focused on material system and products innovation, but it is also 

necessary to think about their performance and also the new place in the design process 

of these highly tailorable more complex MFMS that are being developed. 

4.4 On Design, Optimization and Performance 

Rethinking design procedures 

Traditionally, parts are designed and then a material that meets the requirements of the 

application is selected on material databases based on its properties. This is a view 

shared by both engineering books and undergraduate project design courses [491, 492]. 

In the industry the materials scientist is often only required to characterize data or trou-

bleshoot a problem after design. 

However, as materials increase in complexity, tailorability, multifunctionality and num-

ber, the consideration about the material, now integrated with structures for greater mul-

tifunctionality, might need to be earlier (Fig. 107), at least in high performance applica-

tions, where the higher tailorability and resultant performance can more easily outweigh 

the increase in cost. For these cases, multifunctionality, and therefore material design, 

should be present in the concept development or the system-level design phases. For 

example, if a car hood is to have energy storing function and sensing abilities (to detect 

a hit for example) considerations about its weight and how exactly the sensing ability 

will integrate with the rest of the vehicle are made at the system-level design phase, 

which means the material system will enter the design process earlier than the usual 

detail design phase. 

1D 2D 3D 

surface coatings, layers 

for multilayered compo-

sites 

nanotubes, 

nanowires 
nanoparticles, 

quantum dots 

nanoscale in: 

e.g.: 
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Fig. 107 – Simplified design process. Red: material is chosen and as an almost independent process 

from part design. Green: Part and material are designed concurrently as an integrated process. Im-

ages from [493, 494] and material selection graphics from Granta, CES Edupack 2014®, with adap-

tations. 

In fact, as a guiding rule, we could say that generally the more functions a material 

system has, the earlier it needs to be addressed in the product development process. 

If we take a typical product design process based on Ulrich and Eppinger’s [371] we can 

represent on it the phases where the increase in functionalities performed by material 

systems should have the most impact (Fig. 108). Below is the reasoning behind each of 

the phases I believe will be the most impacted and the respective reasons. 

In product specifications because the greater the number of functionalities performed 

by the material systems, the greater the number of metrics that depend on them. It is to 

be expected that future multifunctional materials will be normalized so that in many 

cases product developers still only need select materials instead of having to tailor them, 

especially for low demanding applications. Still, it will be possible to tailor the material 

system in ways that aren’t currently possible. How much tailoring will be done depends 

on how close the normalized material system is to the targeted ideal values of the metrics 

it concerns. A trade-off analysis may be necessary, and that will require some new tools 

Part 
Assembly 

System 

Material 

Selection 

Material system design 

and tailoring 
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for optimization and performance evaluation such as the ones mentioned in the follow-

ing chapter. 

 

Fig. 108 – Product development process. In green, steps where new paradigm of material design 

should have the most impact. Adapted from [371, 495]. 

In the concept generation because the concept of a product is a rough description of 

the technology, working principles and the form of the product. The addition of MFMS 

can fundamentally changes all of those. For example, the description of a garment with 

human health monitoring capabilities is very different whether that is accomplished by 

the garment itself or a separated sensor system that happens to be bound to the gar-

ment. 

In product architecture because of the concept modularity. A product has a very modu-

lar architecture when its functions are performed by separate components (modules) 

and integral architecture when the components are multifunctional. In other words, how 

easy it is to replace a module without impacting the rest of the system? In the case of 

MFMS, removing a function in many cases will result in the need to choose or redesign 

a completely different material system. For example if we were planning to use the 

power-fiber on a textile (Fig. 57) but then decided we don’t need energy storage but 

rather energy harvesting, then the material system has to be completely redesigned/cho-

sen. With this, it’s easy to see that with the adoption of MFMS products will tend to have 

an integrated architecture, and therefore they will also impact this phase.  

Finally, in design for manufacturing. The economic success of a product is highly de-

pendent on the manufacturing cost. A product can have billions of sales but an economic 

failure because it failed to generate profit. This can be because the cost of manufacturing 
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was too high. A design that promotes economic design is able to keep high quality while 

reducing manufacturing cost. As we saw before, manufacturing is one of the challenges 

that so many of the new MFMS face. Also if the field of manufacturing is already one of 

the most integrative in terms of different departments having to work together, then it 

is about to become even more, as one of the main facets of multifunctionality is precisely 

multidisciplinarity. As functions from different fields become highly integrated, it be-

comes slightly harder to discuss manufacturing issues if for example the person respon-

sible for the biological systems from which the product or part of it was inspired is miss-

ing in the discussion, because each function has a higher dependency on the others. 

Optimization and Performance 

In terms of optimizing the material systems themselves, Sigmund et al. [496, 497] have 

developed topological optimization methods for type III material systems with very dif-

ferent physical mechanisms to determine the optimal performance, having simulated 

many functional combinations with up to 3 material phases. Their theoretical work has 

been validated by the similarity between their solutions and ones found in biological 

systems. 

For type I and II material systems, Thomas and Qidwai have developed too some opti-

mization tools namely the introduction of the concept of materials architecture [245, 498] 

in order to allow the use of the materials index, as developed by Ashby et al. to rank the 

performance of materials with regarding system-related objectives such as mass, cost or 

density [499, 500]. 

Qidwai et al. proposed a few guiding rules [245] concerning the addition of multifunc-

tionality to systems which served as inspiration for the following guidelines: 

Start by trying to add new functionality(ies) to the material with a more complex func-

tion. E.g. If in a specific case the complexity of energy storage process is greater than that 

of elastic deformation, it might be easier to add structural function to the energy storage 

system rather than add energy storage capabilities to the structural system.  

Target unifunctional mid to low performance parts. For example, there may be more 

performance gains to be realized by adding a new function to structural parts subject to 

lower and not critical structural loads. A good example of this is the aileron in the pre-

viously mentioned Lola-Drayson Racing EV [248]. 

Adding multifunctionality must have as its primary goal the increase of system-level 

performance, even if the subsystems’ individual performance is decreased. In adding 

electrically conductive fillers to a composite to make it electrically conductive, one might 

have a lower electrical performance than if simply added electrical wires. In order to 

create a structural battery, one might have to reduce its energy density. However for the 

system as a whole, the energy density might be greater due to the inexistence of unifunc-

tional structural materials. 
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Let’s have an example of trade-off considerations in a structural battery for a simple air-

craft such as the airbus e-fan (Fig. 109). Methodology from [34]. 

The main objective is that even though we may lose efficiency on each of the subsystems 

we improve overall efficiency. So we may end up with a system with less capacity and 

less bearing capability, but the net weight loss surpasses those effects. As we saw in the 

beginning of chapter 2, a decrease in the weight of the aircraft increases by 1.5 times the 

flight time whereas an increase in battery capacity only increases the same variable by a 

factor of 1. So it is useful to combine both in order to save weight. 

550kg (total plane’s weight) = ~100kg (battery) + ~450kg (structure), with 

𝜂𝑠 = structural efficiency, 0 < 𝜂𝑠 < 1 

𝜂𝑒= energy storage efficiency, 0 < 𝜂𝑒 < 1 

If we were to make the plane using a structural battery resulting in 𝜂𝑠 = 0.74 and 𝜂𝑒 = 

0.8 (point B, in Fig. 110), it would mean the materials would be able to bear 74% of the 

loads the nominal composite can and store 80% of the energy the battery stores. So that’s 

a 20% decrease in flight endurance time from the loss of battery efficiency. 

Recording from an earlier chapter that a reduction in weight increases flight endurance 

1.5x more than an increase in battery capacity. Which means that for a solution to in-

crease flight endurance time the following inequation must be valid 

 

 

Fig. 109 – a) Airbus E-Fan: a prototype two-seater electric aircraft being developed by Airbus 

Group first demonstrated at an airshow in UK in July 2014 [501]; b) Plot of the inequation above. 

Mass savings must be greater than the dotted line for a given energetic efficiency. 

So if we had reached the conclusion that adding structural function to a battery would 

be easier, and hypothetically we knew that a structural battery has 𝜂𝑒 = 80%, then mass 

savings need to be greater than 73.3kg for the flight endurance time to increase (Point 

B), which also means that 𝜂𝑠 ≥ 0.74. This results in a very small domain (orange in Fig. 

110) of possible values. Point C would be unacceptable because we would need greater 

mass savings to compensate for a 50% loss in energy capacity from the battery. 
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Fig. 110 – Design considering that e=0,8. Inset represents acceptable domain of values in orange.  

It is possible that the combination of two functions increases the performance of both. 

The abalone shell is a biocomposite that is 98% m/m calcium carbonate (Aragonite or 

CaCO3) and 2% m/m protein. However, it is 3000 times tougher than either when con-

sidered alone or their mixture according to the rule of mixtures. Similar situations can 

be observed for bone and alumina/PMMA composite (Fig. 111 a). This is because of com-

plementary intrinsic and extrinsic contributions throughout their hierarchical structure 

(Fig. 111 c)[382].  

  

Fig. 111 – a) Bone, Nacre and Alumina/PMMA composite as materials whose toughness is far greater 

than that of the materials that constitute it. Closed and open circle represent crack growth and initi-

ation respectively; b) Extrinsic and intrinsic toughening mechanisms present in bone, which are re-

sponsible for its far greater crack growth propagation than what the rule of mixtures would predict 

[382]. 

It is easy to imagine a situation where something similar would happen for the example 

of the airplane. In a composite where the fiber bridging is done by some form of electro 

active fibers that increase their strength when current passes through them. In that situ-

ation adding a battery to the structure would result in 𝜂𝑠 > 1. 
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Only the surface of this topic has been scratched, because there is a lot of potential for 

performance evaluations techniques, but the basis were presented. Now, other very 

important aspects that all of these design and performance evaluations need to take 

into consideration before a final decision is made, are going to be presented. 

4.5 Increasing Sustainability and Environmental-friendliness 

Growing New Materials 

Biology is great at solving complex problems, in very harsh environments, where failure 

means the eradication of that particular gene. Even though our current production meth-

ods are limited in the way that we can’t for example create intricate hierarchical nanoar-

chitectured multimaterial systems, nature has been producing them for billions of years. 

So why not try some of nature’s mechanisms for creating these structures and materials 

and widening their pallet of elements that they can use from carbon, hydrogen, oxygen 

and a few others, to the whole periodic table? Or changing the architecture of the nano-

materials/structures to our fitting? Fortunately this is something that has captivated the 

attention of some. Below, four examples are presented. 

Fungi, along with bacteria, are nature’s best recycling systems, where the mycelium, 

their vegetative part, is where material transformation occurs. For example, in order to 

replace Styrofoam, Bayer et al. [501] developed a bio-degradable foam which is self-as-

sembled by mycelium and biomass and can be transformed into almost any shape hav-

ing good fire and humidity resistance and thermal, electrical and acoustic isolation prop-

erties. 

Krogstad presented his PhD thesis in 2012 on aqueous self-assembled materials [502]. 

He was able to synthesize some materials but with some difficulties in predicting the 

resultant structure. 

Bawazer et al. [503] manufactured a semiconductor material synthesized by enzymes 

that were put through a processes of “directed evolution” similar to selective crop and 

animal breeding where one only allows the crops/animals with certain genes/pheno-

types to breed so that next generations all have them. In this case they used silicatein, 

which is the same enzymatic protein responsible for the formation of silica skeletons in 

marine sponges. At the end of the reproductive process they would have a large gene 

pool manifesting itself with silicateins of different properties. Then they chose the sili-

cateins that had the properties they wanted, in this case, that exhibited a mineralization 

process. 

Belcher’s et al. [504] took a similar approach by engineering viruses, through directed 

evolution, whose coating is able to bond with lithium. By packing together millions of 
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lithium-ion coated viruses they were able to create positive and negative electrodes, be-

ing able to produce an actual battery. That is, a battery made out of viruses. This same 

technology was also used for the production of improved solar panels [505].  

So basically from this works is convincing simple organisms to work with a new toolbox, 

for example with the rest of the periodic table, in order for them to produce a mate-

rial/structure that we want. The convincing part would be through coding the DNA se-

quence that tells them to do it, and inserting it into the organisms. The organisms would 

then build something new out of resources they would not normally have used.  

Using Natural Organic and Inorganic Materials in Different Ways 

Instead of having to produce materials through complicated manufacturing processes 

that involve high energy costs, wastes, and the need for several chemical products to be 

used, what better than to obtain them from waste products from other industries or from 

nature’s raw materials requiring simple treatments? This is the idea behind a class of 

materials with the bio- prefix: bio- -materials, -plastics, -polymers, -based nanocompo-

sites, -nanocomposites, and so on.  

In the next paragraphs a quick overview and a few examples for two promising bio-

materials are presented. 

Cellulose 

Cellulosic composites with cellulosic nanofibers as the reinforcing phase are currently 

regarded as one of the most promising research areas in the field of plant products. A 

cellulose fiber is basically composed by a bundle of microfibrils, which are composed by 

long chains of glucose molecules (Fig. 112). The reasons that make this natural material 

so attractive are: 

 

Fig. 112 – Structure and composition of cellulose in a leaf. Adapted from[506]. 

1) It’s the most common organic polymer and can be considered close to an inex-

haustible source of raw material for eco-friendly materials and products [507]; 

2) It’s reported high stiffness (100 < E < 160 GPa) [508]) ; 
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3) High aspect ratio of cellulosic fibers (L/d) makes them good candidates for a re-

inforcing material as this facilitates stress transfer from the matrix to the reinforc-

ing phase [507]; 

4) It’s low weight, biodegradability, and renewability [509]. 

 

Fig. 113 – Plots for the Halpin-Tsai equation for fibers with a range of Young’s Moduli of 40-140 

and the respective predicted composite modulus (Ec) depending on the fibers’ aspect ratio. 

Adapted from [508]. 

Compared to natural fibers like flax and hemp (E=40-60GPa), and single cells (E<80GPa), 

cellulose nanofibrils and nanowhiskers have a higher Young’s modulus which, com-

bined with their high aspect ratio brings major mechanical benefits for the composite 

compared to micro-sized fillers (Fig. 113). 

Wood is currently the most important source of cellulosic fiber, however we would clash 

with the paper and construction industry and besides, creating another reason to cut 

down trees is not sustainably intelligent. For this reason, cellulose for incorporation in 

novel materials should be coming either from waste products of those industries or from 

by-products from crops, which is exactly what some companies are doing. 

AgriPlas (from wheat straw) – For example a company named A. Schulman Inc. [510] 

has been producing and selling a plastic they named AgriPlas, already used in consumer 

goods such as some components on the Flex Ford automobile [511]. This plastic has in-

corporated wheat fibers derived from wheat straw, which is generally treated as a waste 

product from wheat grains. It resulted in a lighter, with a lower CO2 footprint and lower 

dependency on petroleum composite plastic. 

Biomid (from cellulosic waste) – Biomid, as another example, is a 100 percent cellulose-

based fiber with a fiber density of approximately 1440kg/m3, specific modulus very close 

to E-glass, and with a specific tensile strength comparable to Innegra Technologies’ 

(Greenville, S.C.) 8g/denier high-modulus polypropylene (HMPP) fiber [512]. 

The most interesting aspect though is that the fiber’s raw material comes from wood 

pulp and paper-industry waste. For this reason the producer, Shark Consulting, claims 

it has a smaller carbon footprint even than other natural fibers. As a matter of fact, they 
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claim its manufacturing generates only 0.88 kg of carbon dioxide (CO2) emissions per 

1ton of fiber, compared to 55 kg for flax fiber and 500 to 600 kg for glass fiber. 

Cellucomp (from root vegetables) – Cellucomp, a Scottish material company founded 

by material scientists uses wastes from root vegetables, currently using mainly beet pulp, 

from which they extract cellulose. 

Current applications for cellulose nanofibers are adhesive reinforcement, optically trans-

parent paper for electronic displays, in DNA-hybrid materials, for use in hierarchical 

composites for foams among others. Current reviews on state of the art and applications 

have been recently done [507-509]. 

Some very recent interesting developments, not present on those reviews are how it has 

been showed that it is possible to 3D-print cellulose based materials and to make a light 

emitting flexible transparent nanocellulose paper. Concerning the former, the research-

ers did it by mixing cellulose nano fibrils with a hydrogel, which is made of 95-99% wa-

ter, it was possible to run the mix in the 3D printer, and then by adding in CNTs the 

researchers were able to achieve electrical conductivity [513]. Concerning the latter, they 

dispersed ZnSe quantum dots in a nanocellulose paper  

Both developments are very interesting because they allow a greater infiltration of this 

natural material in the market by finding more uses for it, especially in fields tradition-

ally dominated by artificial materials.  

Some challenges remain, namely, obtaining a uniform distribution of the fibers in com-

posites’ matrices [508] and the separation of plant fibers into their smaller constituents 

for the extraction of cellulose [509]. 

Yes, cellulose is both ubiquitous, environmentally friendly and overall promising. But 

it’s not the only one. 

Basalt fibers 

Basalt is a volcanic rock and the most common one on Earth’s crust (1/3 m/m). It is com-

posed of the most common materials: SiO2 (49.97% m/m), Al2O3 (15.99%), CaO (9.62%), 

FeO (7.24%), MgO (6.84%), among others. These rocks have been used to produce basalt 

fibers from a similar manufacturing process as glass fiber, though simpler – with lower 

temperatures and less additives. The price of basalt fibers lies in-between S-glass and E-

glass fibers though it can vary depending on their quality. Their relatively high mechan-

ical properties (Table 10), higher oxidation resistance, higher radiation resistance, higher 

compression strength, and higher shear strength than carbon and aramid fibers are some 

of benefits of using these fibers [514, 515]. 

Table 10 – Typical values of basalt fibers [515]. 

(kg/m3) E (GPa) Tensile strength (MPa) Strain at break (%) Service temperatures (ºC) 

2700 89 4840 3.15 -269 - 650 



Adopting Multifunctional Material Systems Ch. 4: Sensible Adoption of MFMS and their Products 

 

 132 

 

 

Unlike graphene and CNTs, sometimes a material is not obviously good from the start. 

Even though the future of these fibers is yet to be seen, they have been researched since 

the 1920’s, so it took a long time and several waves of interest and disinterest, before the 

more recent promising advances [514, 516]. 

Energy Harvesting Possibilities 

In trying to improve electric devices’ independence there are 4 main areas of focus: 

1. to improve the energy density of the energy storage systems (batteries or capac-

itors); 

2. to reduce power consumption ; 

3. to develop self-powered devices which generate or harvest energy or  

4. to transmit the power from a centralized power source. 

Currently for MFMS the third area is the one that has received the most attention. Energy 

harvesting or power scavenging are expressions that mean to extract energy from the environ-

ment. The goal in this research field has been to either generate low-power electricity 

(<1W) or to recover energy from wasted or unused power. This would enable self-pow-

ered electronic devices to work for years without needing any external recharging.  

More, since the energy from sources that emit them are in their majority renewable and 

mostly resultant from energy waste (Table 11), harvesting it has a direct beneficial effect 

on sustainability, the environment and health.  

The applications for this technology range from electronic wearable devices to wireless 

applications such as remote wireless sensor networks that are hard to access and are 

required to function over extended periods of time used in structural health monitoring.   

Table 11 - Sources of energy available in the surrounding which are/can be tapped for generating 

electricity [517]. 

Human Body Vehicles Structures Industrial Environment 

Breathing, blood 

pressure, body 

heat, walking, arm 

motion, finger mo-

tion, jogging, swim-

ming, eating, talk-

ing- 

Aircraft, UAV, heli-

copter, automo-

biles, trains, tires, 

tracks, peddles, 

brakes, shock, ab-

sorbers, turbines- 

Bridges, roads, tun-

nels, farm house 

structures, control-

switch, HVAC sys-

tems, ducts, clean-

ers. 

Motors, compres-

sors, chillers, 

pumps, fans, con-

veyors, cutting, dic-

ing, vibrating ma-

chinery. 

Wind, solar, tem-

perature gradient, 

daily temperature, 

ocean currents, 

acoustic waves, EM 

waves, RF signal. 

 

When designing energy harvesting products or parts with MFMS there are some con-

siderations to have in mind: 

1) Relationship between power needed and power harvested: 
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a. �̇�needed > �̇�harvested => needs energy storage, duty cycle of the system has 

to be low enough so that there’s time to store sufficient energy while the 

system is on standby or sleeping for each time the system is on or active; 

b. �̇�harvested ≤  �̇�needed => doesn’t need energy storage if energy can be har-

vested at any time constantly; 

2) Controllability and predictability of the energy sources [518]: 

a. Fully controllable: Energy can be generated and controlled as desired, 

e.g. user generating energy for a flashlight by shaking it; 

b. Partially controllable: Unpredictable environmental conditions may 

change the capacity for energy generation. For example harvesting the 

energy from another system. Even though that system can be controlled, 

since its main purpose is not to provide energy it may be unpractical to 

active it for that sole purpose; 

c. Uncontrollable but predictable: Harvesting energy from the sun is an 

example. The energy source can’t be controlled yet the daily and seasonal 

cycles are known; 

d. Uncontrollable and unpredictable: The energy source cannot be con-

trolled to generate energy when wanted and it is hard to predict when it 

will. Such examples are earthquakes, lightning strikes and outdoor vibra-

tions due to e.g. passing vehicles. 

There are 4 main ambient power sources to be considered, and the range of power avail-

able is represented in Fig. 114. 

 

Fig. 114 – Main ambient power sources before conversion, adapted from [519]. 

In Table 12 reviews and interesting papers about this topic are referenced. 
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Table 12 – Recent reviews or extraordinary papers on mechanical, thermal, radiant and biochemical 

power sources. 

 

Next a very quick synthesis of each of the main energy sources is presented. 

Mechanical 

Vibrations and stress-strain are currently the type of mechanical energy that is the most 

scavenged. The piezoelectric effect and electromagnetic or electrostatic mechanisms 

can be used to convert kinetic energy being that the former, highly suitable for MFSM 

as we saw, have emerged as one prime methods for energy conversion from mechani-

cal sources to electrical energy. This is the most historically successful way of energy 

scavenging, though the other sources are now catching up due to technological ad-

vances. 

Thermal 

The Carnot cycle provides the theoretical limit to energy obtained from a temperature 

difference. The Carnot efficiency is 𝜂𝐶 =
𝑇𝐻 – 𝑇𝐿 

𝑇𝐻
=

Δ𝑇

𝑇𝐻
  , where 𝑇𝐿 and 𝑇𝐻 are the tempera-

tures of the low and high temperatures sources across which the thermal generator op-

erates. For small ΔT, Carnot efficiencies are very limited – for example, going from 

body temperature (37℃) to a cool room (20℃) only results in 𝜂𝐶 = 5.5 %. 

Still, even low values of efficiency, and corresponding low values of power, might be 

enough for very low power applications such as nanodevices to be used inside the hu-

man body, or reusing the heating by Joule effect of power lines (about 8-15% of the to-

tal energy generated at the power plant [525]) or the wasted heat from oil engines and 

electronic devices. 

Radiant 

Ambient radiation can be found ubiquitously especially in urban environments, how-

ever, barring the sun, the amount of energy is also suitable only for low-power systems. 

Sources include: 

 Mobile-phone towers and mobile phones; 

 Wi-Fi transmitters; 

 Material system Sources (mechanism) 

Mechanical Piezoelectric [114, 168, 184, 193, 520-522] 

Thermal Thermoelectric [523-526] 

Radiant Carbon nanomaterials, metallic nanostructures [69, 93, 292, 527] (solar) 

Biochemical Biofuel cells [528-531] 

Other 

Graphene 
[70] (coupling of ions with free 
charge carriers) 

Paper, bacteria [532] 

HYDRA 
[533](evaporation energy scav-
enging) 
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 IR from hot engines and devices; 

 Satellite transmissions; 

 Sun; 

Solar energy has by far the highest radiant incidence of all the sources, as we can see in 

Fig. 114. The power that can be harvested this way ranges from about 100mW/cm2 if 

directed at the sun in a bright day and 100W/cm2 in an illuminated office (sometimes 

an algorithm can be used for extracting the maximum amount of power that a photo-

voltaic cell can produce called Maximum Power Point Tracking [534]). 

 

Fig. 115 – a) Photovoltaic solar electricity potential in European countries; b) Portuguese global irra-

diation and solar electricity potential at optimum angle [535-537]. 

A recent study from MIT showed that solar energy holds the highest potential for meet-

ing the long term of humanity’s energy needs in a sustainable way [538]. Portugal has 

the highest average incident irradiation per square meter of land from Europe (Fig. 115) 

which for us emphasizes even more the importance of developing solar harvesting ma-

terial systems. 

Biochemical 

Recently the healthcare industry is experiencing a surge in interest towards wearable 

medical devices which can have the ability to monitor vital body parameters. Further 

progress has been hindered due to the lack of successful options for energy harvesting 

to power those devices [529]. 

This source of energy is the least related to sustainability but is nevertheless very inter-

esting and useful, so I decided to include it here. This field is somewhat a challenge to 

penetrate linguistically for someone trained in mechanical engineering, so there might 

be more, but the main source of this type of energy seems to be biofuel cells, that is, an 

electrochemical energy scavenger that uses biological enzymes to catalyze reactions 

from energy packed biological reactants such as glucose to harvest electrical energy 

(sources in Table 12). 

b) a) 
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Other 

Finally, there might be other untapped and under-researched energy sources. An exam-

ple is evaporation. Recently Chen et al. created a set of exemplificative machines driven 

by a biologically inspired hygroscopy-driven artificial muscle (HYDRA) that are solely 

powered by changes in humidity due to evaporation [533]. 

 

Fig. 116 – a-b) Hygroscopy-driven artificial muscles lifting their own weight at 90% and 10% relative 

humidity; c-d) Snapshots of a miniature actuated by the same material configured in a rotary engine 

[533]. 

With this, almost all of the main points of the chapter have been made, and the follow-

ing two subchapters present a synthesis, consolidation and clarification of the major 

topics presented so far in this chapter. 

4.6 The Process from Goals and Ideation to Adoption 

In Fig. 117 it is presented the general process both for MFMS innovation and product 

innovation containing MFMS.  

The former, represented in yellow, mostly comprises  work in discovering or improv-

ing material systems (e.g. graphene, better SMMs and MFC), phenomena (e.g. how 

light diffraction results in different colors) including biological (limpet teeth, drag re-

duction from shark denticles), and manufacturing methods (e.g. scalable CVD), which 

then may or may not be used to be integrated in or to produce MFMS depending on 

their interaction with other materials and manufacturing methods.  

The latter, represented in brow, encompasses mostly the developing of products with 

concurrent material design, if needed, while assessing the efficacy of replacing uni-

functional MS by MFMS. 

a) b) 

c) 

d) 
2cm 2cm 

2cm 

2cm 
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Fig. 117 – The process concerning MFMS and product / part innovation from goals to adoption of 

the existing or designed MFMS. Green, red, yellow arrows represent: positive, negative and neuter 

answer. Dashed lines represent optional paths. 
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4.7 Example of the Initial Stages in Designing a Simple Multifunctional 

Heart Abnormality Detector Instrument 

Because examples are a great way to cement information, here an example that encom-

passes the topics (ideation, inspiration from nature, design process and multifunctional 

performance and sustainability) covered in this chapter is presented. For that reason, 

contrary to what would happen in a corporative setting, a broad goal and few con-

straints will be set. For example, customer needs, product specifications, time and 

budget planning will be skipped. The guideline won’t be depth but breadth so as to 

cover the mentioned topics.  

In Europe, cardiovascular diseases are the main cause of death for humans accounting 

for over 47% of all deaths in 2012 [539]. This will be the underlying motivation for the 

topic of this example. The goal for the product will be to detect and classify heart ab-

normalities by using a simple portable instrument, to be named HealthyHeart. Cur-

rently the detections of heart failure can be done in several ways. This list presents the 

most common (in bold) and current ways in which they are performed [540, 541]: 

1) Sound analysis: heart and lung sounds; 

2) Visual: swelling in body parts and appearance of certain veins, echocardiog-

raphy, doppler ultrasound, magnetic resonance imaging, X-ray; 

3) Electrical: Electrocardiogram, Holter monitoring, stress test; 

4) Chemical: blood test; 

5) Various: cardiac catheterization. 

For the purposes of this example, let’s simplify and focus on the analysis that right from 

the start appear to be simpler to perform: electrical and sound-based.  

It is known that the electrical signal (voltage) and sound waves from the heart are suffi-

cient for a myriad of diagnostics [542-544]. Mangione  et al. [545] have reported how 

physicians in training and medical students identified cardiac events with their auscu-

latory skills, concluding that they correctly identified only 20%, value that didn’t im-

prove with further time in medical practice. Ideally the sonorous information would be 

analyzed by an AI[546] or a simpler software [547, 548]. 

Then the question arises on how to effectively measure or transmit sound waves and the 

electrical signals from the heart so that they can be correctly analyzed. 

By reasoning from first principles we would study how the heart muscles are stimu-

lated electrically to contract by electric impulses resulting from ionic concentration 

changes that spread through the myocardium (heart muscle) (Fig. 118 a). As that hap-

pens the electrical field produced in the myocardium continually changes in size and 

direction. In challenging the status quo we could first observe that in the most common 

10 electrode, 12 lead electrocardiogram (ECG), a kind of 3D mapping of the electrical 
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activity of the myocardium is created. Ten electrodes are positioned so that a frontal 

view and a cross sectional top view (Fig. 118 b) are written in the grid paper by the 

electrocardiograph (Fig. 118 c). 

 

Fig. 118 – a)  Contraction of a single myocardium cell and corresponding voltage variation [549]; b) 

In a 10 electrode setup for a 12-lead ECG, the first 6 leads (I, II, III, aVR, aVL and aVF) provide a 

frontal view of the heart while the following 6 (V1-V6) provide a cross sectional top view adapted from 

[550]; The combination of the 12 leads expose electrical abnormalities in the myocardium, in this 

case a blockage of one of the electrical conduction branches [544] . 

The same would be done for the sound waves. From first principles we would see that 

sound waves are propagating high and low pressure zones. We would study how best 

to capture that propagation from the human body (which ultimately ends in the vibra-

tion of the skin). By doing this we could also challenge the status-quo by studying how 

stethoscopes work (Fig. 119 a-b), which we would soon discover they work as sound 

channels and splayers of the heart beating sounds (Fig. 119 c).  

If this idea was to be pursued further, then the analysis wouldn’t of course stop here. A 

deeper understanding should be pursued. When that was achieved, new constraints 

should have risen, and solutions should start to be explored, as the divergent thinking 

phase takes place in the ideation process that starts. 

c) 

a) b) 
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Fig. 119 – a) Drawing of an early monoaural stethoscope by Rene Laënnec in 1819 [551]; b) Patent 

drawing of a simple chest piece for a stethoscope [552]; c) Sound wave focusing in a megaphone. 

Red: reflected sound waves; Green: diffracted sound waves. The opposite effect is achieved if sound 

is coming from the opposite way, as in the chestpiece, see b. Adapted from [553]. 

 It could be useful to perform a simple language reframing, where the problem could 

be reformulated in colloquial words resulting in e.g. “a device that conducts well elec-

tricity and sound for heart problems detection”, making it simpler to have the whole 

concept in the working memory of our brains. In order to propose some solutions for 

the challenge, a session of brainstorming can then be taken. 

 

Fig. 120 – Brainstorming for ideas for the multifunctional HealthyHeart device. The arrows represent 

the way ideas were originated. Red rectangles contain unifunctional concepts (containing either elec-

tric or sound function), green rectangles contain multifunctional concepts.  
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A great number of ideas can then be suggested by the team written on a board, ‘post-its’ 

or in web-based applications such as www.stormboard.com. In this case three is not re-

ally a high amount of ideas (quantity > quality), but will be enough for the purpose of 

this example.  

Having an amount and general quality of ideas/concepts that the team feels comfortable 

with to extract a great solution from, the convergent thinking begins5. Rough prototypes 

made of simple accessible materials and visual sketches should be created soon in the 

product development phase, to present a hands-on and visual testing for detection of 

trivial problems with the most promising concepts. In Fig. 121 two visual sketches were 

drawn for the two ideas that had more potential (the inflatable device was discarded 

since it was deemed too impractical) containing already some initial possible design de-

tails and explaining the core functionality of the concept. 

 

Fig. 121 – a) Wearable multifunctional underwear for heart abnormalities detection through electrical 

and sound analysis. Images (all adapted) from [265, 554]; b) Multifunctional stethoscope for heart 

abnormalities detection through electrical and sound analysis. Images adapted from [98, 555-558]. 

In a previous chapter it was mentioned how concurrent product and material design 

ought to be preferable to product design and later material selection and now it should 

be clear why. The reader might notice how the materials are at the core of the functions, 

especially in the most integrated concept (1). For instance, if the material doesn’t have 

                                                      

 

5 A note should be made by referring how these phases aren’t rigid. New ideas can still be sug-

gested in later stages, but that has the problem of slowing down progress because the team has 

to take some steps back in re-analyzing the new idea. For that reason, the sooner more ideas are 

presented the better. 

Concept (1) Concept (2) 

http://www.stormboard.com/
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energy storage capacity, there will have to be another component with it, which might 

drastically change how the initial product is used. 

As the sketches and prototypes are done and analyzed the better concepts should be-

come increasingly obvious. The first concept, while significantly more innovative, also 

should be more expensive, as it can only be used for a person. Then there’s the issue of 

connectivity and power. Since concept 2 can be used in a physician’s room, there should 

be access to electricity and to one computer or a portable display device, for the physi-

cian to be able to see the ECG. The first concept, could integrate solar energy harvesting 

fibers and energy storing fibers for powering the data storage, but that is technology a 

few years ahead. If, on the other hand, it ought to be connected to a power source, then 

the concept of ‘wearable’ loses its mobility advantage. Let’s assume then, that concept 2 

was deemed the better option for the current constraints. 

When measuring voltages as low as the ones that reach the skin coming from the myo-

cardium (mV) it is important that relative movement between the electrode and the skin 

is minimized so as not to introduce noise in the measurements. For this we could use 

some adhesion between the electrodes and the user’s skin. We can turn to inspiration 

from nature by looking into how it solves similar problems (problem-driven approach), 

that is, what mechanisms do living beings use to obtain adhesion. Here an AI /web-based 

application as proposed before would be extremely useful to provide highly organized 

information about the topic. Searching in www.AskNature.com would yield results such 

as the gecko’s feet previously mentioned. As we saw in the same chapter, some proto-

types of structures that mimic the functional principle already exists, at least one of them 

in silicon, which is appropriate for this application, so they could be studied to assess 

the possibility of being included as represented in Fig. 122. 

  

Fig. 122 – Bio-inspired (gecko’s) adhesion mechanism for the chest piece rim. Images adapted 

from[438, 555].  

In looking for ways to improve sound transmission and reception, a search in the same 

database would reveal interesting papers on topics such as the mammalian inner ear 

[559], some insects’ directional hearing [560, 561] and 3D sound mapping by owls [562], 

which could provide a good underlying principle to be extracted, and eventually to be 

applied to the stethoscope. 
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In terms of designing for sustainability we could think for example whether the newly 

discovered electrically conductive cellulose film [513] would be suitable for the dia-

phragm, that is, if it reliably transmits sound waves into the stethoscope channel. In or-

der to reduce the final costs, it could be tried to replace the CNTs with electrically con-

ducting particles such as metallic powders. If the only viable option is to use inorganic 

materials, how best can materials be integrated in order to facilitate recycling?  

Depending on the ability to share the company’s or team’s knowledge, a more collabo-

rative approach could be pursued by using the power of crowdsourcing in formulating 

solutions for the issues that emerge. 

A performance analysis where MFMS are used should be made, comparing it to uni-

functional designs, in terms of quality of sound and electrical signal which ultimately 

would determine the efficacy of the product with and without a physician in correctly 

identifying or aiding in the identification of diseases or other abnormalities of the heart. 

Both sound signal and electrical quality can be evaluated using the appropriate tools 

[563, 564] and then compared with a regular stethoscope and electrocardiograph (Fig. 

123). 

 

Fig. 123 – The dots represent unifunctional efficiency. Painted area represents accepted values 

based on a suggested minimum of 80% of efficiency for either function. 

The next steps concern a typical product development as showed before such as design-

ing the look and usability of the stethoscope, analyzing existing patents and the need to 

propose a new one, establishing functional diagrams, e.g. flow diagrams (Fig. 124), test-

ing the several concepts proposed for the multifunctional stethoscope, and all the fol-

lowing steps (Fig. 108).  
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Fig. 124 – Schematic of the proposed multifunctional HealthyHeart stethoscope for analysis by 

AI/software and/or physician. 
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CHAPTER 5 

 

 

Ideas for Future Work 

In this chapter a few provocative, futuristic ideas are suggested for further develop-

ment. I believe the development and application of MFMS to the ideas presented is 

susceptible of creating a great impact. They will be grouped by the field where they be-

long. Let’s start with Civil Engineering. 

5.1 For Civil-Engineering Applications 

Below is a list of interesting properties in addition to good static mechanical properties 

that, due to their usefulness, future civil engineering structures will certainly have and 

that most likely will incorporate MFMS: 

 Homeostasis [565] – The biological principle of homeostasis states that when an ex-

ternal agent interacts with a homeostatic structure it changes intelligently, for exam-

ple shape, so that it regains its load bearing capacity. For example, if a homeostatic 

chair would lose one of its legs, it would rearrange the remaining three in order to be 

positioned as a tripod. This principle could be extrapolated to not only apply to struc-

tural but also to other functions. For example, a material that has a certain electrical 

conductivity at a certain temperature, might self-regulate its internal temperature in 

order to maintain the optimum electrical conductivity; 

 Cooling/Heating regulation, e.g. [566]; 

 Self-monitoring; 

 High UV and humidity resistance; 

 Multifunctional windows including color, transparency [567, 568] and selective air 

circulation from the outside [569]; 

 Transparent structural materials to minimize the visual impact of structures (Fig. 125 

a); 

 Ability to incorporate microorganisms to perform functions such as air-cleaning and 

temperature regulation (Fig. 125 b); 
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 Roads with dynamic (changing) embedded displays. A starting point has been the 

glow in the dark roads in the Netherlands [570] (Fig. 125 c); 

 Energy-polyvalent structures: integrated energy harvesting and storing, internet sig-

nal emitter, charging station, etc. (Fig. 125 d-e). 

 

Fig. 125 – a) Tented city project by Google [571]; b) A bio-digital cladding system by ecoLogicStudio 

[572]; c) Glow in the dark markings in a portion of a road in the Netherlands [570]; d) The multifunc-

tional SmartPalm in Dubai [573]; e) Street lightning system with integrated vehicle charging being 

developed by BMW [574]. 

5.2 For Medical Applications 

There is quite a wide range of possible medical applications for MFMS. There is a huge 

amount of parameters to be measured and treatments to be delivered, which certainly 

require multifunctionality by the system that is responsible for them. In the following 

paragraphs a few opportunities for MFMS are presented. 

The BiVACOR heart currently seems to be the most promising artificial heart [575] (Fig. 

126 a). It has been successfully transplanted to a live sheep and can last more than 5 

years. It only has 1 moving part, a turbine, and therefore has no beating mechanism. It 

is small enough that can fit in children but powerful enough for adults. However it still 

needs rechargeable li-ion batteries. If it could draw power directly from the body it 

would be completely autonomous. This fits in with the energy harvesting material sys-

tems that are being developed for the same function, mentioned in the chapter Energy 

Harvesting Possibilities.  

a) 
b) 

c) d) d) e) 
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 Fig. 126 – a) A 3D rendering of the BiVACOR heart [575]; b) Pressure-monitoring socks with em-

bedded elastomer sensors without the exterior textile layer. Exhibited at the 2015 SENSOR+TEST trade 

fair in Nürnberg [576];c) Google’s smart lens concept for blood glucose measuring[577]; d) Quar-

dioCore iPhone application for the wearable ECG ECK monitor adapted from [578]; e) Artificial foot 

with pressure sensors that give sensing feeling to the user [579]; f) A flexible skin patch with em-

bedded electronic circuits that will be one of the many that one day will provide several sensing 

abilities for continuous human health monitoring [580]; g) Man:[581], electrodes: [582]. 

Diabetics can’t properly detect pressure and temperature in their feet which can result 

in wounds and abscesses. Some researchers are developing a wearable sock with pres-

sure sensors that send a warning when pressure is too high or for long periods of time 

so that the wearer can shift weight [576]. The image (Fig. 126 b) shows the product at a 

trade fair demonstrator without its second, external textile layer. 

A similar concept was developed by Austrian scientists [579] that consists of the base of 

an artificial foot which has sensors that are connected to an amputee’s nerve endings 

giving him the sensation of feeling in that artificial foot (Fig. 126 f).  It’s possible to see 

that in both cases, higher integration of the pressure sensors with the textile would be 

possible, and also a higher density of them. Would ZnO nanowires or a CNT thread 

coated with a non-conducting material woven into the sock’s material allow such pres-

sure sensitivity? The idea would be that their piezoimpedance would be changed when 

strained, making it possible to locate and quantify the strain. If such was possible it 

would allow for far greater resolution of sensitivity. 

Finally, there’s the idea of using MFMS to create 24h health monitoring. Health moni-

toring has been increasing both in frequency and quality. From never getting our health 

checked, during pre-historic, times to the current days where we usually only check our 

health for a few routine checkups ranging from once or twice every year to once a few 

years, or when symptoms occur, if the trend maintains then the likely direction is 24h 

a) b) 

f) e) 

d) 

g) 

c) 
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health monitoring. I foresee a future where for example our organs are under scrutiny 

24/7 both being monitored and administered the treatment at the same time, if artificial 

organs aren’t invented first, that is, but the former seems more in reach to our current 

technology. Still, for that to be possible we first need flexible electronics that wirelessly 

transmit information to a receiver which then continuously analyses the data.  We’re 

already moving in that direction [583-585], but the technology once again finds the bar-

rier of energy harvesting being an issue. Current Li-ion batteries only have so much en-

ergy density, therefore even small structural batteries would only be suitable if the en-

ergy requirements were equally small, but this still would still require the device to be 

charged, which is inconvenient and not the ideal situation of a self-powered device, 

which is what we’re trying to achieve. 

As a first step, subcutaneous or cutaneous patches seem to be the easier choice to start 

with (Fig. 126 f), but later on other less visible and smaller solutions will almost certainly 

be used. The material system for such application should have a multitude of sensing 

abilities:  

 Temperature – to detect infections, heat strokes or hypothermia, etc.; 

 Electrical conductivity –  e.g. to measure and continuously transmit all the electrical 

activity of the heart, as the Holter monitor does; 

 Pressure – continuous measurements of blood pressure, sensitivity to sound waves 

coming from the beating of the heart; 

 Multiple chemical sensing – possibly the hardest to achieve, as there are many bio-

logical chemicals to sense, with very distinct natures. 

Finally, both of the two ideas mentioned as taking part in the example for a heart abnor-

mality detector instrument, the multifunctional stethoscope and the wearable pressure 

sensitive and electrically conductive suit could reveal fruitful if further studied. 

5.3 In Transportation  

Transportation too, would greatly benefit from the adoption of MFMS. Take for example 

the design for a defensive military aircraft from BAE systems (Fig. 128 a) which incor-

porates several functions. Futuristic designs for commercial airplanes also tend to follow 

the same principle of civil engineering structures, which is to minimize the visual impact 

of the structure. For example the Ixxon’s windowless private Jet which garnered the first 

prize in the private aviation exterior design concept at August’s International Yacht and 

Aviation Awards ceremony in London (Fig. 128 b-c). In the start, multifunctionality will 

most likely be achieved with type 2/3 composites which makes it hard to achieve trans-

parency because all of the layers would need to be transparent. Also, interior displays 

covering the entire structure would better serve entertainment purposes for the passen-

gers, and would still allow to stream the exterior view. Would it be possible to cover less 
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structurally demanding parts of the skin of the aircraft with solar harvesting materials, 

and Sharklet ribbons to decrease drag (Fig. 128 e)? A tiny step towards this goal has been 

achived with the plane Solar Impulse which has 0 emissions because of na external layer 

of photovoltaic cells and is curently travelling the world promoting a cleaner future (Fig. 

128 d). 

 

Fig. 127 – a) BAE systems design for a military aircraft, adapted from[586]; b-c) Windowless jet 

design, view from the outside and inside [587]; d) The first Solar Impulse, a zero emission airplane 

that could pave the way for future solar-powered aircraft in one of its many test flights [588]; e) 

Proposed multifunctional material system for an aircraft skin, based on [587]. 

A similar initial step has been taken with the Sunswift’s eVe (Fig. 128 a). The first street 

legal solar car that recently (2014) broke the world record of speed for a solar car travel-

ling 500km with an average speed of 114km/h [589]. Due to lower structural require-

ments, the same idea of a multifunctional skin (Fig. 128 e) could be studied. 

Another perspective to look at for ground-based vehicles is energy recovery, which for 

the electric ones the most interesting system to recover energy from would be the break-

ing, suspension and rolling resistance. It’s unclear whether in the future it will be neces-

sary to recover such small amounts of energy compared to what’s necessary to move the 

vehicle. Energy storage systems and solar energy harvesting should be improved, sig-

nificantly reducing the need for such concern, and therefore the need to develop these 

recovery systems might not be needed at all. Nevertheless, for the former two there are 

already a few solutions and they involve electro-mechanical recovering systems. For the 

a) 

b) 

c) 

d) e) 
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latter, piezoelectric and thermoelectric materials could be a viable option, as the concept-

tire presented by Goodyear (Fig. 128 b). 

  

Fig. 128 – Sunswift’s eVe [589]; Concept tires unveiled by Goodyear at May’s Geneva International 

Motor Show that generate electricity by using piezo and thermoelectric materials [590]; c) 3D-printed 

thin LED[535]; d) Design of a bus with structural displays [591]. 

5.4 Helping Those in Greater Need 

The three main issues that seem to prevent developing countries to advance faster are 

reported to be related to health, agriculture and housing, and political problems [592] 

(Fig. 129). 

Salamanca et al. [593] argue that nanotechnology, category in in which they include func-

tional materials, can help alleviate some of those issues and have ranked the applications 

of nanotechnology that are most likely to benefit developing countries according to a 

panel of 63 nanotechnology experts, of which 60% were from a developing country. The 

final ranking was the following list, of which a few examples most related to MFMS were 

selected for a better understanding of the proposed ideas: 

1) Energy storage, production and conversion, e.g.  

a. Photovoltaic cells and organic light-emitting devices based on quantum 

dots; 

b. Carbon nanotubes in composite film coatings for solar cells; 

2) Agricultural productivity enhancement, e.g. 

a. Nanosensors for soil quality and for plant health monitoring; 

3) Water treatment and remediation, e.g. 

a. Magnetic nanoparticles for water treatment and remediation; 

b. TiO2 nanoparticles for the catalytic degradation of water pollutants; 

a) b) 

c) d) 
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4) Disease diagnosis and screening, e.g. 

a. Nanosensor arrays based on carbon nanotubes; 

5) Drug delivery systems, e.g. 

a. Nanocapsules, liposomes, dendrimers, buckyballs, nanobiomagnets, and 

attapulgite clays for slow and sustained drug release systems 

6) Food processing and storage, e.g. 

a. Nanocomposites for plastic film coatings used in food packaging; 

7) Air pollution and remediation, e.g. 

a. Nanosensors for detection of toxic materials and leaks; 

8) Construction, e.g. 

a. Nanomaterials for cheaper and durable housing, surfaces, coatings, glues, 

concrete, and heat and light exclusion; 

b. Self-cleaning surfaces (e.g., windows, mirrors, toilets) with bioactive coat-

ings; 

9) Health monitoring, e.g. 

a. Nanotubes and nanoparticles for glucose, CO 2 , and cholesterol sensors 

and for in-situ monitoring of homeostasis; 

10) Vector and pest detection and control, e.g. 

a. Nanoparticles for new pesticides, insecticides, and insect repellents. 

All of these ideas have a common underlying problem, which is that they also tremen-

dously benefit the developed countries, and if history is of any indication, when that 

happens generally the gap between the developed and the developing countries tends 

to widen instead of shrink [594] for example because corporations of the former tend to 

withhold the patents which are then put at a price tag far too expensive for governments 

and companies of developing countries to afford. Also, since technology related to 

MFMS is relatively new, and often involves expensive materials and manufacturing pro-

cesses, currently MFMS tend to be expensive as well, which puts another barrier for their 

adoption in developing countries. 

 

Fig. 129 – The biggest issues currently preventing a faster rate of development in developing coun-

tries. 
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I would argue that for a product to shrink the gap between these two types of coun-

tries, products to be developed need to solve problems that are already solved in the 

developed countries and which don’t compete directly with their solutions. 

A good example of a such a product is the GravityLight which is a cheap way of provid-

ing a source  of light other than the carcinogenic kerosene that is commonly used in 

African countries [595] (Fig. 130). Powered by the conversion of potential energy of a 

weight to kinetic by a pulley system which then is converted to electrical which powers 

LEDs. 

Still, the viability of using MFMS for products produced specifically to developing coun-

tries remains an uncertain future for the reasons mentioned above, but the possibility 

should at least be present in scientists and engineers’ minds when developing these 

products and materials. As IDEO’s founder Tim Brown mentions frequently [370], em-

pathy is a great way to inspire new ideas. This is a really important issue that ought to 

be addressed if we’re really calling ourselves a superior species. 

Though not an ideal situation, the adoption of MFMS could still indirectly help these 

countries if at least part of their production was outsourced there. For example, if mate-

rials from the Growing Materials chapter would take off, why not outsource their pro-

duction to these countries? This could aid in the development of their agricultural tech-

niques, which are seriously lacking [592],  by sending trained technicians to train locals 

while at the same time benefiting the producers by having comparatively cheap labor. 

Also, outsourcing manufacturing to these countries isn’t a farfetched idea as evidenced 

by the recent surge in interest by giant manufacturers in moving their production facili-

ties there [596-599]. 

 

Fig. 130 – A child in an African country reading under a kerosene lamp [595]. 
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CHAPTER 6 

 

 

Conclusions 

A state-of-the art concerning major MFMS developments and achievements was pre-

sented along with the introduction of some nomenclature that it needed to increase clar-

ity throughout the rest of the dissertation. It was observed that the fields related to 

MFMS are in clear expansion, and there are great progresses being made in all of the 

areas analyzed, namely CNTs, FGMs, piezoelectric materials, SMMs and others, with 

some emphasis on the former. 

The challenges concerning existing MFMS were found to be mainly related to manufac-

turing, development of new and existing ones and better support for the adoption of 

MFMS in products. More specifically, systematization of the ideation process, analysis 

of performance and the product design process with these new class of highly tailorable 

MS, better support for sustainable products to develop, and a better interconnection be-

tween different fields of study responsible for each of the materials system’s function, 

which includes adopting different ways to share and organize information between sci-

entists and engineers. 

Some creativity-promoting tools were then presented to help in material, structural and 

product innovation, as well as suggestions with the goal of promoting creativity, 

productivity and greater communication between people from the numerous different 

fields that need to work side by side.  

Then it was discussed how nature can be a great source of knowledge to aid in the de-

velopment of MFMS and its products. It was found that this is also a field growing at an 

extremely high rate. Some inspiring materials were mentioned and some case studies of 

successful bio-inspiration were analyzed. Then a few methods for successful biomimet-

ics were presented, both human and artificial intelligence-based. There is a growing in-

terest in the latter, which could someday overflow to all analogy-based design. 

After this, it was analyzed where MFMS would fit in the product development process 

as their increased tailorability and complexity creates some opportunities for a more in-
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tegrated approach between materials, structure and product development in compari-

son with the traditional way where materials are simply selected from an existing data-

base based on their properties. It was argued that MFMS should be analyzed earlier in 

the product design process because to take full advantage of their benefits, it is beneficial 

to concurrently develop product and material at the same time. 

Then it was suggested a few ways to develop MFMS in a sustainable way, namely by 

growing materials with the help of living organisms, by using natural materials, e.g. cel-

lulose, in different ways and their role in MFMS, and how the development of these 

materials can help in improving energy sustainability. Major ways in which this can 

happen is by the harvesting of energy from unused sources of energy such as from ma-

chine vibration, the human body and structures. 

The chapter was then wrapped up by synthetizing all the major ideas discussed into a 

scheme and in an example for a heart abnormalities detecting instrument. 

Finally, some provocative and challenging ideas were left to the reader as sources of 

inspiration, or as future works, in civil, medical, transportation and in helping develop-

ing countries. Future applications can greatly benefit from the adoption of MFMS, so it 

is but a matter of us, engineers and scientists, to work with dedication and passion in 

order to advance this field. 

 

 

 



Adopting Multifunctional Material Systems References 

 

 155 

 

References 

[1]    R. Kurzweil, "The Age of Spiritual Machines". Middlesex, England: The Penguin Group, 1999. 
[2]    R. Kurzweil.The Law of Accelerating Returns. 2001, Accessed 1st May 2015, Available: http://www.kurzweilai.net/the-law-of-

accelerating-returns 
[3]    C. Gundlach, "Current Scientific and Industrial Reality: Proceedings of the TRIZ-Future Conference 2007; Frankfurt, Germany, 

November, 6th-8th, 2007": kassel university press GmbH, 2007. 
[4]    R. Sadeghi.The Stone Age, The Bronze Age, The Composite Age. 2009, Accessed 20th March 2015, Available: 

http://simulatemore.mscsoftware.com/the-stone-age-the-bronze-age-the-composite-age/ 
[5]    Roger Ressmeyer / Corbis.Stonehenge Theories. 2009, Available: 

http://content.time.com/time/world/article/0,8599,1886661,00.html 
[6]    I. Sample.Stone Tools Discovered in Arabia Force Archaeologists to Rethink Human History. 2011 Accessed 20th March 2015, 

Available: http://www.sott.net/article/222309-Stone-Tools-Discovered-in-Arabia-Force-Archaeologists-to-Rethink-
Human-History 

[7]    T. Thornhill.Mystery of incredibly ornate 2,600-year-old bronze Greek warrior helmet found on seabed. 2012, Accessed 20th 
March 2015,  

[8]    A. G. Jr.The True Value of an Ancient Roman Coin. 2013, Accessed 20th March 2015, Available: 
http://www.italoamericano.org/story/2013-12-26/Roman-Coin 

[9]    Island Narratives Program.Interesting Facts & Features Accessed 20th March 2015, Available: 
http://vre2.upei.ca/cap/node/197 

[10]    Old Iron. Homeopathy4Health, Accessed 20th March 2015, Available: 
http://www.homeopathy4health.ie/bigstockphoto_Old_Iron_4202351.jpg 

[11]    NMNI.Iron Age Metalwork Accessed 20th March 2015, Available: https://www.nmni.com/um/Collections/Archaeology/Iron-
Age/Iron-Age-metalwork 

[12]    Joseolgon.D. Luis Bridge in Porto Portugal. 2007, Accessed 20th March 2015, Available: 
http://de.wikipedia.org/wiki/Ponte_Dom_Lu%C3%ADs_I#/media/File:Ponte_D._Luis_-_Porto.JPG 

[13]    FoodProductionDaily.Currir plastics expect to meet demand. 2012, Accessed 20th March 2015, Available: 
http://www.foodproductiondaily.com/Packaging/Currier-Plastics-expands-to-meet-demand 

[14]    L. Wylie.Where would we be without silicon chips? 2012, Accessed 20th March 2015, Available: 
https://lyndseywylie.wordpress.com/tag/silicon-chips/ 

[15]    AIM Altitude.Composites - Aerospace - Aviation Accessed 20th March 2015, Available: 
http://www.aimaltitude.com/composites/composites-overview/aerospace/ 

[16]    K. McNulty, "Advanced Flight Controls", [Slide Presentation], 2009. 
[17]    C. C. Seepersad, "A robust topological preliminary design exploration method with materials design applications", Citeseer, 

2004. 
[18]    R. F. Gibson, "A review of recent research on mechanics of multifunctional composite materials and structures", Composite 

Structures, vol. 92, pp. 2793-2810, 11// 2010. 
[19]    F. Pinto, "Smart multifunctional composite materials for improvement of structural and non-structural properties", U616913 

Ph.D., University of Bath (United Kingdom), Ann Arbor, 2013. 
[20]    R. K. S. M. Parul Gupta, "Overview of Multi Functional Materials": Intech, 2010. 
[21]    T. James, Q. Muhammad, M. Peter, E. Richard, G. Antoni, and K. Matthew, "Multifunctional Approaches for Structure-Plus-

Power Concepts", in 43rd AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, ed: 
American Institute of Aeronautics and Astronautics, 2002. 

[22]    M. Schlaich, "Future engineering structures for the urban habitat and infrastructure", IABSE Symposium Report, vol. 88, pp. 
7-18, 2004. 

[23]    Office of Basic Energy Sciences.Scale of Things Chart. 2015, Accessed 15th May 2015, Available: 
http://science.energy.gov/bes/news-and-resources/scale-of-things-chart/ 

[24]    Stefan Andjelic, Judith Roberge, Nathalie Legros, Lolei Khoun, and S. B. Schougaard.Canadian researchers employ recycled 
carbon-fiber mats to produce thermoset composites. 2013, Accessed 25th May 2015, Available: 
http://articles.sae.org/12559/ 

[25]    D. Goods.Seeing the universe through a hole drilled into a grain of sand Accessed 26th May 2015, Available: 
http://www.directedplay.com/the-big-playground/ 

[26]    NanoWerk.Carbon nanotube fibers containing photosensitive dyes could be applied as wearable solar cells. 2011, Accessed 
26th May 2015, Available: http://www.nanowerk.com/news/newsid=21133.php 

[27]    Phys.org.Can engineered carbon nanotubes help to avert our water crisis? 2015, Accessed 26th May 2015, Available: 
http://phys.org/news/2015-03-carbon-nanotubes-avert-crisis.html 

[28]    Grand-Project.Graphene project: fabrication methods Accessed 26th May 2015, Available: http://www.grand-
project.eu/index.php?id=fabricationmethods 

[29]    PoorLeno.Solution to Schrödinger's equation for the hydrogen atom at different energy levels. The brighter areas represent a 
higher probability of finding an electron. 2008, Accessed 26th May 2015, Available: 
https://en.wikipedia.org/?title=Quantum_mechanics#/media/File:Hydrogen_Density_Plots.png 

http://www.kurzweilai.net/the-law-of-accelerating-returns
http://www.kurzweilai.net/the-law-of-accelerating-returns
http://simulatemore.mscsoftware.com/the-stone-age-the-bronze-age-the-composite-age/
http://content.time.com/time/world/article/0,8599,1886661,00.html
http://www.sott.net/article/222309-Stone-Tools-Discovered-in-Arabia-Force-Archaeologists-to-Rethink-Human-History
http://www.sott.net/article/222309-Stone-Tools-Discovered-in-Arabia-Force-Archaeologists-to-Rethink-Human-History
http://www.italoamericano.org/story/2013-12-26/Roman-Coin
http://vre2.upei.ca/cap/node/197
http://www.homeopathy4health.ie/bigstockphoto_Old_Iron_4202351.jpg
http://www.nmni.com/um/Collections/Archaeology/Iron-Age/Iron-Age-metalwork
http://www.nmni.com/um/Collections/Archaeology/Iron-Age/Iron-Age-metalwork
http://de.wikipedia.org/wiki/Ponte_Dom_Lu%C3%ADs_I#/media/File:Ponte_D._Luis_-_Porto.JPG
http://www.foodproductiondaily.com/Packaging/Currier-Plastics-expands-to-meet-demand
http://www.aimaltitude.com/composites/composites-overview/aerospace/
http://science.energy.gov/bes/news-and-resources/scale-of-things-chart/
http://articles.sae.org/12559/
http://www.directedplay.com/the-big-playground/
http://www.nanowerk.com/news/newsid=21133.php
http://phys.org/news/2015-03-carbon-nanotubes-avert-crisis.html
http://www.grand-project.eu/index.php?id=fabricationmethods
http://www.grand-project.eu/index.php?id=fabricationmethods


Adopting Multifunctional Material Systems References 

 

 156 

 

[30]    A. Checco, A. Rahman, and C. T. Black, "Robust Superhydrophobicity in Large-Area Nanostructured Surfaces Defined by 
Block-Copolymer Self Assembly", Advanced Materials, vol. 26, pp. 886-891, 2014. 

[31]    J. Bauer, S. Hengsbach, I. Tesari, R. Schwaiger, and O. Kraft, "High-strength cellular ceramic composites with 3D 
microarchitecture", Proceedings of the National Academy of Sciences, vol. 111, pp. 2453-2458, February 18, 2014 2014. 

[32]    S. Kotomin, "Polymer molecular composites - new history", Journal of Thermoplastic Composite Materials, vol. 26, pp. 91-
108, 2011. 

[33]    P. Matic, "Overview of Multifunctional Materials," in SPIE vol. 5053, Bellingham, Wash, 2003, pp. 61-69. 
[34]    L. E. Asp and E. S. Greenhalgh, "Multifunctional composite materials for energy storage in structural load paths", [Slide 

Presentation], 2012. 
[35]    J. F. Snyder, R. H. Carter, K. Xu, E. I. Wong, P. A. Nguyen, E. H. Hgo, et al., "Multifunctional Structural Composite Batteries for 

U.S. Army Applications," in 2006 Army Science Conference, Orlando, Florida, 2006. 
[36]    J. F. Snyder, R. H. Carter, and E. D. Wetzel, "Integrating Structure with Power in Battery Materials," in 2004 Army Science 

Conference, Orlando, Florida, 2004. 
[37]    C. Woodford.Energy-absorbing plastics. 2014, Accessed 30th May 2015, Available: http://www.explainthatstuff.com/energy-

absorbing-materials.html 
[38]    M. Liu, V. I. Artyukhov, H. Lee, F. Xu, and B. I. Yakobson, "Carbyne from first principles: Chain of C atoms, a nanorod or a 

nanorope?", ACS Nano, vol. 7, pp. 10075-82, 2013. 
[39]    I. Kang, Y. Y. Heung, J. H. Kim, J. W. Lee, R. Gollapudi, S. Subramaniam, et al., "Introduction to carbon nanotube and 

nanofiber smart materials", Composites Part B: Engineering, vol. 37, pp. 382-394, // 2006. 
[40]    C. D. Page, "Characterization of Multifunctional Carbon Nanotube Yarns: In-situ Strain Sensing and Composite 

Reinforcement", 3586178 Ph.D., North Carolina State University, Ann Arbor, 2013. 
[41]    M. J. S. Zuberi and V. Esat, "Investigating the mechanical properties of single walled carbon nanotube reinforced epoxy 

composite through finite element modelling", Composites Part B: Engineering, vol. 71, pp. 1-9, 2015. 
[42]    N. A. Sakharova, A. F. G. Pereira, J. M. Antunes, C. M. A. Brett, and J. V. Fernandes, "Mechanical characterization of single-

walled carbon nanotubes: Numerical simulation study", Composites Part B: Engineering, vol. 75, pp. 73-85, 2015. 
[43]    R. Rafiee and R. M. Moghadam, "On the modeling of carbon nanotubes: A critical review", Composites Part B: Engineering, 

vol. 56, pp. 435-449, 2014. 
[44]    M. M. Shokrieh and R. Rafiee, "A review of the mechanical properties of isolated carbon nanotubes and carbon nanotube 

composites", Mechanics of Composite Materials, vol. 46, pp. 155-172, 2010. 
[45]    A. Allaoui, S. Bai, H. M. Cheng, and J. B. Bai, "Mechanical and electrical properties of a MWNT/epoxy composite", Composites 

Science and Technology, vol. 62, pp. 1993-1998, 11// 2002. 
[46]    Z. Hu and X. Lu, "Chapter 8 - Mechanical Properties of Carbon Nanotubes and Graphene", in Carbon Nanotubes and 

Graphene (Second Edition), K. T. Iijima, Ed., ed Oxford: Elsevier, 2014, pp. 165-200. 
[47]    J. H. Du and H. M. Cheng, "The Fabrication, Properties, and Uses of Graphene/Polymer Composites", Macromolecular 

Chemistry and Physics, vol. 213, pp. 1060-1077, Jun 2012. 
[48]    E. Zapata-Solvas, D. Gomez-Garcia, and A. Dominguez-Rodriguez, "Towards physical properties tailoring of carbon 

nanotubes-reinforced ceramic matrix composites", Journal of the European Ceramic Society, vol. 32, pp. 3001-3020, 
Sep 2012. 

[49]    F. Gardea and D. C. Lagoudas, "Characterization of electrical and thermal properties of carbon nanotube/epoxy composites", 
Composites Part B: Engineering, vol. 56, pp. 611-620, 1// 2014. 

[50]    K. Kalaitzidou, H. Fukushima, and L. T. Drzal, "Multifunctional polypropylene composites produced by incorporation of 
exfoliated graphite nanoplatelets", Carbon, vol. 45, pp. 1446-1452, 2007. 

[51]    S. Wang and J. Qiu, "Enhancing thermal conductivity of glass fiber/polymer composites through carbon nanotubes 
incorporation", Composites Part B: Engineering, vol. 41, pp. 533-536, 10// 2010. 

[52]    J. N. Coleman, U. Khan, W. J. Blau, and Y. K. Gun’ko, "Small but strong: A review of the mechanical properties of carbon 
nanotube–polymer composites", Carbon, vol. 44, pp. 1624-1652, 2006. 

[53]    S. C. Tjong, "Structural and mechanical properties of polymer nanocomposites", Materials Science and Engineering: R: 
Reports, vol. 53, pp. 73-197, 2006. 

[54]    Y. Lin, M. Gigliotti, M. C. Lafarie-Frenot, J. Bai, D. Marchand, and D. Mellier, "Experimental study to assess the effect of 
carbon nanotube addition on the through-thickness electrical conductivity of CFRP laminates for aircraft applications", 
Composites Part B: Engineering, vol. 76, pp. 31-37, 2015. 

[55]    H. Porwal, S. Grasso, and M. J. Reece, "Review of graphene-ceramic matrix composites", Advances in Applied Ceramics, vol. 
112, pp. 443-454, Nov 2013. 

[56]    I. A. Ovid'ko, "Metal-graphene nanocomposites with enhanced mechanical properties: A review", Reviews on Advanced 
Materials Science, vol. 38, pp. 190-200, 2014. 

[57]    S. C. Tjong, "Recent progress in the development and properties of novel metal matrix nanocomposites reinforced with 
carbon nanotubes and graphene nanosheets", Materials Science and Engineering: R: Reports, vol. 74, pp. 281-350, 
2013. 

[58]    S. R. Bakshi, D. Lahiri, and A. Agarwal, "Carbon nanotube reinforced metal matrix composites - A review", International 
Materials Reviews, vol. 55, pp. 41-64, 2010. 

[59]    A. Maqbool, M. A. Hussain, F. A. Khalid, N. Bakhsh, A. Hussain, and M. H. Kim, "Mechanical characterization of copper coated 
carbon nanotubes reinforced aluminum matrix composites", Materials Characterization, vol. 86, pp. 39-48, 2013. 

[60]    M. Moniruzzaman and K. I. Winey, "Polymer Nanocomposites Containing Carbon Nanotubes", Macromolecules, vol. 39, pp. 
5194-5205, 2006/08/01 2006. 

[61]    A. Yu, P. Ramesh, M. E. Itkis, E. Bekyarova, and R. C. Haddon, "Graphite Nanoplatelet−Epoxy Composite Thermal Interface 
Materials", The Journal of Physical Chemistry C, vol. 111, pp. 7565-7569, 2007/05/01 2007. 

[62]    Liu, I. Y. Phang, L. Shen, S. Y. Chow, and W.-D. Zhang, "Morphology and Mechanical Properties of Multiwalled Carbon 
Nanotubes Reinforced Nylon-6 Composites", Macromolecules, vol. 37, pp. 7214-7222, 2004/09/01 2004. 

[63]    P. B. Kaul, M. F. P. Bifano, and V. Prakash, "Multifunctional carbon nanotube-epoxy composites for thermal energy 
management", Journal of Composite Materials, vol. 47, pp. 77-95, Jan 2013. 

http://www.explainthatstuff.com/energy-absorbing-materials.html
http://www.explainthatstuff.com/energy-absorbing-materials.html


Adopting Multifunctional Material Systems References 

 

 157 

 

[64]    C. Li, E. T. Thostenson, and T.-W. Chou, "Sensors and actuators based on carbon nanotubes and their composites: A review", 
Composites Science and Technology, vol. 68, pp. 1227-1249, 2008. 

[65]    L. Kong and W. Chen, "Carbon nanotube and graphene-based bioinspired electrochemical actuators", Advanced Materials, 
vol. 26, pp. 1025-1043, 2014. 

[66]    Alamusi, N. Hu, H. Fukunaga, S. Atobe, Y. Liu, and J. Li, "Piezoresistive Strain Sensors Made from Carbon Nanotubes Based 
Polymer Nanocomposites", Sensors, vol. 11, pp. 10691-10723, 2011. 

[67]    D. W. H. Fam, A. Palaniappan, A. I. Y. Tok, B. Liedberg, and S. M. Moochhala, "A review on technological aspects influencing 
commercialization of carbon nanotube sensors", Sensors and Actuators B: Chemical, vol. 157, pp. 1-7, 2011. 

[68]    L. Wang, H. Liu, R. M. Konik, J. A. Misewich, and S. S. Wong, "Carbon nanotube-based heterostructures for solar energy 
applications", Chemical Society Reviews, vol. 42, pp. 8134-8156, 2013. 

[69]    L. Dai, D. W. Chang, J. B. Baek, and W. Lu, "Carbon nanomaterials for advanced energy conversion and storage", Small, vol. 8, 
pp. 1130-1166, 2012. 

[70]    P. Dhiman, F. Yavari, X. Mi, H. Gullapalli, Y. Shi, P. M. Ajayan, et al., "Harvesting Energy from Water Flow over Graphene", 
Nano Letters, vol. 11, pp. 3123-3127, 2011/08/10 2011. 

[71]    Y. Yu, C. Cui, W. Qian, Q. Xie, C. Zheng, C. Kong, et al., "Carbon nanotube production and application in energy storage", Asia-
Pacific Journal of Chemical Engineering, vol. 8, pp. 234-245, 2013. 

[72]    Q. He, A. B. Ma, J. H. Jiang, D. Song, J. Q. Chen, D. H. Yang, et al., "Progress in preparation of graphene and its application in 
corrosion prevention of metals", Gongneng Cailiao/Journal of Functional Materials, vol. 44, pp. 176-85, 2013. 

[73]    X. W. Zhixin Cai, "Graphene Improves Polymer Properties", Society of Plastics Engineers, 2012. 
[74]    K. V. Wong and B. Bachelier, "Carbon nanotubes used for renewable energy applications and environmental 

protection/remediation: A review", Journal of Energy Resources Technology, Transactions of the ASME, vol. 136, 2014. 
[75]    C. W. Tan, K. H. Tan, Y. T. Ong, A. R. Mohamed, S. H. S. Zein, and S. H. Tan, "Energy and environmental applications of carbon 

nanotubes", Environmental Chemistry Letters, vol. 10, pp. 265-273, 2012. 
[76]    S. Agnihotri, M. Rostam-Abadi, M. J. Rood, and R. Chang, "Energy and environmental applications of carbon nanotubes", Fuel 

Chemistry Division Preprints, vol. 47, 2002. 
[77]    D. R. Paul and L. M. Robeson, "Polymer nanotechnology: Nanocomposites", Polymer, vol. 49, pp. 3187-3204, 2008. 
[78]    Q. Hui, A. Bismarck, E. S. Greenhalgh, G. Kalinka, and M. S. P. Shaffer, "Hierarchical composites reinforced with carbon 

nanotube grafted fibers: the potential assessed at the single fiber level", Chemistry of Materials, vol. 20, pp. 1862-9, 
03/11 2008. 

[79]    T. Gibson, S. Putthanarat, J. C. Fielding, A. Drain, K. Will, and M. Stoffel, "Conductive nanocomposites: Focus on lightning 
strike protection," in 39th International SAMPE Technical Conference - From Art to Science: Advancing Materials and 
Process Engineering 2007. 

[80]    E. J. Garcia, B. L. Wardle, and A. John Hart, "Joining prepreg composite interfaces with aligned carbon nanotubes", 
Composites Part A: Applied Science and Manufacturing, vol. 39, pp. 1065-1070, 2008. 

[81]    S. U. Khan and J.-K. Kim, "Impact and Delamination Failure of Multiscale Carbon Nanotube-Fiber Reinforced Polymer 
Composites: A Review", International Journal of Aeronautical and Space Sciences, vol. 12, pp. 115-133, 2011. 

[82]    A. Naghashpour and S. V. Hoa, "Method for Real-Time Health Monitoring of Large Polymer Composite Structures Using 
Carbon Nanotube Networks", Structural Health Monitoring 2013, Vols 1 and 2, pp. 544-550, 2013. 

[83]    E. T. Thostenson, Q. An, K. L. Lasater, and G. Pandey, "Self-Sensing Carbon Nanotube Composites: Synthesis and 
Characterization", 9th International Conference on Composite Science and Technology: 2020 - Scientific and Industrial 
Challenges, pp. 1039-1040, 2013. 

[84]    Y. Song, "Multifunctional Composites Using Carbon Nanotube Fiber Materials", 3554393 Ph.D., University of Cincinnati, Ann 
Arbor, 2012. 

[85]    A. Baltopoulos, N. Polydorides, L. Pambaguian, A. Vavouliotis, and V. Kostopoulos, "Exploiting carbon nanotube networks for 
damage assessment of fiber reinforced composites", Composites Part B: Engineering, vol. 76, pp. 149-158, 2015. 

[86]    L. Hu, J. W. Choi, Y. Yang, S. Jeong, F. La Mantia, L.-F. Cui, et al., "Highly conductive paper for energy-storage devices", 
Proceedings of the National Academy of Sciences, vol. 106, pp. 21490-94, 2009. 

[87]    P. Liu, E. Sherman, and A. Jacobsen, "Design and fabrication of multifunctional structural batteries", Journal of Power 
Sources, vol. 189, pp. 646-650, 2009. 

[88]    D. Yu, K. Goh, H. Wang, L. Wei, W. Jiang, Q. Zhang, et al., "Scalable synthesis of hierarchically structured carbon nanotube-
graphene fibres for capacitive energy storage", Nat Nano, vol. 9, pp. 555-562, 07//print 2014. 

[89]    Colin Jeffrey of Gizmag.Graphene and carbon nanotubes combined to create flexible, wearable supercapacitor. 2014, 
Accessed 10 March 2015, Available: http://www.gizmag.com/flexible-supercapacitor-improves-volumetric-energy-
density/32028/ 

[90]    K. J. Loh, J. Kim, J. P. Lynch, N. W. S. Kam, and N. A. Kotov, "Multifunctional layer-by-layer carbon nanotube–polyelectrolyte 
thin films for strain and corrosion sensing", Smart Materials and Structures, vol. 16, pp. 429-438, 2007. 

[91]    M. Olek, J. Ostrander, S. Jurga, H. Möhwald, N. Kotov, K. Kempa, et al., "Layer-by-Layer Assembled Composites from 
Multiwall Carbon Nanotubes with Different Morphologies", Nano Letters, vol. 4, pp. 1889-95, 2004. 

[92]    B. S. Shim, J. Starkovich, and N. Kotov, "Multilayer composites from vapor-grown carbon nano-fibers", Composites Science 
and Technology, vol. 66, pp. 1174-1181, 2006. 

[93]    I. V. Lightcap and P. V. Kamat, "Graphitic Design: Prospects of Graphene-Based Nanocomposites for Solar Energy Conversion, 
Storage, and Sensing", Accounts of Chemical Research, vol. 46, pp. 2235-2243, Oct 2013. 

[94]    A. I. S. Neves, T. H. Bointon, L. V. Melo, S. Russo, I. de Schrijver, M. F. Craciun, et al., "Transparent conductive graphene 
textile fibers", Sci. Rep., vol. 5, 2015. 

[95]    P. S. Goh, A. F. Ismail, and B. C. Ng, "Directional alignment of carbon nanotubes in polymer matrices: Contemporary 
approaches and future advances", Composites Part a-Applied Science and Manufacturing, vol. 56, pp. 103-126, Jan 
2014. 

[96]    J. M. Schnorr and T. M. Swager, "Emerging applications of carbon nanotubes", Chemistry of Materials, vol. 23, pp. 646-657, 
2011. 

[97]    Granta, "CES Edupack", 2015. 
[98]    B. G. Compton and J. A. Lewis, "3D-printing of lightweight cellular composites", Adv Mater, vol. 26, pp. 5930-5, Sep 10 2014. 

http://www.gizmag.com/flexible-supercapacitor-improves-volumetric-energy-density/32028/
http://www.gizmag.com/flexible-supercapacitor-improves-volumetric-energy-density/32028/


Adopting Multifunctional Material Systems References 

 

 158 

 

[99]    I. Vlassiouk, G. Polizos, R. Cooper, I. Ivanov, J. K. Keum, F. Paulauskas, et al., "Strong and Electrically Conductive Graphene-
Based Composite Fibers and Laminates", ACS Applied Materials & Interfaces, 2015. 

[100]    K. R. Paton, E. Varrla, C. Backes, R. J. Smith, U. Khan, A. O’Neill, et al., "Scalable production of large quantities of defect-free 
few-layer graphene by shear exfoliation in liquids", Nat Mater, vol. 13, pp. 624-30, 2014. 

[101]    E. S. Polsen, D. Q. McNerny, B. Viswanath, S. W. Pattinson, and A. John Hart, "High-speed roll-to-roll manufacturing of 
graphene using a concentric tube CVD reactor", Sci. Rep., vol. 5, 05/21/online 2015. 

[102]    D. K. Jha, T. Kant, and R. K. Singh, "A critical review of recent research on functionally graded plates", Composite Structures, 
vol. 96, pp. 833-49, 2013. 

[103]    J. W. G. G.E. Knoppers, J. van den Hout, W.P. van Vliet, "The Reality of Functionally Graded Material Products," in SFF2004, 
2004, pp. 38-43. 

[104]    I. Bharti, N. Gupta, and K. M. Gupta, "Novel Applications of Functionally Graded Nano, Optoelectronic and Thermoelectric 
Materials", International Journal of Materials, Mechanics and Manufacturing, vol. 1, pp. 221-4, 08/ 2013. 

[105]    M. Wang, M. Lempke, T. Wong, and P. Kwon, "Perspirable skin: Thermal buckling achieved by complex functionally graded 
materials", Journal of Manufacturing Processes, vol. 15, pp. 121-126, 2013. 

[106]    K. P. Beena, "Buckling behaviour of functionally graded paltes", [Presentation]. 
[107]    V. Birman and L. W. Byrd, "Modeling and Analysis of Functionally Graded Materials and Structures", Applied Mechanics 

Reviews, vol. 60, pp. 195-216, 2007. 
[108]    Y. Jaesang and A. Kidane, "Modeling functionally graded materials containing multiple heterogeneities", Acta Mechanica, 

vol. 225, pp. 1931-43, 07/ 2014. 
[109]    J. Shin, Y.-S. Lee, and S. Kim, "An interface crack in a functionally graded piezoelectric bi-layer under anti-plane shear 

impact", Acta Mechanica, vol. 224, pp. 867-879, 2013/04/01 2013. 
[110]    K. Di and Y.-C. Yang, "Modeling method for the crack problem of a functionally graded interfacial zone with arbitrary 

material properties", Acta Mechanica, vol. 223, pp. 2609-20, 2012. 
[111]    G. Udupa, S. Shrikantha Rao, and K. V. Gangadharan, "Future applications of carbon nanotube reinforced functionally 

graded composite materials," in 2012 International Conference on Advances in Engineering, Science and Management 
(ICAESM), 30-31 March 2012, Piscataway, NJ, USA, 2012, pp. 399-404. 

[112]    B. Kieback, A. Neubrand, and H. Riedel, "Processing techniques for functionally graded materials", Materials Science and 
Engineering: A, vol. 362, pp. 81-106, 12/5/ 2003. 

[113]    G. Udupa, S. S. Rao, and K. V. Gangadharan, "Functionally Graded Composite Materials: An Overview", Procedia Materials 
Science, vol. 5, pp. 1291-1299, // 2014. 

[114]    P. Muralt, R. G. Polcawich, and S. Trolier-McKinstry, "Piezoelectric Thin Films for Sensors, Actuators, and Energy 
Harvesting", MRS Bulletin, vol. 34, pp. 658-664, 2009. 

[115]    V. Giurgiutiu and A. N. Zagrai, "Characterization of Piezoelectric Wafer Active Sensors", Journal of Intelligent Material 
Systems and Structures, vol. 11, pp. 959-976, 2000. 

[116]    A. C. Cook and S. S. Vel, "Multiscale thermopiezoelectric analysis of laminated plates with integrated piezoelectric fiber 
composites", European Journal of Mechanics - A/Solids, vol. 40, pp. 11-33, 2013. 

[117]    A. C. Cook and S. S. Vel, "Multiscale analysis of laminated plates with integrated piezoelectric fiber composite actuators", 
Composite Structures, vol. 94, pp. 322-336, 2012. 

[118]    T. Huang, C. Wang, H. Yu, H. Wang, Q. Zhang, and M. Zhu, "Human walking-driven wearable all-fiber triboelectric 
nanogenerator containing electrospun polyvinylidene fluoride piezoelectric nanofibers", Nano Energy, 2015. 

[119]    Ramdayal and K. Balasubramanian, "Advancement in textile technology for defence application", Defence Science Journal, 
vol. 63, pp. 331-339, 2013. 

[120]    M. Zhang, T. Gao, J. Wang, J. Liao, Y. Qiu, Q. Yang, et al., "A Hybrid fibers based wearable fabric piezoelectric nanogenerator 
for energy harvesting application", Nano Energy, 2015. 

[121]    E. Nilsson, L. Mateu, P. Spies, and B. Hagström, "Energy Harvesting from Piezoelectric Textile Fibers", Procedia Engineering, 
vol. 87, pp. 1569-1572, 2014. 

[122]    J. F. Fernandez, A. Dogan, Q. M. Zhang, J. F. Tressler, and R. E. Newnham, "Hollow piezoelectric composites", Sensors and 
Actuators A: Physical, vol. 51, pp. 183-192, 11// 1995. 

[123]    D. Brei and B. J. Cannon, "Piezoceramic hollow fiber active composites", Composites Science and Technology, vol. 64, pp. 
245-261, 2// 2004. 

[124]    F. M. Guillot, H. W. Beckham, and J. Leisen, "Hollow Piezoelectric Ceramic Fibers for Energy Harvesting Fabrics", Journal of 
Engineered Fibers and Fabrics, vol. 8, pp. 75-81, 2013. 

[125]    Y. CHEN, W. VIRESH, and D. ZIMCIK, "Development and verification of real-time control-lers for F/A-18 vertical fin buffet 
load alleviation," in SPIE, Smart Structures and Materials 2006: Smart Structures and Integrated Systems, San Diego, 
2006. 

[126]    A. A. Bent, "Active Fiber Composites for Structural Actuation", Doctor of Philosophy, Aeronautics and Astronautics, 
Massachusetts Institute of Technology, 1997. 

[127]    X.-j. Lin, K.-c. Zhou, X.-y. Zhang, and D. Zhang, "Development, modeling and application of piezoelectric fiber composites", 
Transactions of Nonferrous Metals Society of China, vol. 23, pp. 98-107, 2013. 

[128]    W. B.R., P. G., I. D.J., and W. W.K, "An overview of composite actuators with piezoceramic fibers," in Modal Analysis 
Conference, 2002. 

[129]    A. Kovalovs, E. Barkanov, and S. Gluhihs, "Active control of structures using macro-fiber composite (MFC)", Journal of 
Physics: Conference Series, vol. 93, p. 012034, 2007. 

[130]    Y. Lin and H. A. Sodano, "Concept and model of a piezoelectric structural fiber for multifunctional composites", Composites 
Science and Technology, vol. 68, pp. 1911-1918, 2008. 

[131]    Y. Lin and H. A. Sodano, "Fabrication and Electromechanical Characterization of a Piezoelectric Structural Fiber for 
Multifunctional Composites", Advanced Functional Materials, vol. 19, pp. 592-598, 2009. 

[132]    François  M.  Guillot, Haskell  W.  Beckham, and J.  Leisen., "Hollow Piezoelectric Ceramic Fibers for Energy Harvesting 
Fabrics", Journal of Engineered Fibers and Fabrics, vol. 8, 2013. 

[133]    A. C. Cook and S. S. Vel, "Multiscale analysis of laminated plates with integrated piezoelectric fiber composite actuators", 
Composite Structures, vol. 94, pp. 322-36, 01/ 2012. 



Adopting Multifunctional Material Systems References 

 

 159 

 

[134]    M. C. Ray and N. Mallik, "Finite element analysis of smart structures containing piezoelectric fiber-reinforced composite 
actuator", AIAA Journal, vol. 42, pp. 1398-405, 07/ 2004. 

[135]    S. Xing, L. Yonggang, and Z. Jianwen, "Study of piezoelectric fiber composite actuators applied in the flapping wing," in 2009 
18th IEEE International Symposium on the Applications of Ferroelectrics (ISAF), 23-27 Aug. 2009, Piscataway, NJ, USA, 
2009, p. 4 pp. 

[136]    L. Yong-gang, L. Ji-shun, T. Bin, W. Xiu-jun, and S. Xing, "The Mechanical Performance of Piezoelectric Fiber Composite 
Actuators," in 2010 International Conference on Electrical and Control Engineering (ICECE 2010), 25-27 June 2010, Los 
Alamitos, CA, USA, 2010, pp. 2371-4. 

[137]    N. R. Fisco and H. Adeli, "Smart structures: Part I—Active and semi-active control", Scientia Iranica, vol. 18, pp. 275-284, 
2011. 

[138]    NASA’s Langley Research Center.‘NASA Invention of the Year’ Controls Noise and Vibration. 2007, Accessed 1st June 2015, 
Available: https://spinoff.nasa.gov/Spinoff2007/ip_9.html 

[139]    SmartMaterial.Smart Material - Home of the MFC. 2015, Accessed 31st May 2015, Available: http://www.smart-
material.com/MFC-product-main.html 

[140]    M. Li, J. Yuan, D. Guan, and W. Chen, "Application of piezoelectric fiber composite actuator to aircraft wing for aerodynamic 
performance improvement", Science in China Series E: Technological Sciences, vol. 54, pp. 395-402, 02/ 2011. 

[141]    V. Mudupu, M. B. Trabia, W. Yim, and P. Weinacht, "Design and validation of a fuzzy logic controller for a smart projectile 
fin with a piezoelectric macro-fiber composite bimorph actuator", Smart Materials and Structures, vol. 17, p. 035034, 
2008. 

[142]    D.-K. Kim and J.-H. Han, "Smart flapping wing using macrofiber composite actuators," in Smart Structures and Materials, 
2006, pp. 61730F-61730F-9. 

[143]    M. Debiasi, Y. Bouremel, K. Hock Hee, L. Siao Chung, and E. Tan Zhiwei, "Shape change of the upper surface of an airfoil by 
macro fiber composite actuators," in 29th AIAA Applied Aerodynamics Conference 2011, June 27, 2011 - June 30, 2011, 
Honolulu, HI, United states, 2011, p. American Institute for Aeronautics and Astronautics (AIAA). 

[144]    T. A. Probst, K. Kochersberger, B. Stiltner, C. J. Hickling, O. J. Ohanian Iii, E. Karni, et al., "Smart material actuators as a 
means of UAV flight control," in 50th AIAA Aerospace Sciences Meeting Including the New Horizons Forum and 
Aerospace Exposition, January 9, 2012 - January 12, 2012, Nashville, TN, United states, 2012. 

[145]    A. K. Kancharala and M. K. Philen, "Enhanced hydrodynamic performance of flexible fins using macro fiber composite 
actuators", Smart Materials and Structures, vol. 23, p. 115012, 2014. 

[146]    Z. Hou, R. Chen, Z. Xu, and Q. Liu, "Application of macro-fiber composite to structural vibration suppression", Zhendong 
Ceshi Yu Zhenduan/Journal of Vibration, Measurement and Diagnosis, vol. 30, pp. 51-54, 2010. 

[147]    K. Novakova, P. Mokry, J. Vaclavik, and V. Ledl, "Analysis of noise transmission through the window glass plate and its 
control using the Macro Fiber Composite actuator," in 2010 IEEE International Symposium on the Applications of 
Ferroelectrics, ISAF 2010, Co-located with the 10th European Conference on the Applications of Polar Dielectrics, ECAPD 
2010, August 9, 2010 - August 12, 2010, Edinburgh, Scotland, United kingdom, 2010. 

[148]    W. Quan and W. Nan, "A review on structural enhancement and repair using piezoelectric materials and shape memory 
alloys", Smart Materials and Structures, vol. 21, p. 013001, 2012. 

[149]    M. Lin and F.-K. Chang, "The manufacture of composite structures with a built-in network of piezoceramics", Composites 
Science and Technology, vol. 62, pp. 919-939, 6// 2002. 

[150]    J. Haywood, P. T. Coverley, W. J. Staszewski, and K. Worden, "An automatic impact monitor for a composite panel 
employing smart sensor technology", Smart Materials and Structures, vol. 14, p. 265, 2005. 

[151]    A. Srivastava, A. Agarwal, D. Chakraborty, and A. Dutta, "Control of smart laminated FRP structures using artificial neural 
networks", Journal of Reinforced Plastic Composites, vol. 24, pp. 1353-64, 2005. 

[152]    L. Yu, L. Cheng, L. H. Yam, Y. J. Yan, and J. S. Jiang, "Online damage detection for laminated composite shells partially filled 
with fluid", Composite Structures, vol. 80, pp. 334-342, 2007. 

[153]    E. W. Steve, A. Farhad, D. Rohit, K. Chandrashekhara, and C. W. Donald, "Impact-induced damage characterization of 
composite plates using neural networks", Smart Materials and Structures, vol. 16, p. 515, 2007. 

[154]    Z. Q. Su, X. M. Wang, Z. P. Chen, and L. Ye, "Damage Assessment of Multi-Layered Composite Structure Using an Embedded 
Active Sensor Network", Key Engineering Materials, vol. 334-335, pp. 461-464, 2007. 

[155]    N. P. Salowitz, Z. Q. Guo, S. J. Kim, Y. H. Li, G. Lanzara, and F. K. Chang, "Microfabricated Expandable Sensor Networks for 
Intelligent Sensing Materials", Ieee Sensors Journal, vol. 14, pp. 2138-2144, Jul 2014. 

[156]    X. L. P. Qing, Y. S. Wang, L. M. Gao, and A. Kumar, "Distributed Multifunctional Sensor Network for Composite Structural 
State Sensing", Sensors and Smart Structures Technologies for Civil, Mechanical, and Aerospace Systems 2012, Pts 1 and 
2, vol. 8345, p. 8, 2012. 

[157]    J. L. Duce, S. R. Johnston, S. R. Johnsdon, and J. L. Deuce, "System for monitoring structural health of a structure, comprises 
a structure to be monitored for structural health, and a distributed network of nanoparticle ink based piezoelectric 
sensor assemblies deposited onto the structure", EP2559656-A1; US2013044155-A1; CA2785400-A1; JP2013051413-A; 
CN102954893-A; US8766511-B2, 2011. 

[158]    D. Barazanchy, M. Martinez, B. Rocha, and M. Yanishevsky, "A Hybrid Structural Health Monitoring System for the 
Detection and Localization of Damage in Composite Structures", Journal of Sensors, vol. 2014, pp. 1-10, 2014. 

[159]    Z. Su, X. Wang, Z. Chen, L. Ye, and D. Wang, "A built-in active sensor network for health monitoring of composite 
structures", Smart Materials and Structures, vol. 15, pp. 1939-1949, 2006. 

[160]    V. Giurgiutiu, "Structural Damage Detection with Piezoelectric Wafer Active Sensors," in 9th International Conference on 
Damage Assessment of Structures (DAMAS 2011), 11-13 July 2011, UK, 2011, p. 012123 (10 pp.). 

[161]    C. Qian, S. Yingying, W. Qing-Ming, Q. Lifeng, X. Hao, and X. Zhaoxian, "Piezoelectric PZT fiber composite as a low frequency 
vibration sensor," in 2013 Joint UFFC, EFTF and PFM Symposium. International Ultrasonics Symposium (IUS); 
International Symposium on the Applications of Ferroelectrics - Piezoresponse Force Microscopy Workshop (ISAF-PFM); 
International Frequency Control Symposium - European Frequency and Time Forum (IFCS-EFTF), 21-25 July 2013, 
Piscataway, NJ, USA, 2013, pp. 302-5. 

http://www.smart-material.com/MFC-product-main.html
http://www.smart-material.com/MFC-product-main.html


Adopting Multifunctional Material Systems References 

 

 160 

 

[162]    A. J. Brunner, M. Birchmeier, M. M. Melnykowycz, and M. Barbezat, "Piezoelectric fiber composites as sensor elements for 
structural health monitoring and adaptive material systems," 55 City Road, London, EC1Y 1SP, United Kingdom, 2009, 
pp. 1045-1055. 

[163]    M. Eaton, R. Pullin, K. Holford, S. Evans, C. Featherston, and A. Rose, "Use of Macro Fibre Composite Transducers as 
Acoustic Emission Sensors", Remote Sensing, vol. 1, pp. 68-79, 2009. 

[164]    H. P. Konka, M. A. Wahab, and K. Lian, "Piezoelectric fiber composite transducers for health monitoring in composite 
structures", Sensors and Actuators A: Physical, vol. 194, pp. 84-94, 2013. 

[165]    Japan: Producing Electricity from Train Station Ticket Gates. 2006, Accessed 7 March 2015, Available: 
http://www.treehugger.com/renewable-energy/japan-producing-electricity-from-train-station-ticket-gates.html 

[166]    S. Shoaee, J. Briscoe, J. R. Durrant, and S. Dunn, "Acoustic Enhancement of Polymer/ZnO Nanorod Photovoltaic Device 
Performance", Advanced Materials, vol. 26, pp. 263-268, 2014. 

[167]    NationalResearchCouncil, "Meeting the Energy Needs of Future Warriros", ed: The National Academy Press, 2004, p. 112. 
[168]    C. M. A. Lopes, C. A. Gallo, and Ieee, "A REVIEW OF PIEZOELECTRICAL ENERGY HARVESTING AND APPLICATIONS", 2014 Ieee 

23rd International Symposium on Industrial Electronics (Isie), pp. 1284-1288, 2014. 
[169]    K. A. Cook-Chennault, N. Thambi, and A. M. Sastry, "Powering MEMS portable devices—a review of non-regenerative and 

regenerative power supply systems with special emphasis on piezoelectric energy harvesting systems", Smart Materials 
and Structures, vol. 17, 2008. 

[170]    I. Dakua and N. Afzulpurkar, "Piezoelectric Energy Generation and Harvesting at the Nano-Scale: Materials and Devices", 
Nanomaterials and Nanotechnology, vol. 3, p. 16, Nov 2013. 

[171]    M. Pereyma, "Overview of the Modern State of the Vibration Energy Harvesting Devices", MEMSTECH, vol. May23-26, 
2007. 

[172]    Z. L. Wang and J. Song, "Piezoelectric Nanogenerators Based on Zinc Oxide Nanowire Arrays", Science, vol. 312, pp. 242-
246, 2006. 

[173]    S. Xu, Y. Qin, C. Xu, Y. Wei, R. Yang, and Z. L. Wang, "Self-powered Nanowire Devices", Nature Nanotechnology, vol. 5, 2010. 
[174]    L. Yi-Feng, S. Jinhui, D. Yong, L. Shih-Yuan, and W. Zhong Lin, "Piezoelectric nanogenerator using CdS nanowires", Applied 

Physics Letters, vol. 92, pp. 022105-1, 01/14 2008. 
[175]    N.-J. Ku, C.-H. Wang, J.-H. Huang, H.-C. Fang, P.-C. Huang, and C.-P. Liu, "Energy harvesting from the obliquely aligned InN 

nanowire array with a surface electron-accumulation layer", Advanced Materials, vol. 25, pp. 861-866, 2013. 
[176]    C.-T. Huang, J. Song, C.-M. Tsai, W.-F. Lee, D.-H. Lien, Z. Gao, et al., "Single-InN-nanowire nanogenerator with upto 1 v 

output voltage", Advanced Materials, vol. 22, pp. 4008-4013, 2010. 
[177]    Z. Wei, T. Xiao-Ming, C. Song, S. Songmin, H. L. W. Chan, and C. Siu Hong, "Highly durable all-fiber nanogenerator for 

mechanical energy harvesting", Energy &amp; Environmental Science, vol. 6, pp. 2631-8, 2013. 
[178]    X. Chen, S. Xu, N. Yao, and Y. Shi, "1.6 v nanogenerator for mechanical energy harvesting using PZT nanofibers", Nano 

Letters, vol. 10, pp. 2133-2137, 2010. 
[179]    K.-I. Park, J. H. Son, G.-T. Hwang, C. K. Jeong, J. Ryu, M. Koo, et al., "Highly-efficient, flexible piezoelectric PZT thin film 

nanogenerator on plastic substrates", Advanced Materials, vol. 26, pp. 2514-2520, 2014. 
[180]    Y. Qi, J. Kim, T. D. Nguyen, B. Lisko, P. K. Purohit, and M. C. McAlpine, "Enhanced piezoelectricity and stretchability in 

energy harvesting devices fabricated from buckled PZT ribbons", Nano Lett, vol. 11, pp. 1331-6, Mar 9 2011. 
[181]    T. Gao, J. Liao, J. Wang, Y. Qiu, Q. Yang, M. Zhang, et al., "Highly Oriented BaTiO3 Film Self-assembled by an Interfacial 

Strategy and Its Application on Flexible Piezoelectric Generator for Wind Energy Harvesting", Journal of Materials 
Chemistry A, 2015. 

[182]    B. K. Yun, Y. K. Park, M. Lee, N. Lee, W. Jo, S. Lee, et al., "Lead-free LiNbO3 nanowire-based nanocomposite for piezoelectric 
power generation", Nanoscale Research Letters vol. 9, 2013. 

[183]    S. N. Shenck and J. A. Paradiso, "Energy scavenging with shoe-mounted piezoelectrics", IEEE, vol. 21, pp. 30-42, 2001. 
[184]    A. Toprak and O. Tigli, "Piezoelectric energy harvesting: State-of-the-art and challenges", Applied Physics Reviews, vol. 1, p. 

14, Sep 2014. 
[185]    M. N. Silleto, S.-J. Yoon, and K. Arakawa, "Piezoelectric cable macro-fiber composites for use in energy harvesting", 

International Journal of Energy Research, vol. 39, pp. 120-127, 2015. 
[186]    K. Liang-zhi, G. Wan-lin, and C. Li, "Piezoelectricity of ZnO and its nanostructures," in Piezoelectricity, Acoustic Waves, and 

Device Applications, 2008. SPAWDA 2008. Symposium on, 2008, pp. 354-359. 
[187]    W. Ya and D. J. Inman, "Simultaneous energy harvesting and gust alleviation for a multifunctional composite wing spar 

using reduced energy control via piezoceramics", Journal of Composite Materials, vol. 47, pp. 125-46, 01/ 2013. 
[188]    Afaco.AFA - Advanced Flying Automobile - Sokol A400 Telescoping Wing Page Accessed 1st April 2015,  
[189]    Y. Wang, "Simultaneous Energy Harvesting and Vibration Control via Piezoelectric Materials", DP19223 Ph.D., Virginia 

Polytechnic Institute and State University, Ann Arbor, 2012. 
[190]    C. M. T. Tien and N. S. Goo, "Use of a piezocomposite generating element in energy harvesting", Journal of Intelligent 

Material Systems and Structures, vol. 21, pp. 1427-1436, 2010. 
[191]    W. Zeng, X.-M. Tao, S. Chen, S. Shang, H. L. W. Chan, and S. H. Choy, "Highly durable all-fiber nanogenerator for mechanical 

energy harvesting", Energy & Environmental Science, vol. 6, pp. 2631-2638, 2013. 
[192]    Y. Yang, H. Zhang, G. Zhu, S. Lee, Z.-H. Lin, and Z. L. Wang, "Flexible Hybrid Energy Cell for Simultaneously Harvesting 

Thermal, Mechanical, and Solar Energies", ACS NANO, 2012. 
[193]    J. Y. Chang, M. Domnner, C. Chang, and L. W. Lin, "Piezoelectric nanofibers for energy scavenging applications", Nano 

Energy, vol. 1, pp. 356-371, May 2012. 
[194]    H. D. Espinosa, R. A. Bernal, and M. Minary-Jolandan, "A review of mechanical and electromechanical properties of 

piezoelectric nanowires", Adv Mater, vol. 24, pp. 4656-75, Sep 4 2012. 
[195]    A. Kannampilly.How to Save the World One Dance at a Time. 2008, Accessed 7 March 2015, Available: 

http://abcnews.go.com/International/story?id=5358214&page=1&singlePage=true 
[196]    E. Aksel and J. L. Jones, "Advances in lead-free piezoelectric materials for sensors and actuators", Sensors (Basel), vol. 10, 

pp. 1935-54, 2010. 
[197]    M. Rezaei, J. Lueke, D. Raboud, and W. Moussa, "Challenges in fabrication and testing of piezoelectric MEMS with a 

particular focus on energy harvesters", Microsystem Technologies, vol. 19, pp. 1195-1219, 2013. 

http://www.treehugger.com/renewable-energy/japan-producing-electricity-from-train-station-ticket-gates.html
http://abcnews.go.com/International/story?id=5358214&page=1&singlePage=true


Adopting Multifunctional Material Systems References 

 

 161 

 

[198]    S. Tadigadapa, "Piezoelectric microelectromechanical systems — challenges and opportunities", Procedia Engineering, vol. 
5, pp. 468-471, 2010. 

[199]    L. Sun, W. M. Huang, Z. Ding, Y. Zhao, C. C. Wang, H. Purnawali, et al., "Stimulus-responsive shape memory materials: A 
review", Materials & Design, vol. 33, pp. 577-640, 1// 2012. 

[200]    J. Mohd Jani, M. Leary, A. Subic, and M. A. Gibson, "A review of shape memory alloy research, applications and 
opportunities", Materials & Design, vol. 56, pp. 1078-1113, 4// 2014. 

[201]    K. O. Sanusi, O. L. Ayodele, and M. T. E. Khan, "A concise review of the applications of NiTi shape-memory alloys in 
composite materials", South African Journal of Science, vol. 110, pp. 22-26, Jul-Aug 2014. 

[202]    F. T. Calkins and J. H. Mabe, "Shape Memory Alloy Based Morphing Aerostructures", Journal of Mechanical Design, vol. 132, 
p. 111012, 2010. 

[203]    A. Y. N. Sofla, S. A. Meguid, K. T. Tan, and W. K. Yeo, "Shape morphing of aircraft wing: Status and challenges", Materials & 
Design, vol. 31, pp. 1284-1292, 2010. 

[204]    S. D. Oehler, D. J. Hartl, R. Lopez, R. J. Malak, and D. C. Lagoudas, "Design optimization and uncertainty analysis of SMA 
morphing structures", Smart Materials and Structures, vol. 21, p. 094016, 2012. 

[205]    Flexsys Accessed 13th May 2015, Available: http://www.flxsys.com/ 
[206]    E. Schechter.Test Time for Seamless Wings. 2014, Accessed 13th May 2015, Available: http://www.aiaa-

scitech.org/Forum.aspx?id=22823 
[207]    K. D. Atherton.NASA's Shapeshifting Airplane Wings Pass Flight Tests. 2015, Accessed 13th May 2015, Available: 

http://www.popsci.com/nasa-shapeshifting-wing-plane-passes-tests 
[208]    W. Coral, C. Rossi, J. Colorado, D. Lemus, and A. Barrientos, "SMA-Based Muscle-Like Actuation in Biologically Inspired 

Robots: A State of the Art Review", 2012. 
[209]    M. I. Khan, A. Pequegnat, and Y. N. Zhou, "Multiple Memory Shape Memory Alloys", Advanced Engineering Materials, vol. 

15, pp. 386-393, 2013. 
[210]    P. Ghosh, A. Rao, and A. R. Srinivasa, "Design of multi-state and smart-bias components using Shape Memory Alloy and 

Shape Memory Polymer composites", Materials & Design, vol. 44, pp. 164-171, 2013. 
[211]    F. Pinto, F. Ciampa, M. Meo, and U. Polimeno, "Multifunctional SMArt composite material forin situNDT/SHM and de-icing", 

Smart Materials and Structures, vol. 21, p. 105010, 2012. 
[212]    A. J. Niskanen and I. Laitinen, "Design and Simulation of a Magnetic Shape Memory (MSM) Alloy Energy Harvester ", 

Advances in Science and Technology, vol. 78, pp. 58-62, 2012. 
[213]    C. C. Wang, W. M. Huang, Z. Ding, Y. Zhao, H. Purnawali, L. X. Zheng, et al., "Rubber-like shape memory polymeric materials 

with repeatable thermal-assisted healing function", Smart Materials and Structures, vol. 21, p. 115010, 2012. 
[214]    W. M. Huang, Z. Ding, C. C. Wang, J. Wei, Y. Zhao, and H. Purnawali, "Shape memory materials", Materials Today, vol. 13, 

pp. 54-61, 7// 2010. 
[215]    E. L. Kirkby, J. D. Rule, V. J. Michaud, N. R. Sottos, S. R. White, and J.-A. E. Månson, "Embedded Shape-Memory Alloy Wires 

for Improved Performance of Self-Healing Polymers", Advanced Functional Materials, vol. 18, pp. 2253-2260, 2008. 
[216]    S. K. Gosh, Ed., Self-healing Materials. Weinheim: WILEY-VCH, 2009, p.^pp. Pages. 
[217]    H. Sato, "Multifunctional devices combining shape-memory alloy and piezoelectric materials", Behavior and Mechanics of 

Multifunctional Materials and Composites 2014, vol. 9058, p. 6, 2014. 
[218]    O. Włodzimierz, "Application of shape memory materials in fluid sealing technology", Industrial Lubrication and Tribology, 

vol. 62, pp. 99-110, 2010/03/09 2010. 
[219]    I. A. Rousseau, "Challenges of Shape Memory Polymers: A Review of the Progress Toward Overcoming SMP's Limitations", 

Polymer Engineering and Science, vol. 48, pp. 2075-2089, Nov 2008. 
[220]    Q. Meng and J. Hu, "A review of shape memory polymer composites and blends", Composites Part A: Applied Science and 

Manufacturing, vol. 40, pp. 1661-1672, 2009. 
[221]    J. S. Leng, Y. J. Liu, S. Y. Du, and Asme, "SHAPE MEMORY POLYMERS: A POTENTIAL MATERIAL FOR FUTURE'S CHANGING 

SHAPE". New York: Amer Soc Mechanical Engineers, 2010. 
[222]    J. Leng, X. Lan, Y. Liu, and S. Du, "Shape-memory polymers and their composites: Stimulus methods and applications", 

Progress in Materials Science, vol. 56, pp. 1077-1135, 2011. 
[223]    H. Meng and G. Li, "A review of stimuli-responsive shape memory polymer composites", Polymer, vol. 54, pp. 2199-2221, 

2013. 
[224]    H. B. Lu, M. Lei, Y. T. Yao, K. Yu, and Y. Q. Fu, "Shape Memory Polymer Nanocomposites: Nano-Reinforcement and 

Multifunctionalization", Nanoscience and Nanotechnology Letters, vol. 6, pp. 772-786, Sep 2014. 
[225]    J. Leng and A. k.-t. Lau, Eds., Multifunctional Polymer Nanocomposites. New York: CRC Press, 2011, p.^pp. Pages. 
[226]    M. Behl, M. Y. Razzaq, and A. Lendlein, "Multifunctional shape-memory polymers", Adv Mater, vol. 22, pp. 3388-410, Aug 

17 2010. 
[227]    H. M. Jeong, B. K. Ahn, and B. K. Kim, "Temperature sensitive water vapour permeability and shape memory effect of 

polyurethane with crystalline reversible phase and hydrophilic segments", Polymer International, vol. 49, pp. 1714-
1721, 2000. 

[228]    H. M. Jeong, B. K. Ahn, S. M. Cho, and B. K. Kim, "Water vapor permeability of shape memory polyurethane with 
amorphous reversible phase", Journal of Polymer Science Part B: Polymer Physics, vol. 38, pp. 3009-3017, 2000. 

[229]    L. Yingtao, A. Rajadas, and A. Chattopadhyay, "Self-Healing Nanocomposite Using Shape Memory Polymer and Carbon 
Nanotubes," in Sensors and Smart Structures Technologies for Civil, Mechanical, and Aerospace Systems 2013, 10-14 
March 2013, USA, 2013, p. 869205 (9 pp.). 

[230]    A. Shojaei, S. Sharafi, and G. Li, "A multiscale theory of self-crack-healing with solid healing agent assisted by shape memory 
effect", Mechanics of Materials, vol. 81, pp. 25-40, 2015. 

[231]    C.-S. Zhang, Q.-Q. Ni, S.-Y. Fu, and K. Kurashiki, "Electromagnetic interference shielding effect of nanocomposites with 
carbon nanotube and shape memory polymer", Composites Science and Technology, vol. 67, pp. 2973-2980, 2007. 

[232]    H. B. Lu, Y. J. Liu, and J. S. Leng, "Carbon Nanopaper Enabled Shape Memory Polymer Composites for Electrical Actuation 
and Multifunctionalization", Macromolecular Materials and Engineering, vol. 297, pp. 1138-1147, Dec 2012. 

[233]    Y. Liu, H. Lv, X. Lan, J. Leng, and S. Du, "Review of electro-active shape-memory polymer composite", Composites Science 
and Technology, vol. 69, pp. 2064-2068, 2009. 

http://www.flxsys.com/
http://www.aiaa-scitech.org/Forum.aspx?id=22823
http://www.aiaa-scitech.org/Forum.aspx?id=22823
http://www.popsci.com/nasa-shapeshifting-wing-plane-passes-tests


Adopting Multifunctional Material Systems References 

 

 162 

 

[234]    P. Ghosh, A. Rao, and A. R. Srinivasa, "Multifunctional smart material system (MSMS) using shape memory alloys and shape 
memory polymers", in Active and Passive Smart Structures and Integrated Systems 2012. vol. 8341, H. A. Sodano, Ed., 
ed Bellingham: Spie-Int Soc Optical Engineering, 2012. 

[235]    M. Behl, M. Y. Razzaq, and A. Lendlein, "Multifunctional Shape-Memory Polymers", Advanced Materials, vol. 22, pp. 3388-
3410, Aug 2010. 

[236]    C. Thill, J. Etches, I. Bond, K. Potter, and P. Weaver, "Morphing Skins", Aeronautical Journal, vol. 112, pp. 117-139, 2008. 
[237]    J.-S. Leng, X. Lan, Y.-J. Liu, and S.-Y. Du, "Shape memory polymers composites and their applications in deployable 

structures", Yuhang Xuebao/Journal of Astronautics, vol. 31, pp. 950-956, 2010. 
[238]    K. Philip, L. Mark, C. Dana, B. Rory, T. Robert, and S. Marc, "Development of Elastic Memory Composite Stiffeners for a 

Flexible Precision Reflector", in 47th AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials 
Conference, ed: American Institute of Aeronautics and Astronautics, 2006. 

[239]    J. Leng and S. Du, Eds., Shape-memory polymers and Multifunctional Composites. New York: CRC Press, 2010, p.^pp. Pages. 
[240]    M. Thomas, B. Thomas, H. David, and H. Chistopher, "Reflexive Composites: Integrated Structural Health Management", in 

49th AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, 16th AIAA/ASME/AHS 
Adaptive Structures Conference,10th AIAA Non-Deterministic Approaches Conference, 9th AIAA Gossamer Spacecraft 
Forum, 4th AIAA Multidisciplinary Design Optimization Specialists Conference, ed: American Institute of Aeronautics 
and Astronautics, 2008. 

[241]    C. M. Jackson, H. J. Wagner, and R. J. Wasilewski, "55-Nitinol-The Alloy with a Memory: it’s physical metallurgy properties, 
and appli-cations", NASA SP-5110, p. 68, 1972. 

[242]    L. Janke, "Applications of shape memory alloys in civil engineering structures - Overview, limits and new ideas", Materials 
and Structures, vol. 38, pp. 578-592, 2005. 

[243]    C. Chluba, W. Ge, R. Lima de Miranda, J. Strobel, L. Kienle, E. Quandt, et al., "Ultralow-fatigue shape memory alloy films", 
Science, vol. 348, pp. 1004-1007, May 29, 2015 2015. 

[244]    E. Mastronardi, A. Foster, X. R. Zhang, and M. C. DeRosa, "Smart Materials Based on DNA Aptamers: Taking Aptasensing to 
the Next Level", Sensors, vol. 14, pp. 3156-3171, Feb 2014. 

[245]    J. P. Thomas and M. A. Qidwai, " The Design and Application of Multifunctional Structure-Battery Material Systems", JOM, 
vol. 57, pp. 18-24, 2005. 

[246]    P. Larsson and D. Callahan.Battery material could reduce electric car weight. 2014, Accessed 20 March 2015, Available: 
http://www.kth.se/en/aktuellt/nyheter/de-gor-batterier-av-kolfiber-1.480780 

[247]    The Conservative Thinkers Blogspot.Lola Drayson B12/69EV electric racing car launched. 2014, Accessed 7th April 2015, 
Available: Lola Drayson B12/69EV electric racing car launched 

[248]    Gizmag: Paul Ridden.Lola Drayson B12/69EV electric racing car launched. 2012, Accessed 10 March 2015, Available: 
http://www.gizmag.com/lola-drayson-b1269ev-electric-racing-car/21212/ 

[249]    A. M. Pereira, "Energy-storage multifunctional composites", 3405614 Ph.D., University of California, Los Angeles, Ann 
Arbor, 2009. 

[250]    VolvoCars.Tomorrow's Volvo car: body panels serve as the car battery. 2010, Accessed 9 March 2015, Available: 
https://www.media.volvocars.com/uk/en-gb/media/pressreleases/35026 

[251]    CarBodyDesign.Volvo develops body panels that serve as batteries Accessed 9 March 2015, Available: 
http://www.carbodydesign.com/2013/10/volvo-develops-body-panels-that-serve-as-batteries/ 

[252]    J. F. Snyder, R. H. Carter, and E. D. Wetzel, "Electrochemical and Mechanical Behavior in Mechanically Robust Solid Polymer 
Electrolytes for Use in Multifunctional Structural Batteries", Chemistry of Materials, vol. 19, pp. 3793-3801, 2007/07/01 
2007. 

[253]    X. Luo and D. D. L. Chung, "Carbon-fiber polymer-matrix composites as capacitors", Composites Science and Technology, 
vol. 61, pp. 885-8, 2000. 

[254]    L. Hou and S. A. Hayes, "A resistance-based damage location sensor for carbon-fibre composites", Smart Materials and 
Structures, vol. 11, p. 966, 2002. 

[255]    A. S. Westover, J. W. Tian, S. Bernath, L. Oakes, R. Edwards, F. N. Shabab, et al., "A Multifunctional Load-Bearing Solid-State 
Supercapacitor", Nano Letters, vol. 14, pp. 3197-3202, 2014/06/11 2014. 

[256]    F. Ubertini, S. Laflamme, H. Ceylan, A. L. Materazzi, G. Cerni, H. Saleem, et al., "Novel nanocomposite technologies for 
dynamic monitoring of structures: a comparison between cement-based embeddable and soft elastomeric surface 
sensors", Smart Materials and Structures, vol. 23, p. 12, Apr 2014. 

[257]    M. Guttag and M. C. Boyce, "Locally and Dynamically Controllable Surface Topography Through the Use of Particle-
Enhanced Soft Composites", Advanced Functional Materials, pp. n/a-n/a, 2015. 

[258]    H. S. Kim, J. S. Kang, J. S. Park, H. T. Hahn, H. C. Jung, and J. W. Joung, "Inkjet printed electronics for multifunctional 
composite structure", Composites Science and Technology, vol. 69, pp. 1256-1264, 2009. 

[259]    M. Mecklenburg, A. Schuchardt, Y. K. Mishra, S. Kaps, R. Adelung, A. Lotnyk, et al., "Aerographite: ultra lightweight, flexible 
nanowall, carbon microtube material with outstanding mechanical performance", Adv Mater, vol. 24, pp. 3486-90, Jul 
10 2012. 

[260]    Y. Bai, P. Feng, C. Ding, Y. Tang, and W. Cheng, "Self-Luminous Fiber-Reinforced Polymer Composites for Structural 
Applications", Journal of Materials in Civil Engineering, vol. 27, p. 04014120, 2015/03/01 2014. 

[261]    A. J. Lockyer, K. H. Alt, J. N. Kudva, and J. Tuss, "Air vehicle integration issues and considerations for CLAS successful 
implementation," 2001, pp. 48-59. 

[262]    M. J. Berden and D. A. McCarville, "Structurally integrated X-band antenna large scale component wing test," in SAMPE '07: 
M and P - From Coast to Coast and Around the World 2007, p. 52. 

[263]    A. J. Lockyer, K. H. Alt, R. W. Kinslow, H.-P. Kan, J. N. Kudva, J. Tuss, et al., "Development of a structurally integrated 
conformal load-bearing multifunction antenna: overview of the Air Force Smart Skin Structures Technology 
Demonstration Program," 1996, pp. 55-64. 

[264]    L. Yao and Y. Qiu, "Design and fabrication of microstrip antennas integrated in three dimensional orthogonal woven 
composites", Composites Science and Technology, vol. 69, pp. 1004-1008, 2009. 

[265]    J. Lee, H. Kwon, J. Seo, S. Shin, J. H. Koo, C. Pang, et al., "Conductive Fiber-Based Ultrasensitive Textile Pressure Sensor for 
Wearable Electronics", Adv Mater, Feb 18 2015. 

http://www.kth.se/en/aktuellt/nyheter/de-gor-batterier-av-kolfiber-1.480780
http://www.gizmag.com/lola-drayson-b1269ev-electric-racing-car/21212/
http://www.media.volvocars.com/uk/en-gb/media/pressreleases/35026
http://www.carbodydesign.com/2013/10/volvo-develops-body-panels-that-serve-as-batteries/


Adopting Multifunctional Material Systems References 

 

 163 

 

[266]    Y. Yang, G. Ruan, C. Xiang, G. Wang, and J. M. Tour, "Flexible Three-Dimensional Nanoporous Metal-Based Energy Devices", 
Journal of the American Chemical Society, vol. 136, pp. 6187-6190, 2014/04/30 2014. 

[267]    Dario Borghino @ Gizmag.Flexible, high-performance battery could soon find its way to your smartwatch. 2014, Accessed 
11 March 2015, Available: http://www.gizmag.com/flexible-high-performance-battery/31830/ 

[268]    R. Wirtz, Z. Tianwen, and J. Yanyao, "Thermal and mechanical characteristics of a multi-functional Thermal Energy Storage 
structure," in Thermal and Thermomechanical Phenomena in Electronic Systems, 2004. ITHERM '04. The Ninth 
Intersociety Conference on, 2004, pp. 549-556 Vol.1. 

[269]    D. T. Queheillalt, G. Carbajal, G. P. Peterson, and H. N. G. Wadley, "A multifunctional heat pipe sandwich panel structure", 
International Journal of Heat and Mass Transfer, vol. 51, pp. 312-326, 2008. 

[270]    O. T., T. H., K. M., and S. K., "Multifunctional Composite Structures for Space Satellites", SAMPE, vol. 44, pp. 6-11, 2008. 
[271]    E. Silverman, "Multifunctional carbon foam development for spacecraft applications", Sampe Journal, vol. 41, pp. 19-23, 

May-Jun 2005. 
[272]    K. S. Vecchio, "Synthetic Multi-functional materials for Structural + Ballistic and blast Protection", DARPA2005. 
[273]    Y. Hao, F. Liu, and E.-H. Han, "Protection of epoxy coatings containing polyaniline modified ultra-short glass fibers", 

Progress in Organic Coatings, vol. 76, pp. 571-580, 2013. 
[274]    K. Crowley, M. R. Smyth, A. J. Killard, and A. Morrin, "Printing polyaniline for sensor applications", Chemical Papers, vol. 67, 

pp. 771-780, Aug 2013. 
[275]    H. G. John Zhanhu Guo, Jiang Guo, Huige Wei, Suying Wei, and Xi Zhang, "Multifunctional nanocomposites for 

environmental remediation", Society of Plastics Engineers, 2013. 
[276]    R. Y. Suckeveriene, E. Zelikman, G. Mechrez, and M. Narkis, "Literature review: conducting carbon nanotube/polyaniline 

nanocomposites", Reviews in Chemical Engineering, vol. 27, pp. 15-21, Sep 2011. 
[277]    R. Arefinia, A. Shojaei, H. Shariatpanahi, and J. Neshati, "Anticorrosion properties of smart coating based on polyaniline 

nanoparticles/epoxy-ester system", Progress in Organic Coatings, vol. 75, pp. 502-508, 2012. 
[278]    F. Cheng, J. Gao, T. S. Luk, and X. Yang, "Structural color printing based on plasmonic metasurfaces of perfect light 

absorption", Sci Rep, vol. 5, p. 11045, 2015. 
[279]    A. Bagal, E. C. Dandley, J. Zhao, X. A. Zhang, C. J. Oldham, G. N. Parsons, et al., "Multifunctional nano-accordion structures 

for stretchable transparent conductors", Materials Horizons, 2015. 
[280]    D. J. O’Brien, D. M. Baechle, and E. D. Wetzel, "Multifunctional structural composite capacitors for US Army applications," in 

38th SAMPE Fall Technical Conference: Global Advances in Materials and Process Engineering 2006. 
[281]    D. J. O'Brien, D. M. Baechle, and E. D. Wetzel, "Design and performance of multifunctional structural composite capacitors", 

Journal of Composite Materials, vol. 45, pp. 2797-2809, 2011. 
[282]    B. J. Neudecker and M. H. Benson, "PowerFibers - Thin-Film Batteries on Fiber Substrate", [Presentation], 2003. 
[283]    C. D. Hilton, "Development and Analysis of a Multifunctional Fuel Cell Structure", Doctor of Philosophy, Mechanical 

Engineering, State University, 2009. 
[284]    K. Suabedissen, C. Peabody, and C. B. Arnold, "Response of Lithium Polymer Batteries to Mechanical Loading", 2007. 
[285]    Green Car Congress.ARPA-E awarding $36M to 22 projects in RANGE program for transformative EV storage. 2013, 

Accessed 10 March 2015, Available: http://www.greencarcongress.com/2013/08/20130822-range.html 
[286]    Green Car Congress.ARPA-E RANGE: $20M for robust transformational energy storage systems for EVs; 3x the range at 1/3 

the cost. 2013, Accessed 10 March 2015, Available: http://www.greencarcongress.com/2013/02/range-20130217.html 
[287]    David Salisbury - Vanderbilt University.Liberating devices from their power cords. 2014, Accessed 10 March 2015, Available: 

http://news.vanderbilt.edu/2014/05/liberating-devices/ 
[288]    J. N. Baucom, J. P. Thomas, W. R. Pogue, III, and M. A. Qidwai, "Autophagous structure-power systems," in Smart Structures 

and Materials 2004. Active Materials: Behavior and Mechanics, 15-18 March 2004, USA, 2004, pp. 96-105. 
[289]    P. Joshi, B. L. Upschulte, A. H. Gelb, B. D. Green, D. M. Lester, I. Wallace, et al., "Autophagous spacecraft composite 

materials for orbital propulsion," 2002, pp. 171-179. 
[290]    PROETEX Accessed 30th May 2015, Available: http://www.proetex.org/objectives.htm 
[291]    elliottaustralia.Structural Fireghting Apparel Accessed 18th May 2015, Available: 

http://www.elliottaustralia.com/site/pages/Firefighting/Reference_Center/Structural.php 
[292]    Z. Zhang, Z. Yang, Z. Wu, G. Guan, S. Pan, Y. Zhang, et al., "Weaving Efficient Polymer Solar Cell Wires into Flexible Power 

Textiles", Advanced Energy Materials, vol. 4, pp. n/a-n/a, 2014. 
[293]    N. Liu, W. Ma, J. Tao, X. Zhang, J. Su, L. Li, et al., "Cable-type supercapacitors of three-dimensional cotton thread based 

multi-grade nanostructures for wearable energy storage", Adv Mater, vol. 25, pp. 4925-31, Sep 20 2013. 
[294]    W. Zeng, L. Shu, Q. Li, S. Chen, F. Wang, and X. M. Tao, "Fiber-based wearable electronics: a review of materials, fabrication, 

devices, and applications", Adv Mater, vol. 26, pp. 5310-36, Aug 20 2014. 
[295]    W. Weng, Q. Sun, Y. Zhang, H. Lin, J. Ren, X. Lu, et al., "Winding Aligned Carbon Nanotube Composite Yarns into Coaxial 

Fiber Full Batteries with High Performances", Nano Letters, vol. 14, pp. 3432-3438, 2014/06/11 2014. 
[296]    V. A. Ganesh, H. K. Raut, A. S. Nair, and S. Ramakrishna, "A review on self-cleaning coatings", Journal of Materials 

Chemistry, vol. 21, p. 16304, 2011. 
[297]    G. Wu, J. An, X.-Z. Tang, Y. Xiang, and J. Yang, "A Versatile Approach towards Multifunctional Robust Microcapsules with 

Tunable, Restorable, and Solvent-Proof Superhydrophobicity for Self-Healing and Self-Cleaning Coatings", Advanced 
Functional Materials, vol. 24, pp. 6751-6761, Nov 19 2014. 

[298]    D. Taylor and J. H. Kuiper, Journal of Orthopaedic Research, vol. 19, 2001. 
[299]    M. D. Hager, P. Greil, C. Leyens, S. Van Der Zwaag, and U. S. Schubert, "Self-healing materials", Advanced Materials, vol. 22, 

pp. 5424-5430, 2010. 
[300]    M. Madhan and G. Prabhakaran, "Self-healing ability of structural ceramics - A review," in 1st International Conference on 

Intelligent Robotics, Automation and Manufacturing, IRAM 2012, November 28, 2012 - November 30, 2012, Kuala 
Lumpur, Malaysia, 2012, pp. 466-474. 

[301]    J. B. Ferguson, B. F. Schultz, and P. K. Rohatgi, "Self-Healing Metals and Metal Matrix Composites", JOM, vol. 66, pp. 866-71, 
06/ 2014. 

[302]    E. B. Murphy and F. Wudl, "The world of smart healable materials", Progress in Polymer Science, vol. 35, pp. 223-251, 2010. 

http://www.gizmag.com/flexible-high-performance-battery/31830/
http://www.greencarcongress.com/2013/08/20130822-range.html
http://www.greencarcongress.com/2013/02/range-20130217.html
http://news.vanderbilt.edu/2014/05/liberating-devices/
http://www.proetex.org/objectives.htm
http://www.elliottaustralia.com/site/pages/Firefighting/Reference_Center/Structural.php


Adopting Multifunctional Material Systems References 

 

 164 

 

[303]    S. K. Gosh, Ed., Self-healing Materials - Fundamentals, Design Strategies and Applications. Weinheim: WILEY-VCH, 2009, 
p.^pp. Pages. 

[304]    S. v. d. Zwaag, Ed., Self Healing Materials - An Alternative Approach to 20 Years of Materials Science. Dordrecht,The 
Netherlands: Springer, 2007, p.^pp. Pages. 

[305]    M. Q. Zhang and M. Z. Rong, "Self-healing Polymers and Polymer Composites". New Jersey: Wiley, 2011. 
[306]    W. Nakao and S. Abe, "Enhancement of the self-healing ability in oxidation induced self-healing ceramic by modifying the 

healing agent", Smart Materials and Structures, vol. 21, 2012. 
[307]    L. Quemard, F. Rebillat, A. Guette, H. Tawil, and C. Louchet-Pouillerie, "Self-healing mechanisms of a SiC fiber reinforced 

multi-layered ceramic matrix composite in high pressure steam environments", Journal of the European Ceramic 
Society, vol. 27, pp. 2085-2094, 2007. 

[308]    A. D. Moghadam, B. F. Schultz, J. B. Ferguson, E. Omrani, P. K. Rohatgi, and N. Gupta, "Functional metal matrix composites: 
Self-lubricating, self-healing, and nanocomposites-an outlook", JOM, vol. 66, pp. 872-881, 2014. 

[309]    J. M. Lucci, R. S. Amano, P. Rohatgi, and B. Schultz, "Self-healing in an aluminum alloy reinforced with microtubes," in 3rd 
Energy Nanotechnology International Conference - 2008, 10-14 Aug. 2008, New York, NY, USA, 2008, pp. 79-88. 

[310]    T. Aida, E. W. Meijer, and S. I. Stupp, "Functional Supramolecular Polymers", Science, vol. 335, pp. 813-817, Feb 2012. 
[311]    X. Z. Yan, F. Wang, B. Zheng, and F. H. Huang, "Stimuli-responsive supramolecular polymeric materials", Chemical Society 

Reviews, vol. 41, pp. 6042-6065, 2012. 
[312]    P. Jong Se, T. Darlington, A. F. Starr, K. Takahashi, J. Riendeau, and H. T. Hahn, "Multiple healing effect of thermally 

activated self-healing composites based on Diels-Alder reaction", Composites Science and Technology, vol. 70, pp. 2154-
9, 12/15 2010. 

[313]    S. Schfer and G. Kickelbick, "Self-healing polymer nanocomposites based on Diels-Alder-reactions with silica nanoparticles: 
The role of the polymer matrix", 2015. 

[314]    P. Jong Se, K. Takahashi, Z. Guo, Y. Wang, E. Bolanos, C. Hamann-Schaffner, et al., "Towards Development of a Self-Healing 
Composite using a Mendable Polymer and Resistive Heating", Journal of Composite Materials, vol. 42, pp. 2869-2881, 
2008. 

[315]    K. A. Williams, A. J. Boydston, and C. W. Bielawski, "Towards electrically conductive, self-healing materials", Journal of the 
Royal Society Interface, vol. 4, pp. 359-362, 2007. 

[316]    V. B. Sundaresan, A. Morgan, and M. Castellucci, "Self-Healing of Ionomeric Polymers with Carbon Fibers from Medium-
Velocity Impact and Resistive Heating", Smart Materials Research, vol. 2013, p. 12, 2013. 

[317]    B. Ghosh and M. W. Urban, "Self repairing oxetane substituted chitosan polyurethane networks", Science vol. 323, pp. 
1458–1460, 2009. 

[318]    C. J. Norris, G. J. Meadway, M. J. O'Sullivan, I. P. Bond, and R. S. Trask, "Self-Healing Fibre Reinforced Composites via a 
Bioinspired Vasculature", Advanced Functional Materials, vol. 21, pp. 3624-3633, 2011. 

[319]    J. F. Patrick, K. R. Hart, B. P. Krull, C. E. Diesendruck, J. S. Moore, S. R. White, et al., "Continuous self-healing life cycle in 
vascularized structural composites", Adv Mater, vol. 26, pp. 4302-8, Jul 2 2014. 

[320]    C. J. Norris, I. P. Bond, and R. S. Trask, "The role of embedded bioinspired vasculature on damage formation in self-healing 
carbon fibre reinforced composites", Composites Part A: Applied Science and Manufacturing, vol. 42, pp. 639-648, 6// 
2011. 

[321]    E. N. Brown, S. R. White, and N. R. Sottos, "Microcapsule induced toughening in a self-healing polymer composite", Journal 
of Materials Science, vol. 39, pp. 1703-10, 2004. 

[322]    S. D. Mookhoek, "Novel routes to liquid-based self-healing polymer system", Technical University Delft, Delft, 2010. 
[323]    G. Williams, R. Trask, and I. Bond, "A self-healing carbon fibre reinforced polymer for aerospace applications", Composites 

Part A: Applied Science and Manufacturing, vol. 38, pp. 1525-1532, 2007. 
[324]    Y. C. Yuan, T. Yin, M. Z. Rong, and M. Q. Zhang, "Self healing in polymers and polymer composites. Concepts, realization and 

outlook: A review", Express Polymer Letters, vol. 2, pp. 238-250, 2008. 
[325]    F. Tavangarian and G. Li, "Bio-inspired crack self-healing of SiC/spinel nanocomposite", Ceramics International, vol. 41, pp. 

2828-2835, 2015. 
[326]    V. C. Li and E. Herbert, "Robust Self-Healing Concrete for Sustainable Infrastructure", Journal of Advanced Concrete 

Technology, vol. 10, pp. 207-18, 06/ 2012. 
[327]    P. K. Rohatgi, "Al-shape memory alloy self-healing metal matrix composite", Materials Science and Engineering: A, vol. 619, 

pp. 73-76, 2014. 
[328]    R. N. Lumley, "Self healing in metals; an emerging phenomenon in metallurgy," in Materials Forum, Suite 205, 21 Bedford 

Street, North Melbourne, 3051, Australia, 2007, pp. 40-51. 
[329]    E. L. Kirkby, V. J. Michaud, J. A. E. Manson, N. R. Sottos, and S. R. White, "Performance of self-healing epoxy with 

microencapsulated healing agent and shape memory alloy wires", Polymer, vol. 50, pp. 5533-5538, 2009. 
[330]    G. Lanzara, S. Peng, W. I. Lee, Y. Yoon, and H. Liu, "Carbon nanotube reservoirs for self-healing materials", Nanotechnology, 

vol. 20, p. 335704 (7 pp.), 08/19 2009. 
[331]    C. J. B. Norris, I. P. Trask, R. S., "Healing of low-velocity impact damage in vascularised composites", vol. 44, p. 85, 2013. 
[332]    R. S. T. Hugo R. Williams, Ian P. Bond, "Design of Vascular Network for Self-healing Sandwich Structures," in First 

International Conference on Self Healing Materials, Noordwijk aan Zee, The Netherlands, 2007. 
[333]    S. R. White, N. R. Sottos, P. H. Geubelle, J. S. Moore, M. R. Kessler, S. R. Sriram, et al., "Autonomic healing of polymer 

composites", Nature, vol. 409, pp. 794-797, 02/15/print 2001. 
[334]    D. Y. Wu, S. Meure, and D. Solomon, "Self-healing polymeric materials: A review of recent developments", Progress in 

Polymer Science, vol. 33, pp. 479-522, 2008. 
[335]    R. S. Trask, H. Rwilliams, and I. P. Bond, "Self-healing polymer composites: mimicking nature to enhance performance", 

Bioinspiration & Biomimetics, vol. 2, pp. P1-P9, Mar 2007. 
[336]    R. S. Trask, G. J. Williams, and I. P. Bond, "Bioinspired self-healing of advanced composite structures using hollow glass 

fibres", J R Soc Interface, vol. 4, pp. 363-71, Apr 22 2007. 
[337]    M. M. Caruso, B. J. Blaiszik, S. R. White, N. R. Sottos, and J. S. Moore, "Full Recovery of Fracture Toughness Using a Nontoxic 

Solvent‐Based Self‐Healing System", Advanced Functional Materials, vol. 18, pp. 1898-1904, 2008. 



Adopting Multifunctional Material Systems References 

 

 165 

 

[338]    E. N. Brown, S. R. White, and N. R. Sottos, "Fatigue crack propagation in microcapsule-toughened epoxy", Journal of 
Materials Science, vol. 41, pp. 6266-6273, 2006. 

[339]    E. Brown, S. White, and N. Sottos, "Retardation and repair of fatigue cracks in a microcapsule toughened epoxy composite – 
Part II: In situ self-healing", Composites Science and Technology, vol. 65, pp. 2474–80, 2005. 

[340]    E. Brown, S. White, and N. Sottos, "Retardation and repair of fatigue cracks in a microcapsule toughened epoxy composite – 
Part I: Manual infiltration", Composites Science and Technology, vol. 65, pp. 2466-2473, 2005. 

[341]    A. J. Patel, N. R. Sottos, E. D. Wetzel, and S. R. White, "Autonomic healing of low-velocity impact damage in fiber-reinforced 
composites", Composites Part A: Applied Science and Manufacturing, vol. 41, pp. 360-368, 2010. 

[342]    T. S. Coope, D. F. Wass, R. S. Trask, and I. P. Bond, "Repeated self-healing of microvascular carbon fibre reinforced polymer 
composites", Smart Materials and Structures, vol. 23, Nov 2014. 

[343]    J. Kirk, S. Naik, J. Moosbrugger, D. Morrison, D. Volkov, and I. Sokolov, "Self-Healing Epoxy Composites Based on the Use of 
Nanoporous Silica Capsules", International Journal of Fracture, vol. 159, pp. 101-102, 2009/09/01 2009. 

[344]    V. Privman , A. Dementsov, and I. Sokolov, "Modeling of self-healing polymer composites reinforced with nanoporous glass 
fibers", Journal of Computational and Theoretical Nanoscience, vol. 4, pp. 190-3, 2007. 

[345]    T. S. Coope, U. F. J. Mayer, D. F. Wass, R. S. Trask, and I. P. Bond, "Self-Healing of an Epoxy Resin Using Scandium(III) Triflate 
as a Catalytic Curing Agent", Advanced Functional Materials, vol. 21, pp. 4624-4631, 2011. 

[346]    J. W. C. Pang and I. P. Bond, "‘Bleeding composites’—damage detection and self-repair using a biomimetic approach", 
Composites Part A: Applied Science and Manufacturing, vol. 36, pp. 183-188, 2005. 

[347]    European Comission, "Final report on Key Enabling Technologies", 2011. 
[348]    Commission of the European Communities, "Preparing for our future: Developing a common strategy for key enabling 

technologies in the EU", Brussels2009. 
[349]    European Comission, "A European strategy for Key Enabling Technologies – A bridge to growth and jobs", Brussels2012. 
[350]    K. Gadd, "TRIZ for Engineers: Enabling Inventive Problem Solving": John Wiley & Sons, 2011. 
[351]    E. G. Welp and J. Breidert, "Knowledge and Method Base for Shape Memory Alloys", Materialwissenschaft und 

Werkstofftechnik, vol. 35, pp. 294-299, 2004. 
[352]    M. Treacy.Dyson launches LED bulb that lasts 37 years. 2015, Accessed 15th June 2015, Available: 

http://www.treehugger.com/clean-technology/dyson-launches-led-bulb-lasts-37-years.html 
[353]    P. Abrahamsson and E. Møster, "Demands on Shape Memory Alloys from the Application Designer’s Point of View", Journal 

de Physique IV, vol. 07, pp. C5-667-672, 1997. 
[354]    A. Spaggiari, G. S. Mammano, and E. Dragoni, "Optimum Mechanical Design of Binary Actuators Based on Shape Memory 

Alloys", ed, 2012. 
[355]    H. A. Bruck, A. L. Gershon, I. Golden, S. K. Gupta, L. S. Gyger Jr, E. B. Magrab, et al., "Training mechanical engineering 

students to utilize biological inspiration during product development", Bioinspiration & biomimetics, vol. 2, p. S198, 
2007. 

[356]    Y. Yang, R. Boom, B. Irion, D.-J. van Heerden, P. Kuiper, and H. de Wit, "Recycling of composite materials", Chemical 
Engineering and Processing: Process Intensification, vol. 51, pp. 53-68, 2012. 

[357]    C. J. Kibert, "Sustainable construction: green building design and delivery": John Wiley & Sons, 2012. 
[358]    G. Norris.Metallics Make Comeback With Manufacturing Advances. 2013, Accessed 14th July 2015, Available: 

http://aviationweek.com/awin/metallics-make-comeback-manufacturing-advances 
[359]    Oak Ridge National Laboratory, "Aerospace Workshop Planning Session", 2010. 
[360]    NC State University.Next Generation Manufacturing: Building Near-Net-Shape Parts on Demand Accessed 14th July 2015, 

Available: http://www.mse.ncsu.edu/imst/manufacturing 
[361]    European Environment Agency, "Diverting waste from landfill", 2009. 
[362]    European Comission, "Communication from the comission to the european parliament, the council, the european economic 

and social commitee and the committee of the regions", 2014. 
[363]    T. McMahan.NASA 3-D Prints First Full-Scale Copper Rocket Engine Part. 2015, Accessed 13th June 2015, Available: 

http://www.nasa.gov/marshall/news/nasa-3-D-prints-first-full-scale-copper-rocket-engine-part.html 
[364]    S. Robarts.MX3D gets go-ahead for 3D-printed bridge in Amsterdam. 2015, Accessed 15th June 2015, Available: 

http://www.gizmag.com/mx3d-3d-printed-bridge-amsterdam/37999/ 
[365]    ESA.Hot firing of world's first 3D-printed platinum thruster chamber. 2015, Accessed 22nd June 2015, Available: 

http://www.esa.int/Our_Activities/Space_Engineering_Technology/Hot_firing_of_world_s_first_3D-
printed_platinum_thruster_chamber 

[366]    L. Blain.CSIRO's Lab 22: Kickstarting a 3D printing revolution in titanium. 2015, Accessed 17th June 2015, Available: 
http://www.gizmag.com/csiro-lab-22-additive-manufacture-3d-printing-australia-titanium/37955/ 

[367]    C. W. Visser, R. Pohl, C. Sun, G. W. Romer, B. Huis In 't Veld, and D. Lohse, "Toward 3D Printing of Pure Metals by Laser-
Induced Forward Transfer", Adv Mater, Jun 5 2015. 

[368]    M. Gebhardt.3D MicroPrint GmbH: EOS and 3D-Micromac are bringing micro laser sintering technology into a newly-
established business enterprise 2013, Accessed 18th June 2015, Available: http://3dmicroprint.com/3d-microprint-
gmbh-eos-3d-micromac-bringing-micro-laser-sintering-technology-newly-established-business-enterprise/ 

[369]    J. E. Davidson, R. Deuser, and R. J. Sternberg, "The role of metacognition in problem solving", 1994. 
[370]    T. Brown, "Change by design", 2009. 
[371]    K. T. Ulrich and S. D. Eppinger, "Product design and development", Boston, MA: McGraw-Hill/Irwin, 2004. 
[372]    rydog12145.What Reddit is like in one picture. 2015, Accessed 21st June 2015, Available: 

http://www.reddit.com/r/funny/comments/3agil3/what_reddit_is_like_in_one_picture/ 
[373]    C. Anderson.Elon Musk’s Mission to Mars. 2012, Accessed 15th May 2015, Available: http://www.wired.com/2012/10/ff-

elon-musk-qa/ 
[374]    C. McLellan.The History of Tablet Computers: A timeline. 2014, Accessed 17th May 2015, Available: 

http://www.zdnet.com/article/the-history-of-tablet-computers-a-timeline/ 
[375]    O. Shenkar, "Copycats: how smart companies use imitation to gain a strategic edge", Strategic Direction, vol. 26, pp. 3-5, 

2010. 

http://www.treehugger.com/clean-technology/dyson-launches-led-bulb-lasts-37-years.html
http://aviationweek.com/awin/metallics-make-comeback-manufacturing-advances
http://www.mse.ncsu.edu/imst/manufacturing
http://www.nasa.gov/marshall/news/nasa-3-D-prints-first-full-scale-copper-rocket-engine-part.html
http://www.gizmag.com/mx3d-3d-printed-bridge-amsterdam/37999/
http://www.esa.int/Our_Activities/Space_Engineering_Technology/Hot_firing_of_world_s_first_3D-printed_platinum_thruster_chamber
http://www.esa.int/Our_Activities/Space_Engineering_Technology/Hot_firing_of_world_s_first_3D-printed_platinum_thruster_chamber
http://www.gizmag.com/csiro-lab-22-additive-manufacture-3d-printing-australia-titanium/37955/
http://3dmicroprint.com/3d-microprint-gmbh-eos-3d-micromac-bringing-micro-laser-sintering-technology-newly-established-business-enterprise/
http://3dmicroprint.com/3d-microprint-gmbh-eos-3d-micromac-bringing-micro-laser-sintering-technology-newly-established-business-enterprise/
http://www.reddit.com/r/funny/comments/3agil3/what_reddit_is_like_in_one_picture/
http://www.wired.com/2012/10/ff-elon-musk-qa/
http://www.wired.com/2012/10/ff-elon-musk-qa/
http://www.zdnet.com/article/the-history-of-tablet-computers-a-timeline/


Adopting Multifunctional Material Systems References 

 

 166 

 

[376]    W. Hoppitt and K. N. Laland, "Social learning: an introduction to mechanisms, methods, and models": Princeton University 
Press, 2013. 

[377]    R. Dawkins, "The Selfish Gene: --with a new Introduction by the Author", 2006. 
[378]    M. A. Defeyter, R. Russo, and P. L. McPartlin, "The picture superiority effect in recognition memory: A developmental study 

using the response signal procedure", Cognitive Development, vol. 24, pp. 265-273, 7// 2009. 
[379]    A. J. O. Whitehouse, M. T. Maybery, and K. Durkin, "The development of the picture-superiority effect", British Journal of 

Developmental Psychology, vol. 24, pp. 767-773, 2006. 
[380]    A. Paivio and K. Csapo, "Picture superiority in free recall: Imagery or dual coding?", Cognitive Psychology, vol. 5, pp. 176-

206, 9// 1973. 
[381]    J. Medina, "Brain rules: 12 principles for surviving and thriving at work, home, and school": Pear Press, 2008. 
[382]    U. G. K. Wegst, H. Bai, E. Saiz, A. P. Tomsia, and R. O. Ritchie, "Bioinspired structural materials", Nature Materials, vol. 14, 

pp. 23–36, 2015. 
[383]    A. White.Visualizing Size in Biochemical Systems - Update 2013, Accessed 13th June 2015, Available: 

http://crowsandcats.blogspot.pt/2013/04/visualizing-size-in-biochemical-systems_18.html 
[384]    G. Altshuller, L. Shulyak, and S. Rodman, "40 Principles: TRIZ keys to innovation" vol. 1: Technical Innovation Center, Inc., 

1997. 
[385]    J. Dew, "TRIZ: a creative breeze for quality professionals (inventive problem solving theory)", Quality Progress, vol. 39, pp. 

44-51, 2006. 
[386]    IntelPR.Teen Engineer Invents System to Improve Air Quality on Airplanes. 2015, Accessed 20th May 2015, Available: 

http://newsroom.intel.com/community/intel_newsroom/blog/2015/05/15/teen-engineer-invents-system-to-improve-
air-quality-on-airplanes 

[387]    B. Hein.Apple’s ‘Blue Sky’ Program Gives Select Employees 2 Weeks To Do Whatever They Want. 2012, Accessed 23rd May 
2015, Available: http://www.cultofmac.com/200915/apples-blue-sky-program-gives-select-employees-20-time-to-do-
whatever-they-want/ 

[388]    M. Schrage.Just How Valuable Is Google’s “20% Time”? 2013, Accessed 23rd May 2015, Available: 
https://hbr.org/2013/08/just-how-valuable-is-googles-2-1 

[389]    K. Scott.The LinkedIn [in]cubator. 2012, Accessed 23rd May 2015, Available: http://blog.linkedin.com/2012/12/07/linkedin-
incubator/ 

[390]    J. Andraka.Why Science Journal Paywalls Have to Go. 2013, Accessed 16th June 2015, Available: 
http://blogs.plos.org/thestudentblog/2013/02/18/why-science-journal-paywalls-have-to-go/ 

[391]    T. Lin.Cracking Open the Scientific Process. 2012, Accessed 16th June 2015, Available: 
http://www.nytimes.com/2012/01/17/science/open-science-challenges-journal-tradition-with-web-
collaboration.html?pagewanted=all 

[392]    J. Vitek and J. Gibbons.Who Owns Your Research: A Survey. 2015, Accessed 16th June 2015, Available: 
http://janvitek.github.io/whoowns.html 

[393]    A. Mayyasi.Why Is Science Behind a Paywall? 2013, Accessed 16th June 2015, Available: http://gizmodo.com/why-is-
science-behind-a-paywall-504647165 

[394]    I. Sample.Harvard University says it can't afford journal publishers' prices 2012, Accessed 16th June 2015, Available: 
http://www.theguardian.com/science/2012/apr/24/harvard-university-journal-publishers-prices 

[395]    B. Brembs, K. Button, and M. Munafò, "Deep impact: unintended consequences of journal rank", Frontiers in human 
Neuroscience, vol. 7, 2013. 

[396]    M. Nielsen, "Reinventing discovery: the new era of networked science": Princeton University Press, 2012. 
[397]    ECOOP.ECOOP 2015 Research Track: Open Access. 2015, Accessed 16th June 2015, Available: 

http://2015.ecoop.org/track/research-track#Open-Access 
[398]    Xprize Accessed 20th May 2015, Available: http://www.xprize.org/ 
[399]    IBM.James C. McGroddy Prize for New Materials. 1997, Accessed 20th May 2015, Available: 

http://www.aps.org/programs/honors/prizes/mcgroddy.cfm 
[400]    DOEN Foundation and the Materiaalfonds.New Material Award. 2014, Accessed 20th May 2015, Available: 

http://www.newmaterialaward.nl/index-en.html 
[401]    W. Bialek, "Physical limits to sensation and perception", Annual review of biophysics and biophysical chemistry, vol. 16, pp. 

455-478, 1987. 
[402]    Y. Bar-Cohen, "Biological senses as inspiring model for biomimetic sensors", Sensors Journal, IEEE, vol. 11, pp. 3194-3201, 

2011. 
[403]    Fermanian Business & Economic Institute, "Global biomimicry efforts: an economic game changer", 2010. 
[404]    N. F. Lepora, P. Verschure, and T. J. Prescott, "The state of the art in biomimetics", Bioinspiration & biomimetics, vol. 8, p. 

013001, 2013. 
[405]    J. O. Wilson, D. Rosen, B. A. Nelson, and J. Yen, "The effects of biological examples in idea generation", Design Studies, vol. 

31, pp. 169-186, 3// 2010. 
[406]    R. Weinkamer and P. Fratzl, "Mechanical adaptation of biological materials — The examples of bone and wood", Materials 

Science and Engineering: C, vol. 31, pp. 1164-1173, 2011. 
[407]    R. Lakes, "Materials with structural hierarchy", Nature, vol. 361, pp. 511-515, 1993. 
[408]    J. C. Weaver, J. Aizenberg, G. E. Fantner, D. Kisailus, A. Woesz, P. Allen, et al., "Hierarchical assembly of the siliceous skeletal 

lattice of the hexactinellid sponge Euplectella aspergillum", Journal of Structural Biology, vol. 158, 2007. 
[409]    M. A. Meyers, P. Y. Chen, M. I. Lopez, Y. Seki, and A. Y. Lin, "Biological materials: a materials science approach", J Mech 

Behav Biomed Mater, vol. 4, pp. 626-57, Jul 2011. 
[410]    H. J. Ensikat, P. Ditsche-Kuru, C. Neinhuis, and W. Barthlott, "Superhydrophobicity in perfection: the outstanding properties 

of the lotus leaf", Beilstein Journal of Nanotechnology, vol. 2, pp. 152-161, 2011. 
[411]    D. Wu, "Nature-inspired superlyophobic surfaces", Doctor, Chemical Engineering, Technische Universiteit Eindhoven, 

Eindhoven, 2007. 
[412]    PBS.Nova - Making Stuff Smarter. 2014, Accessed 8th May 2015, Available: https://www.youtube.com/watch?v=ba-

aELKraEo 

http://crowsandcats.blogspot.pt/2013/04/visualizing-size-in-biochemical-systems_18.html
http://newsroom.intel.com/community/intel_newsroom/blog/2015/05/15/teen-engineer-invents-system-to-improve-air-quality-on-airplanes
http://newsroom.intel.com/community/intel_newsroom/blog/2015/05/15/teen-engineer-invents-system-to-improve-air-quality-on-airplanes
http://www.cultofmac.com/200915/apples-blue-sky-program-gives-select-employees-20-time-to-do-whatever-they-want/
http://www.cultofmac.com/200915/apples-blue-sky-program-gives-select-employees-20-time-to-do-whatever-they-want/
http://blog.linkedin.com/2012/12/07/linkedin-incubator/
http://blog.linkedin.com/2012/12/07/linkedin-incubator/
http://blogs.plos.org/thestudentblog/2013/02/18/why-science-journal-paywalls-have-to-go/
http://www.nytimes.com/2012/01/17/science/open-science-challenges-journal-tradition-with-web-collaboration.html?pagewanted=all
http://www.nytimes.com/2012/01/17/science/open-science-challenges-journal-tradition-with-web-collaboration.html?pagewanted=all
http://janvitek.github.io/whoowns.html
http://gizmodo.com/why-is-science-behind-a-paywall-504647165
http://gizmodo.com/why-is-science-behind-a-paywall-504647165
http://www.theguardian.com/science/2012/apr/24/harvard-university-journal-publishers-prices
http://2015.ecoop.org/track/research-track#Open-Access
http://www.xprize.org/
http://www.aps.org/programs/honors/prizes/mcgroddy.cfm
http://www.newmaterialaward.nl/index-en.html
http://www.youtube.com/watch?v=ba-aELKraEo
http://www.youtube.com/watch?v=ba-aELKraEo


Adopting Multifunctional Material Systems References 

 

 167 

 

[413]    NISE Network.Zoom into a Lotus Leaf. 2012, Accessed 20th May 2015, Available: https://vimeo.com/32922167 
[414]    B. L. Grant.Pitcher Plant Fertilizer: When And How To Fertilize A Pitcher Plant. 2015, Accessed 8th May 2015, Available: 

http://www.gardeningknowhow.com/houseplants/pitcher-plants/pitcher-plant-fertilizer.htm 
[415]    H. F. Bohn and W. Federle, "Insect aquaplaning: Nepenthes pitcher plants capture prey with the peristome, a fully wettable 

water-lubricated anisotropic surface", Proceedings of the National Academy of Sciences of the United States of America, 
vol. 101, pp. 14138-14143, 09/21 

07/23/received 2004. 
[416]    PBS.Nova - Making Stuff Wilder (PBS Documentary) 2014, Accessed 8th May 2015, Available: 

https://www.youtube.com/watch?v=a1Uo-Wp4kjo 
[417]    B. L. Song, "Eiffel Tower, seen from the champ de Mars, Paris, France", [Photo], 2009. 
[418]    O.-K. Park, H.-S. Chae, G. Y. Park, N.-H. You, S. Lee, Y. H. Bang, et al., "Effects of functional group of carbon nanotubes on 

mechanical properties of carbon fibers", Composites Part B: Engineering, vol. 76, pp. 159-166, 2015. 
[419]    L. R. Meza, S. Das, and J. R. Greer, "Strong, lightweight, and recoverable three-dimensional ceramic nanolattices", Science, 

vol. 345, pp. 1322-1326, 2014. 
[420]    J. Greer.The surprising strengths of materials in the nanoworld. 2014, Accessed 2nd May 2015, Available: 

https://www.youtube.com/watch?v=TjHYHY_IkUk 
[421]    GalleryHip.Spider Silk. 2013, Accessed 10th May 2015, Available: http://galleryhip.com/spider-silk.html 
[422]    L. Römer and T. Scheibel, "The elaborate structure of spider silk: Structure and function of a natural high performance 

fiber", Prion, vol. 2, pp. 154-161, 2008. 
[423]    F. G. Omenetto and D. L. Kaplan, "New Opportunities for an Ancient Material", Science (New York, N.Y.), vol. 329, pp. 528-

531, 2010. 
[424]    J. Hardy and T. Scheibel, "Silk-inspired polymers and proteins", Biochemical Society Transactions, vol. 37, p. 677, 2009. 
[425]    E. Lepore, F. Bonaccorso, M. Bruna, F. Bosia, S. Taioli, G. Garberoglio, et al., "Silk reinforced with graphene or carbon 

nanotubes spun by spiders", ArXiv e-prints, 2015. 
[426]    A. H. Barber, D. Lu, and N. M. Pugno, "Extreme strength observed in limpet teeth", J R Soc Interface, vol. 12, Apr 6 2015. 
[427]    T. Green.Limpet Family at Sunny Cove. 2011, Accessed 19th May 2015, Available: 

https://www.flickr.com/photos/atoach/6575875147/in/photolist-b265zH-qU2EER-abtswB-qTZWr4-qzz7z5-pV9hgd-
qzz6oY-nEFHn4-y7ANk-qPRrqd-frLi8r-fP3nFh-3dWCiY-k8XxTE-8ftPY6-6uuYnm-8WviSJ-72Z1Am-68xUgz-4D4x9e-pL7gvK-
qDh4t3-pnxHT3-a3BgFm-oR 

[428]    Reuters.Strongest known natural material - spider silk or limpet teeth? Accessed 19th May 2015, Available: 
http://bdnews24.com/science/2015/02/18/strongest-known-natural-material---spider-silk-or-limpet-teeth 

[429]    S. Kaplan.Scientists have discovered nature’s newest strongest material. 2015, Accessed 19th May 2015, Available: 
http://www.washingtonpost.com/news/morning-mix/wp/2015/02/18/scientists-have-discovered-natures-newest-
strongest-material-and-it-comes-from-a-sea-snail/ 

[430]    M. A. Bernards, Jr., I. Oke, A. Heyland, and D. S. Fudge, "Spontaneous unraveling of hagfish slime thread skeins is mediated 
by a seawater-soluble protein adhesive", J Exp Biol, vol. 217, pp. 1263-8, Apr 15 2014. 

[431]    T. Winegard, J. Herr, C. Mena, B. Lee, I. Dinov, D. Bird, et al., "Coiling and maturation of a high-performance fibre in hagfish 
slime gland thread cells", Nat Commun, vol. 5, 04/04/online 2014. 

[432]    C. Hastrich.Hagfish Slime is the new Spiderweb Silk. 2011, Accessed 8th May 2015, Available: 
https://bouncingideas.wordpress.com/2011/10/29/hagfish-slime-is-the-new-spiderweb-silk/ 

[433]    S. Collins.Silent flights: How owls could help make wind turbines and planes quieter. 2015, Accessed 22nd June 2015, 
Available: http://www.cam.ac.uk/research/news/silent-flights-how-owls-could-help-make-wind-turbines-and-planes-
quieter 

[434]    "Hierarchical Structures in Biology: A Guide for New Materials Technology", The National Academy Press, 1994. 
[435]    E. I. S. Flores, M. I. Friswell, and Y. Y. Xia, "Variable stiffness biological and bio-inspired materials", Journal of Intelligent 

Material Systems and Structures, vol. 24, pp. 529-540, Mar 2013. 
[436]    Biomimetics and Dexterous Manipulation Laboratory.Profile of Mark Cutkosky. 2014, Accessed 8th May 2015, Available: 

http://bdml.stanford.edu/Profiles/MarkCutkosky 
[437]    H. Izadi, K. M. E. Stewart, and A. Penlidis, "Role of contact electrification and electrostatic interactions in gecko adhesion", 

Journal of The Royal Society Interface, vol. 11, 2014. 
[438]    K. Autumn, P. H. Niewiarowski, and J. B. Puthoff, "Gecko Adhesion as a Model System for Integrative Biology, 

Interdisciplinary Science, and Bioinspired Engineering", Annual Review of Ecology, Evolution, and Systematics, vol. 45, 
pp. 445-470, 2014. 

[439]    A. Asbeck, S. Dastoor, A. Parness, L. Fullerton, N. Esparza, D. Soto, et al., "Climbing rough vertical surfaces with hierarchical 
directional adhesion," in International Conference on Robotics and Automation, Kobe, Japan, 2009. 

[440]    A. Rutkin.Tiny robots climb walls carrying more than 100 times their weight. 2015, Accessed 16th May 2015, Available: 
http://www.newscientist.com/article/dn27413#.VVcjO0ZriNI 

[441]    A. Checco, T. Hofmann, E. DiMasi, C. T. Black, and B. M. Ocko, "Morphology of Air Nanobubbles Trapped at Hydrophobic 
Nanopatterned Surfaces", Nano Letters, vol. 10, pp. 1354-1358, 2010/04/14 2010. 

[442]    T.-S. Wong, S. H. Kang, S. K. Y. Tang, E. J. Smythe, B. D. Hatton, A. Grinthal, et al., "Bioinspired self-repairing slippery 
surfaces with pressure-stable omniphobicity", Nature, vol. 477, pp. 443-447, 09/22/print 2011. 

[443]    I. Scholz, M. Buckins, L. Dolge, T. Erlinghagen, A. Weth, F. Hischen, et al., "Slippery surfaces of pitcher plants: Nepenthes 
wax crystals minimize insect attachment via microscopic surface roughness", J Exp Biol, vol. 213, pp. 1115-25, Apr 2010. 

[444]    T. B. Green.Non-toxic Anti-fouling Solutions: Sharklet. 2011, Accessed 8th July 2015, Available: http://www.ny-
big.org/learning/non-toxic-anti-fouling-solutions-sharklet/ 

[445]    G. D. Bixler and B. Bhushan, "Fluid drag reduction and efficient self-cleaning with rice leaf and butterfly wing bioinspired 
surfaces", Nanoscale, vol. 5, pp. 7685-710, Sep 7 2013. 

[446]    Sharklet Technologies Inc. Accessed 11th May 2015, Available: http://sharklet.com/ 
[447]    L. Wen, J. C. Weaver, and G. V. Lauder, "Biomimetic shark skin: design, fabrication and hydrodynamic function", J Exp Biol, 

vol. 217, pp. 1656-66, May 15 2014. 

http://www.gardeningknowhow.com/houseplants/pitcher-plants/pitcher-plant-fertilizer.htm
http://www.youtube.com/watch?v=a1Uo-Wp4kjo
http://www.youtube.com/watch?v=TjHYHY_IkUk
http://galleryhip.com/spider-silk.html
http://www.flickr.com/photos/atoach/6575875147/in/photolist-b265zH-qU2EER-abtswB-qTZWr4-qzz7z5-pV9hgd-qzz6oY-nEFHn4-y7ANk-qPRrqd-frLi8r-fP3nFh-3dWCiY-k8XxTE-8ftPY6-6uuYnm-8WviSJ-72Z1Am-68xUgz-4D4x9e-pL7gvK-qDh4t3-pnxHT3-a3BgFm-oR
http://www.flickr.com/photos/atoach/6575875147/in/photolist-b265zH-qU2EER-abtswB-qTZWr4-qzz7z5-pV9hgd-qzz6oY-nEFHn4-y7ANk-qPRrqd-frLi8r-fP3nFh-3dWCiY-k8XxTE-8ftPY6-6uuYnm-8WviSJ-72Z1Am-68xUgz-4D4x9e-pL7gvK-qDh4t3-pnxHT3-a3BgFm-oR
http://www.flickr.com/photos/atoach/6575875147/in/photolist-b265zH-qU2EER-abtswB-qTZWr4-qzz7z5-pV9hgd-qzz6oY-nEFHn4-y7ANk-qPRrqd-frLi8r-fP3nFh-3dWCiY-k8XxTE-8ftPY6-6uuYnm-8WviSJ-72Z1Am-68xUgz-4D4x9e-pL7gvK-qDh4t3-pnxHT3-a3BgFm-oR
http://bdnews24.com/science/2015/02/18/strongest-known-natural-material---spider-silk-or-limpet-teeth
http://www.washingtonpost.com/news/morning-mix/wp/2015/02/18/scientists-have-discovered-natures-newest-strongest-material-and-it-comes-from-a-sea-snail/
http://www.washingtonpost.com/news/morning-mix/wp/2015/02/18/scientists-have-discovered-natures-newest-strongest-material-and-it-comes-from-a-sea-snail/
http://www.cam.ac.uk/research/news/silent-flights-how-owls-could-help-make-wind-turbines-and-planes-quieter
http://www.cam.ac.uk/research/news/silent-flights-how-owls-could-help-make-wind-turbines-and-planes-quieter
http://bdml.stanford.edu/Profiles/MarkCutkosky
http://www.newscientist.com/article/dn27413#.VVcjO0ZriNI
http://www.ny-big.org/learning/non-toxic-anti-fouling-solutions-sharklet/
http://www.ny-big.org/learning/non-toxic-anti-fouling-solutions-sharklet/
http://sharklet.com/


Adopting Multifunctional Material Systems References 

 

 168 

 

[448]    D. Bennett.Airplanes With Sharks' Skin? It May Cut Fuel Burn. 2013, Accessed 7th July 2015, Available: 
http://www.bloomberg.com/bw/articles/2013-02-25/airplanes-with-sharks-skin-it-may-cut-fuel-burn 

[449]    A. Frangoul.How sharkskin could improve your flight. 2014, Accessed 7th July 2015, Available: 
http://www.cnbc.com/id/101761513 

[450]    Z. Dan-Yang, H. Zhi-Ping, W. Min-Jie, W. Tao, and J. Yifei, "Vacuum casting replication of micro-riblets on shark skin for drag-
reducing applications", Journal of Materials Processing Technology, vol. 212, pp. 198-202, 01/ 2012. 

[451]    Fraunhofer Magazine. (2010) Sharkskin for airplanes, ships and wind energy plants.  
[452]    D. Ge, E. Lee, L. Yang, Y. Cho, M. Li, D. S. Gianola, et al., "A Robust Smart Window: Reversibly Switching from High 

Transparency to Angle‐Independent Structural Color Display", Advanced Materials, vol. 27, pp. 2489-2495, 2015. 
[453]    Q. Wang, G. R. Gossweiler, S. L. Craig, and X. Zhao, "Cephalopod-inspired design of electro-mechano-chemically responsive 

elastomers for on-demand fluorescent patterning", Nat Commun, vol. 5, p. 4899, 2014. 
[454]    C. Yu, Y. Li, X. Zhang, X. Huang, V. Malyarchuk, S. Wang, et al., "Adaptive optoelectronic camouflage systems with designs 

inspired by cephalopod skins", Proceedings of the National Academy of Sciences, vol. 111, pp. 12998-13003, September 
9, 2014 2014. 

[455]    J. Teyssier, S. V. Saenko, D. van der Marel, and M. C. Milinkovitch, "Photonic crystals cause active colour change in 
chameleons", Nat Commun, vol. 6, p. 6368, 2015. 

[456]    L. Zhu, J. Kapraun, J. Ferrara, and C. J. Chang-Hasnain, "Flexible photonic metastructures for tunable coloration", Optica, 
vol. 2, pp. 255-258, 2015/03/20 2015. 

[457]    Julian F. V. Vincent, Olga A. Bogatyreva, Nikolaj R. Bogatyrev, Adrian Bowyer, and A.-K. Pahl., "Biomimetics: its practice and 
theory", Journal of The Royal Society Interface, vol. 3, pp. 471-2, 2006. 

[458]    M. Helms, S. S. Vattam, and A. K. Goel, "Biologically inspired design: process and products", Design Studies, vol. 30, pp. 606-
622, 9// 2009. 

[459]    Y. Bar-Cohen, "Biomimetics: biologically inspired technologies": CRC Press, 2005. 
[460]    P. Pearce, "Structure in Nature is a Strategy for Design": MIT press, 1990. 
[461]    G. N. Karam and L. J. Gibson, "Elastic buckling of cylindrical shells with elastic cores—I. Analysis", International Journal of 

Solids and Structures, vol. 32, pp. 1259-1283, 4// 1995. 
[462]    L. J. Gibson, M. F. Ashby, and B. A. Harley, "Cellular Materials in Nature and Medicine": Cambridge University Press, 2010. 
[463]    P. Fratzl and R. Weinkamer, "Nature’s hierarchical materials", Progress in Materials Science, vol. 52, pp. 1263-1334, 2007. 
[464]    M. R. Snow, A. Pring, P. Self, D. Losic, and J. Shapter, "The origin of the color of pearls in iridescence from nano-composite 

structures of the nacre", American Mineralogist, vol. 89, pp. 1353-1358, 2004. 
[465]    U. Lindemann and J. Gramann, "Engineering design using biological principles," in DS 32: Proceedings of DESIGN 2004, the 

8th International Design Conference, Dubrovnik, Croatia, 2004. 
[466]    T. W. Mak and L. H. Shu, "Abstraction of Biological Analogies for Design", CIRP Annals - Manufacturing Technology, vol. 53, 

pp. 117-120, // 2004. 
[467]    T. W. Mak and L. H. Shu, "Using descriptions of biological phenomena for idea generation", Research in Engineering Design, 

vol. 19, pp. 21-28, 2008/03/01 2008. 
[468]    R. L. Nagel, P. A. Midha, A. Tinsley, R. B. Stone, D. A. McAdams, and L. H. Shu, "Exploring the Use of Functional Models in 

Biomimetic Conceptual Design", Journal of Mechanical Design, vol. 130, pp. 121102-121102, 2008. 
[469]    L. Shu, B. Stone Robert, A. McAdams Daniel, and L. Greer James, "Integrating function-based and biomimetic design for 

automatic concept generation", Guidelines for a Decision Support Method Adapted to NPD Processes, 2007. 
[470]    R. K. Sawyer, "Explaining creativity: The science of human innovation". N{Sawyer, 2006 #1941}ew York: Oxford University 

Press, 2006. 
[471]    L. R. Varshney, F. Pinel, K. R. Varshney, A. Schörgendorfer, and Y.-M. Chee, "Cognition as a part of computational creativity," 

in ICCI* CC, 2013, pp. 36-43. 
[472]    L. R. Varshney, F. Pinel, K. R. Varshney, D. Bhattacharjya, A. Schoergendorfer, and Y.-M. Chee, "A big data approach to 

computational creativity", arXiv preprint arXiv:1311.1213, 2013. 
[473]    Future of Life Institute.Research Priorities for Robust and Beneficial Artificial Intelligence: an Open Letter Accessed 24th 

June 2015, Available: http://futureoflife.org/misc/open_letter 
[474]    Amaresh Chakrabarti, Prabir Sarkar, B. Leelavathamma, and B. S. Nataraju, " A functional representation for aiding 

biomimetic and artificial inspiration of new ideas", Artificial Intelligence for Engineering Design, Analysis and 
Manufacturing, vol. 19, pp. 113-132, 2005. 

[475]    B.-C. Yoseph, "Biomimetics—using nature to inspire human innovation", Bioinspiration & Biomimetics, vol. 1, p. P1, 2006. 
[476]    C. f. B. I. Design.BioM Innovation Database Accessed 23rd June 2015, Available: http://bioinspired.sinet.ca/content/biom-

innovation-database 
[477]    S. Craig, D. Harrison, A. Cripps, and D. Knott, "BioTRIZ suggests radiative cooling of buildings can be done passively by 

changing the structure of roof insulation to let longwave infrared pass", Journal of Bionic Engineering, vol. 5, pp. 55-66, 
2008. 

[478]    S. Vattam, B. Wiltgen, M. Helms, A. K. Goel, and J. Yen, "DANE: fostering creativity in and through biologically inspired 
design", in Design Creativity 2010, ed: Springer, 2011, pp. 115-122. 

[479]    M. W. Glier, D. A. McAdams, and J. S. Linsey, "Exploring Automated Text Classification to Improve Keyword Corpus Search 
Results for Bioinspired Design", Journal of Mechanical Design, vol. 136, p. 111103, 2014. 

[480]    D. Vandevenne, P.-A. Verhaegen, and R. J. Duflou, "Mention and focus organism detection and their applications for 
scalable systematic bio-ideation tools", Journal of Mechanical Design, vol. 136, p. 111104, 2014. 

[481]    A. K. Goel, D. A. McAdams, and R. B. Stone, "Special Issue on Biologically Inspired Design", Journal of Mechanical Design, 
vol. 136, p. 110301, 2014. 

[482]    A. K. Goel, D. A. McAdams, and R. B. Stone, "Biologically inspired design: computational methods and tools": Springer 
Science & Business Media, 2013. 

[483]    Cambridge Journals Online.Artificial Intelligence for Engineering Design, Analysis and Manufacturing Accessed 12th July 
2015, Available: http://journals.cambridge.org/action/displayJournal?jid=AIE 

http://www.bloomberg.com/bw/articles/2013-02-25/airplanes-with-sharks-skin-it-may-cut-fuel-burn
http://www.cnbc.com/id/101761513
http://futureoflife.org/misc/open_letter
http://bioinspired.sinet.ca/content/biom-innovation-database
http://bioinspired.sinet.ca/content/biom-innovation-database
http://journals.cambridge.org/action/displayJournal?jid=AIE


Adopting Multifunctional Material Systems References 

 

 169 

 

[484]    J. Wilson, P. Chang, S. Yim, and D. W. Rosen, "Developing a bio-inspired design repository using ontologies," in ASME 2009 
International Design Engineering Technical Conferences and Computers and Information in Engineering Conference, 
2009, pp. 799-808. 

[485]    ThinkMap.Visual Thesaurus Accessed 23rd June 2015, Available: https://www.visualthesaurus.com/ 
[486]    S. Wolfram.Jeopardy, IBM, and Wolfram|Alpha. 2011, Accessed 24th May 2015, Available: 

http://blog.stephenwolfram.com/2011/01/jeopardy-ibm-and-wolframalpha/ 
[487]    T. Cavalier-Smith, "A revised six-kingdom system of life", Biological Reviews, vol. 73, pp. 203-266, 1998. 
[488]    Fractal Foundation, "Fractal Pack 1: Educator's Guide", 2009. 
[489]    E. Roduner, "Size matters: why nanomaterials are different", Chemical Society Reviews, vol. 35, pp. 583-592, 2006. 
[490]    H. Gao, B. Ji, I. L. Jäger, E. Arzt, and P. Fratzl, "Materials become insensitive to flaws at nanoscale: Lessons from nature", 

Proceedings of the National Academy of Sciences, vol. 100, pp. 5597-5600, May 13, 2003 2003. 
[491]    G. Pahl and W. Beitz, "Engineering design: a systematic approach": Springer Science & Business Media, 2013. 
[492]    J. E. Shigley, C. R. Mischke, R. G. Budynas, X. Liu, and Z. Gao, "Mechanical engineering design" vol. 89: McGraw-Hill New 

York, 1989. 
[493]    c041v.Model S sightings in Ontario. 2013, Accessed 16th June 2015, Available: 

http://www.teslamotorsclub.com/showthread.php/13195-Model-S-sightings-in-Ontario/page6 
[494]    N. Jaynes.Dutch team nearly doubles Tesla Model S range by driving 388 miles on a single charge. 2013, Accessed 16th June 

2015, Available: http://www.digitaltrends.com/cars/tesla-model-s-goes-388-miles-in-the-netherlands/ 
[495]    Ralph Etienne-Cummings, R. J. Vogelstein, and J. Zhang, "Product Development and Product Planning", [Slide Presentation], 

John Hopkins University. 
[496]    M. P. Bendsøe and O. Sigmund, "Topology optimization: theory, methods and applications. 2003", Springer, Berlin. 
[497]    O. Sigmund and S. Torquato, "Design of smart composite materials using topology optimization", Smart Materials and 

Structures, vol. 8, p. 365, 1999. 
[498]    J. P. Thomas and M. A. Qidwai, "Mechanical design and performance of composite multifunctional materials", Acta 

Materialia, vol. 52, pp. 2155-2164, 5/3/ 2004. 
[499]    M. F. Ashby, "Materials Selection in Mechanical Design". Oxford, UK: Butterworth-Heinemann, 1999. 
[500]    M. F. Ashby, "Materials and Shape", Acta Metallurgica et Materialia, pp. 1025–1039, 1991. 
[501]    E. Bayer.Are mushrooms the new plastic. 2010, Accessed 9th May 2015, Available: 

http://www.ted.com/talks/eben_bayer_are_mushrooms_the_new_plastic#t-527945 
[502]    D. V. Krogstad, "Investigating the Structure-Property Relationships of Aqueous Self-Assembled Materials": University of 

California, Santa Barbara, 2012. 
[503]    L. A. Bawazer, M. Izumi, D. Kolodin, J. R. Neilson, B. Schwenzer, and D. E. Morse, "Evolutionary selection of enzymatically 

synthesized semiconductors from biomimetic mineralization vesicles", Proceedings of the National Academy of 
Sciences, vol. 109, pp. E1705–E1714, June 26, 2012 2012. 

[504]    K. T. Nam, D.-W. Kim, P. J. Yoo, C.-Y. Chiang, N. Meethong, P. T. Hammond, et al., "Virus-enabled synthesis and assembly of 
nanowires for lithium ion battery electrodes", science, vol. 312, pp. 885-888, 2006. 

[505]    X. Dang, H. Yi, M.-H. Ham, J. Qi, D. S. Yun, R. Ladewski, et al., "Virus-templated self-assembled single-walled carbon 
nanotubes for highly efficient electron collection in photovoltaic devices", Nature nanotechnology, vol. 6, pp. 377-384, 
2011. 

[506]    B. v. Igen, "Royal Cosun Cellulose Valorisation," in BPM Symposium 21 June, 2012. 
[507]    H. P. S. Abdul Khalil, A. H. Bhat, and A. F. Ireana Yusra, "Green composites from sustainable cellulose nanofibrils: A review", 

Carbohydrate Polymers, vol. 87, pp. 963-979, 2012. 
[508]    S. J. Eichhorn, A. Dufresne, M. Aranguren, N. E. Marcovich, J. R. Capadona, S. J. Rowan, et al., "Review: current international 

research into cellulose nanofibres and nanocomposites", Journal of Materials Science, vol. 45, pp. 1-33, 2009. 
[509]    I. Siró and D. Plackett, "Microfibrillated cellulose and new nanocomposite materials: a review", Cellulose, vol. 17, pp. 459-

494, 2010/06/01 2010. 
[510]    A. Schulman.High Performance Plastics, Resins and Masterbacthes Accessed 11th May 2015, Available: 

http://www.aschulman.com/default.aspx 
[511]    R. Levangie.Plastic Made With Wheat Straw Cuts Ford’s Petroleum Use. 2009, Accessed 11th May 2015, Available: 

http://www.triplepundit.com/2009/11/plastic-made-with-wheat-straw-cuts-petroleum-use-at-ford/ 
[512]    CompositesWorld.New cellulose-based fiber. 2012, Accessed 21st May 2015, Available: 

http://www.compositesworld.com/products/new-cellulose-based-fiber 
[513]    W. Hipolite.Researchers 3D Print Using Electrically Conductive, Carbon Nanotube Infused, Cellulose — Potential For Many 

Futuristic Uses. 2015, Accessed 18th June 2015, Available: http://3dprint.com/73925/3d-printing-cellulose 
[514]    V. Fiore, T. Scalici, G. Di Bella, and A. Valenza, "A review on basalt fibre and its composites", Composites Part B: Engineering, 

vol. 74, pp. 74-94, 2015. 
[515]    V. Dhand, G. Mittal, K. Y. Rhee, S.-J. Park, and D. Hui, "A short review on basalt fiber reinforced polymer composites", 

Composites Part B: Engineering, vol. 73, pp. 166-180, 2015. 
[516]    A. Ross.Basalt Fibers: Alternative To Glass? 2006, Accessed 21st May 2015, Available: 

http://www.compositesworld.com/articles/basalt-fibers-alternative-to-glass 
[517]    S. Priya, "Advances in energy harvesting using low profile piezoelectric transducers", Journal of Electroceramics, vol. 19, pp. 

167-184, Sep 2007. 
[518]    A. Kansal, J. Hsu, S. Zahedi, and M. B. Srivastava, "Power management in energy harvesting sensor networks", ACM Trans. 

Embed. Comput. Syst., vol. 6, p. 32, 2007. 
[519]    S. Boisseau and G. Despesse.Energy harvesting, wireless sensor networks & opportunities for industrial applications. 2012, 

Accessed 9 March 2015, Available: http://www.embedded.com/print/4237022 
[520]    A. Khaligh, P. Zeng, and C. Zheng, "Kinetic Energy Harvesting Using Piezoelectric and Electromagnetic Technologies-State of 

the Art", Ieee Transactions on Industrial Electronics, vol. 57, pp. 850-860, Mar 2010. 
[521]    H. S. Kim, J. H. Kim, and J. Kim, "A Review of Piezoelectric Energy Harvesting Based on Vibration", International Journal of 

Precision Engineering and Manufacturing, vol. 12, pp. 1129-1141, Dec 2011. 

http://www.visualthesaurus.com/
http://blog.stephenwolfram.com/2011/01/jeopardy-ibm-and-wolframalpha/
http://www.teslamotorsclub.com/showthread.php/13195-Model-S-sightings-in-Ontario/page6
http://www.digitaltrends.com/cars/tesla-model-s-goes-388-miles-in-the-netherlands/
http://www.ted.com/talks/eben_bayer_are_mushrooms_the_new_plastic#t-527945
http://www.aschulman.com/default.aspx
http://www.triplepundit.com/2009/11/plastic-made-with-wheat-straw-cuts-petroleum-use-at-ford/
http://www.compositesworld.com/products/new-cellulose-based-fiber
http://3dprint.com/73925/3d-printing-cellulose
http://www.compositesworld.com/articles/basalt-fibers-alternative-to-glass
http://www.embedded.com/print/4237022


Adopting Multifunctional Material Systems References 

 

 170 

 

[522]    S. M.Taware and S. P. Deshmukh, "A Review of Energy Harvesting from PiezoElectric Materials", Journal of Mechanical and 
Civil Engineering, pp. 43-50, 2013. 

[523]    T. M. Tritt, "Thermoelectric Phenomena, Materials, and Applications", in Annual Review of Materials Research, Vol 41. vol. 
41, D. R. Clarke and P. Fratzl, Eds., ed Palo Alto: Annual Reviews, 2011, pp. 433-448. 

[524]    E. Müller, Č. Drašar, J. Schilz, and W. A. Kaysser, "Functionally graded materials for sensor and energy applications", 
Materials Science and Engineering: A, vol. 362, pp. 17-39, 2003. 

[525]    M. Martin-Gonzalez, O. Caballero-Calero, and P. Diaz-Chao, "Nanoengineering thermoelectrics for 21st century: Energy 
harvesting and other trends in the field", Renewable & Sustainable Energy Reviews, vol. 24, pp. 288-305, Aug 2013. 

[526]    K. Koumoto, R. Funahashi, E. Guilmeau, Y. Miyazaki, A. Weidenkaff, Y. F. Wang, et al., "Thermoelectric Ceramics for Energy 
Harvesting", Journal of the American Ceramic Society, vol. 96, pp. 1-23, Jan 2013. 

[527]    C. F. Guo, T. Y. Sun, F. Cao, Q. Liu, and Z. F. Ren, "Metallic nanostructures for light trapping in energy-harvesting devices", 
Light-Science & Applications, vol. 3, p. 12, Apr 2014. 

[528]    B. J. Hansen, Y. Liu, R. Yang, and Z. L. Wang, "Hybrid nanogenerator for concurrently harvesting biomechanical and 
biochemical energy", ACS Nano, vol. 4, pp. 3647-3652, 2010. 

[529]    W. Jia, G. Valdes-Ramirez, A. J. Bandodkar, J. R. Windmiller, and J. Wang, "Epidermal biofuel cells: Energy harvesting from 
human perspiration", Angewandte Chemie - International Edition, vol. 52, pp. 7233-7236, 2013. 

[530]    V. B. Sundaresan, S. A. Sarles, and D. J. Leo, "Characterization of porous substrates for biochemical energy conversion 
devices," in Active and Passive Smart Structures and Integrated Systems 2008, March 10, 2008 - March 13, 2008, San 
Diego, CA, United states, 2008, p. The International Society for Optical Engineering (SPIE); American Society of 
Mechanical Engineers. 

[531]    Z. L. Wang and W. Wu, "Nanotechnology-enabled energy harvesting for self-powered micro-/nanosystems", Angew Chem 
Int Ed Engl, vol. 51, pp. 11700-21, Nov 19 2012. 

[532]    H. Lee and S. Choi, "An origami paper-based bacteria-powered battery", Nano Energy, vol. 15, pp. 549-557, 2015. 
[533]    X. Chen, D. Goodnight, Z. Gao, A. H. Cavusoglu, N. Sabharwal, M. DeLay, et al., "Scaling up nanoscale water-driven energy 

conversion into evaporation-driven engines and generators", Nat Commun, vol. 6, p. 7346, 2015. 
[534]    J. A. Paradiso and T. Starner, "Energy scavenging for mobile and wireless electronics", Ieee Pervasive Computing, vol. 4, pp. 

18-27, Jan-Mar 2005. 
[535]    T. Huld, R. Müller, and A. Gambardella, "A new solar radiation database for estimating PV performance in Europe and 

Africa", Solar Energy, vol. 86, pp. 1803-1815, 6// 2012. 
[536]    M. Šúri, T. A. Huld, E. D. Dunlop, and H. A. Ossenbrink, "Potential of solar electricity generation in the European Union 

member states and candidate countries", Solar Energy, vol. 81, pp. 1295-1305, 10// 2007. 
[537]    Institute for Energy and Transport.Solar radiation and photovoltaic electricity potential country and regional maps for 

Europe Accessed 20th May 2015, Available: http://re.jrc.ec.europa.eu/pvgis/cmaps/eur.htm 
[538]    Richard Schmalensee, Vladimir Bulovic, Robert Armstrong, Charlos Battle, Patrick Brown, and J. Deutch, "The Future of 

Solar Energy", 2015. 
[539]    Melanie Nichols, Nick Townsend, Peter Scarborough, Mike Rayner, Jose Leal, Ramon Luengo-Fernandez, et al., "European 

Cardiovascular Disease Statistics". Brussels: European Heart Network AISBL, 2012. 
[540]    InHealth, "GP guide for the investigation of patients with cardiovascular problems", 2013. 
[541]    Mayo Clinic.Heart Disease tests and diagnosis. 2014, Accessed 29th July 2015, Available: 

http://www.mayoclinic.org/diseases-conditions/heart-disease/basics/tests-diagnosis/con-20034056 
[542]    E. Burns.ECG Clinical Interpretation: A to Z by diagnosis Accessed 30th June 2015, Available: 

http://lifeinthefastlane.com/ecg-library/basics/diagnosis/ 
[543]    U. o. W. S. o. Medicine.Technique: Heart Sounds & Murmurs Accessed 30th June 2015, Available: 

http://depts.washington.edu/physdx/heart/tech.html 
[544]    A. B. de Luna, V. N. Batchvarov, and M. Malik, "The Morphology of the Electrocardiogram", ed, 2006, pp. 1-35. 
[545]    S. Mangione and L. Z. Nieman, "Cardiac auscultatory skills of internal medicine and family practice trainees: a comparison of 

diagnostic proficiency", Jama, vol. 278, pp. 717-722, 1997. 
[546]    G. Guidi, E. Iadanza, M. C. Pettenati, M. Milli, F. Pavone, and G. B. Gentili, "Heart failure artificial intelligence-based 

computer aided diagnosis telecare system", in Impact analysis of solutions for chronic disease prevention and 
management, ed: Springer, 2012, pp. 278-281. 

[547]    W. W. Myint and B. Dillard, "An electronic stethoscope with diagnosis capability," in System Theory, 2001. Proceedings of 
the 33rd Southeastern Symposium on, 2001, pp. 133-137. 

[548]    BioPac Systems Inc.ECG Automated Analysis Software, Available: http://www.biopac.com/Electrocardiography-ECG-
Analysis-Software 

[549]    ECGPedia.org.Basics of ECG Accessed 30th June 2015, Available: 
http://en.ecgpedia.org/wiki/Basics#What_does_the_ECG_register.3F 

[550]    J. W. Grier.An introduction to ECG/EKG. 2008, Accessed 30th June 2015, Available: 
https://www.ndsu.edu/pubweb/~grier/eheart.html 

[551]    R. T. H. Laennec.Drawings stethoscope 1819, Accessed 30th June 2015,  
[552]    M. G. F, "Stethoscope with o-ring construction", Google Patents, 1965. 
[553]    F. T. Baker.Old Questions and Answers Accessed 30th June 2015, Available: 

http://askthephysicist.com/ask_phys_q&a_older.html 
[554]    Shen.Surfing suit Accessed 30th June 2015, Available: http://pt.aliexpress.com/store/product/Free-shipping-high-quality-

dive-suit-surfing-suit-for-man-shorty-for-man-swimming-suit-men/735742_1535273499.html?storeId=735742 
[555]    Nurses Store.Understanding Your Stethoscope. 2013, Accessed 17th June 2015, Available: 

http://www.nursesstore.com/blog/understanding-your-stethoscope 
[556]    L. Weiner.Heart rate as diabetes marker. 2015, Accessed 7th June 2015, Available: http://blog.applysci.com/?p=4035 
[557]    QLC.All Computer Hardware, Available: http://queenslandcomputers.com.au/ 
[558]    Vanguard Products Corporation.Rubber Tubing / Silicone Tubing Accessed 8th June 2015, Available: 

http://www.vanguardproducts.com/rubber-tubing-silicone-tubing.html 

http://re.jrc.ec.europa.eu/pvgis/cmaps/eur.htm
http://www.mayoclinic.org/diseases-conditions/heart-disease/basics/tests-diagnosis/con-20034056
http://lifeinthefastlane.com/ecg-library/basics/diagnosis/
http://depts.washington.edu/physdx/heart/tech.html
http://www.biopac.com/Electrocardiography-ECG-Analysis-Software
http://www.biopac.com/Electrocardiography-ECG-Analysis-Software
http://en.ecgpedia.org/wiki/Basics#What_does_the_ECG_register.3F
http://www.ndsu.edu/pubweb/~grier/eheart.html
http://askthephysicist.com/ask_phys_q&a_older.html
http://pt.aliexpress.com/store/product/Free-shipping-high-quality-dive-suit-surfing-suit-for-man-shorty-for-man-swimming-suit-men/735742_1535273499.html?storeId=735742
http://pt.aliexpress.com/store/product/Free-shipping-high-quality-dive-suit-surfing-suit-for-man-shorty-for-man-swimming-suit-men/735742_1535273499.html?storeId=735742
http://www.nursesstore.com/blog/understanding-your-stethoscope
http://blog.applysci.com/?p=4035
http://queenslandcomputers.com.au/
http://www.vanguardproducts.com/rubber-tubing-silicone-tubing.html


Adopting Multifunctional Material Systems References 

 

 171 

 

[559]    T. Reichenbach and A. Hudspeth, "Dual contribution to amplification in the mammalian inner ear", Physical review letters, 
vol. 105, p. 118102, 2010. 

[560]    S. Knisely.Insect hearing inspires new approach to small antennas. 2011, Accessed 30th June 2015, Available: 
http://www.news.wisc.edu/19033 

[561]    P. M. Narins, "Acoustics: In a fly's ear", Nature, vol. 410, pp. 644-645, 2001. 
[562]    A. D. S. Bala, M. W. Spitzer, and T. T. Takahashi, "Auditory Spatial Acuity Approximates the Resolving Power of Space-

Specific Neurons", PLoS ONE, vol. 2, p. e675, 2007. 
[563]    A. A. de Lima, F. P. Freeland, R. A. de Jesus, B. C. Bispo, L. W. Biscainho, S. L. Netto, et al., "On the quality assessment of 

sound signals," in Circuits and Systems, 2008. ISCAS 2008. IEEE International Symposium on, 2008, pp. 416-419. 
[564]    E. Bogatin, "Signal integrity: simplified": Prentice Hall Professional, 2004. 
[565]    P. Bellés, N. Ortega, M. Rosales, and O. Andrés, "Shell form-finding: Physical and numerical design tools", Engineering 

Structures, vol. 31, pp. 2656-2666, 11// 2009. 
[566]    A. R. Gentle and G. B. Smith, "A Subambient Open Roof Surface under the Mid-Summer Sun", Advanced Science, 2015. 
[567]    S. Mukherjee, W. L. Hsieh, N. Smith, M. Goulding, and J. Heikenfeld, "Electrokinetic pixels with biprimary inks for color 

displays and color-temperature-tunable smart windows", Applied Optics, vol. 54, pp. 5603-5609, 2015/06/10 2015. 
[568]    Peer+.Smart Energy Glass. 2015, Accessed 18th June 2015, Available: http://www.peerplus.nl/default/index/index 
[569]    S.-H. Kim and S.-H. Lee, "Air transparent soundproof window", AIP Advances, vol. 4, p. 117123, 2014. 
[570]    BBCNews.Glow in the dark road unveiled in the Netherlands. 2014, Accessed 18th June 2015, Available: 

http://www.bbc.com/news/technology-27021291 
[571]    M. Prigg.That really IS a tech bubble: Google reveals plan for radical transparent 'tented city' to take on Apple's spaceship 

campus. 2015, Accessed 19th April 2015, Available: http://www.dailymail.co.uk/sciencetech/article-2972691/That-
really-tech-bubble-Google-reveals-plan-radical-transparent-tented-city-Apple-s-spaceship-campus.html 

[572]    B. Hobson.EcoLogicStudio transforms cladding system into a bioreactor with Urban Algae Canopy. 2015, Accessed 9th May 
2015, Available: http://www.dezeen.com/2015/05/01/movie-ecologicstudio-etfe-cladding-algae-bioreactor-urban-
algae-canopy/ 

[573]    V. Nelepa, Q. S. Almurooshid, M. Sekulic, D. Blacic, K. Jenkins, I. Nelepa, et al.Smart Palm. 2015, Accessed 18th June 2015, 
Available: http://smart-palm.com/ 

[574]    A. Stangroom.INI Plant Oxford showcases pioneering street lighting system with integrated electric vehicle charging. 2015, 
Accessed 17th June 2015, Available: https://www.press.bmwgroup.com/united-kingdom/pressDetail.html?title=mini-
plant-oxford-showcases-pioneering-street-lighting-system-with-integrated-electric-
vehicle&outputChannelId=8&id=T0222342EN_GB&left_menu_item=node__803 

[575]    Daniel Timms, William Cohn, Toru Masuzawa, Geoff Tansley, William Cohn, John Fraser, et al.BiVACOR. 2015, Accessed 
27th May 2015, Available: http://www.bivacor.com/ 

[576]    Fraunhofer.Pressure-monitoring stockings to prevent wounds in diabetics. 2015, Accessed 20th May 2015, Available: 
http://www.fraunhofer.de/en/press/research-news/2015/may/Pressure-monitoring-stockings-to-prevent-wounds-in-
diabetics.html 

[577]    Brian Otis and B. Parviz.Introducing our smart contact lens project 2014, Accessed 21st June 2015, Available: 
http://googleblog.blogspot.co.uk/2014/01/introducing-our-smart-contact-lens.html 

[578]    Quardio.QuardioCore wearable ECG EKG monitor for iPhone Accessed 21st June 2015, Available: 
https://www.getqardio.com/qardiocore-wearable-ecg-ekg-monitor-iphone/ 

[579]    F. Walsh.Artificial leg allows patient to feel. 2015, Accessed 14th June 2015, Available: http://www.bbc.com/news/health-
33052091 

[580]    MC10.Extending human capabilities through flexible electronics. 2015, Accessed 15th June 2015, Available: 
http://www.mc10inc.com/ 

[581]    R. D. Giuseppe.Come allenare i pettorali alti. 2014, Accessed 21st June 2015, Available: 
http://esseresani.pianetadonna.it/come-allenare-i-pettorali-alti-170626.html 

[582]    G. Ostrovsky.Continuous MicroCHIPS Glucose Monitoring Shows Promise. 2008, Accessed 21st June 2015, Available: 
http://www.medgadget.com/2008/10/continuous_microchips_glucose_monitoring_shows_promise.html 

[583]    M. Kaltenbrunner, T. Sekitani, J. Reeder, T. Yokota, K. Kuribara, T. Tokuhara, et al., "An ultra-lightweight design for 
imperceptible plastic electronics", Nature, vol. 499, pp. 458-63, Jul 25 2013. 

[584]    E. B. Secor, P. L. Prabhumirashi, K. Puntambekar, M. L. Geier, and M. C. Hersam, "Inkjet Printing of High Conductivity, 
Flexible Graphene Patterns", The Journal of Physical Chemistry Letters, vol. 4, pp. 1347-1351, 2013/04/18 2013. 

[585]    J. Kim, M. Lee, H. J. Shim, R. Ghaffari, H. R. Cho, D. Son, et al., "Stretchable silicon nanoribbon electronics for skin 
prosthesis", Nat Commun, vol. 5, p. 5747, 2014. 

[586]    "Super Jatos - A tecnologia por detrás dos aviões do futuro", Quero Saber, 2015, pp. 52-60. 
[587]    Dezeen Magazine.Ixion windowless private jet by Technicon Design offers immersive panoramic views Accessed 9th April 

2015, Available: http://www.dezeen.com/2014/08/11/ixion-windowless-private-jet-by-technicon-design/ 
[588]    Discovery projects EPFL.Solar Impulse moteur de la recherche. 2015, Accessed 9 March 2015, Available: 

http://discovery.epfl.ch/solar-impulse 
[589]    Sunswift.eVe Accessed 13th May 2015, Available: http://www.sunswift.com/eve/ 
[590]    FutureTimeLine.Futuristic tires could boost electric vehicles. 2015, Accessed 12 March 2015, Available: 

http://www.futuretimeline.net/blog/2015/03/8.htm#.VQGZyOFJ2qq 
[591]    MotorKid.Futuristic Bus. 2015, Accessed 19th June 2015, Available: http://motor-kid.com/futuristic-bus.html 
[592]    P. B. Cobbinah, M. O. Erdiaw-Kwasie, and P. Amoateng, "Rethinking sustainable development within the framework of 

poverty and urbanisation in developing countries", Environmental Development, vol. 13, pp. 18-32, 2015. 
[593]    F. Salamanca-Buentello, D. L. Persad, E. B. Court, D. K. Martin, A. S. Daar, and P. A. Singer, "Nanotechnology and the 

developing world", PLoS Medicine, vol. 2, p. 383, 2005. 
[594]    G. Foladori and N. Invernizzi, "Nanotechnology in its socio-economic context", Science studies, vol. 18, pp. 67-73, 2005. 
[595]    J. Reeves, M. Riddiford, C. Angus, R. Ford, L. v. Rheen, R. Butterworth, et al.GravityLight: Made in Africa. 2015, Available: 

http://gravitylight.org/ 

http://www.news.wisc.edu/19033
http://www.peerplus.nl/default/index/index
http://www.bbc.com/news/technology-27021291
http://www.dailymail.co.uk/sciencetech/article-2972691/That-really-tech-bubble-Google-reveals-plan-radical-transparent-tented-city-Apple-s-spaceship-campus.html
http://www.dailymail.co.uk/sciencetech/article-2972691/That-really-tech-bubble-Google-reveals-plan-radical-transparent-tented-city-Apple-s-spaceship-campus.html
http://www.dezeen.com/2015/05/01/movie-ecologicstudio-etfe-cladding-algae-bioreactor-urban-algae-canopy/
http://www.dezeen.com/2015/05/01/movie-ecologicstudio-etfe-cladding-algae-bioreactor-urban-algae-canopy/
http://smart-palm.com/
http://www.press.bmwgroup.com/united-kingdom/pressDetail.html?title=mini-plant-oxford-showcases-pioneering-street-lighting-system-with-integrated-electric-vehicle&outputChannelId=8&id=T0222342EN_GB&left_menu_item=node__803
http://www.press.bmwgroup.com/united-kingdom/pressDetail.html?title=mini-plant-oxford-showcases-pioneering-street-lighting-system-with-integrated-electric-vehicle&outputChannelId=8&id=T0222342EN_GB&left_menu_item=node__803
http://www.press.bmwgroup.com/united-kingdom/pressDetail.html?title=mini-plant-oxford-showcases-pioneering-street-lighting-system-with-integrated-electric-vehicle&outputChannelId=8&id=T0222342EN_GB&left_menu_item=node__803
http://www.bivacor.com/
http://www.fraunhofer.de/en/press/research-news/2015/may/Pressure-monitoring-stockings-to-prevent-wounds-in-diabetics.html
http://www.fraunhofer.de/en/press/research-news/2015/may/Pressure-monitoring-stockings-to-prevent-wounds-in-diabetics.html
http://googleblog.blogspot.co.uk/2014/01/introducing-our-smart-contact-lens.html
http://www.getqardio.com/qardiocore-wearable-ecg-ekg-monitor-iphone/
http://www.bbc.com/news/health-33052091
http://www.bbc.com/news/health-33052091
http://www.mc10inc.com/
http://esseresani.pianetadonna.it/come-allenare-i-pettorali-alti-170626.html
http://www.medgadget.com/2008/10/continuous_microchips_glucose_monitoring_shows_promise.html
http://www.dezeen.com/2014/08/11/ixion-windowless-private-jet-by-technicon-design/
http://discovery.epfl.ch/solar-impulse
http://www.sunswift.com/eve/
http://www.futuretimeline.net/blog/2015/03/8.htm#.VQGZyOFJ2qq
http://motor-kid.com/futuristic-bus.html
http://gravitylight.org/


Adopting Multifunctional Material Systems References 

 

 172 

 

[596]    J. Maritz.Made in Ethiopia: Fashion retailer H&M looks to sub-Saharan Africa for suppliers. 2014, Accessed 22nd June 2015, 
Available: http://www.howwemadeitinafrica.com/made-in-ethiopia-fashion-retailer-hm-looks-to-sub-saharan-africa-
for-suppliers/34310/ 

[597]    Ilya Gridneff and W. Davison.Ethiopia Becomes China’s China in Search for Cheap Labor. 2014, Accessed 22nd June 2015, 
Available: http://www.bloomberg.com/news/articles/2014-07-22/ethiopia-becomes-china-s-china-in-search-for-cheap-
labor 

[598]    E. Olander and C. v. Staden.From ‘Made in China’ to ‘Made in Africa’. 2015, Accessed 22nd June 2015, Available: 
http://www.chinafile.com/library/china-africa-project/made-china-made-africa 

[599]    A. Minter.Say Goodbye to 'Made in China'. 2014, Accessed 22nd June 2015, Available: 
http://www.bloombergview.com/articles/2014-12-29/welcome-to-the-era-of-chinese-outsourcing 

[600]    SolidCreativity.TRIZ 40 Principles Accessed 12th May 2015, Available: http://www.triz40.com/aff_Principles_TRIZ.php 

 

 

http://www.howwemadeitinafrica.com/made-in-ethiopia-fashion-retailer-hm-looks-to-sub-saharan-africa-for-suppliers/34310/
http://www.howwemadeitinafrica.com/made-in-ethiopia-fashion-retailer-hm-looks-to-sub-saharan-africa-for-suppliers/34310/
http://www.bloomberg.com/news/articles/2014-07-22/ethiopia-becomes-china-s-china-in-search-for-cheap-labor
http://www.bloomberg.com/news/articles/2014-07-22/ethiopia-becomes-china-s-china-in-search-for-cheap-labor
http://www.chinafile.com/library/china-africa-project/made-china-made-africa
http://www.bloombergview.com/articles/2014-12-29/welcome-to-the-era-of-chinese-outsourcing
http://www.triz40.com/aff_Principles_TRIZ.php


Adopting Multifunctional Material Systems Appendixes 

 

 173 

 

Appendix A: Physical, Mechanical and transformation 

properties of SMAs [218] 
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Appendix B: 40 Inventive Principles of TRIZ[350, 600] 

1. Segmentation 

1.1 Divide an object into independent parts. 

1.2 Make an object easy to disassemble. 

1.3 Increase the degree of fragmentation or segmentation. 

21. High speed 

21.1 Conduct a process , or certain stages (e.g. destructible, 

harmful or hazardous operations) at high speed. 

2. Removal 

2.1 Separate an interfering part or property from an object, 

or single out the only necessary part (or property) of an ob-

ject. 

22. Turning harm to good 

22.1 Use harmful factors (particularly, harmful effects of the 

environment or surroundings) to achieve a positive effect  

22.2 Eliminate the primary harmful action by adding it to an-

other harmful action to resolve the problem. 

22.3 Amplify a harmful factor to such a degree that it is no 

longer harmful. 

3. Local quality 

3.1 Change an object's structure from uniform to non-uni-

form, change an external environment (or external influence) 

from uniform to non-uniform. 

3.2 Make each part of an object function in conditions most 

suitable for its operation. 

3.3 Make each part of an object fulfill a different and useful 

function. 

23. Feedback 

23.1 Introduce feedback (referring back, cross-checking) to 

improve a process or action. 

23.2 Introduce feedback (referring back, cross-checking) to 

improve a process or action. 

4. Asymmetry 

4.1 Change the shape of an object from symmetrical to 

asymmetrical. 

4.2 If an object is asymmetrical, increase its degree of asym-

metry. 

24. Intermediary Object 

24.1 Use an intermediary carrier article or intermediary pro-

cess. 

24.2 Use an intermediary carrier article or intermediary pro-

cess. 

5. Merging 

5.1 Bring closer together (or merge) identical or similar ob-

jects, assemble identical or similar parts to perform parallel 

operations. 

5.2 Make operations contiguous or parallel; bring them to-

gether in time. 

25. Self-service 

25.1 Make an object serve itself by performing auxiliary help-

ful functions.  

25.2 Use waste resources, energy, or substances. 

6. Universality 

6.1 Make a part or object perform multiple functions; elimi-

nate the need for other parts. 

26. Optical copies 

26.1 Instead of an unavailable, expensive, fragile object, use 

simpler and inexpensive copies.  

26.2 Replace an object, or process with optical copies. 

26.3 If visible optical copies are already used, move to infra-

red or ultraviolet copies. 

7. Nesting 

7.1 Place one object inside another; place each object, in 

turn, inside the other.  

7.2 Make one part pass through a cavity in the other. 

27. Short life 

27.1 Replace an inexpensive object with a multiple of inex-

pensive objects, comprising certain qualities (such as ser-

vice life, for instance). 

8. Anti-weight 

8.1 To compensate for the weight of an object, merge it with 

other objects that provide lift.  

8.2 To compensate for the weight of an object, make it inter-

act with the environment (e.g. use aerodynamic, hydrody-

namic, buoyancy and other forces). 

28. Mechanical replacement 

28.1 Replace a mechanical means with a sensory (optical, 

acoustic, taste or smell) means. 

28.2 Use electric, magnetic and electromagnetic fields to in-

teract with the object.  

28.3 Change from static to movable fields, from unstruc-

tured fields to those having structure.  

28.4 Use fields in conjunction with field-activated (e.g. ferro-

magnetic) particles. 

9. Preliminary counteraction 

9.1 To compensate for the weight of an object, make it inter-

act with the environment (e.g. use aerodynamic, hydrody-

namic, buoyancy and other forces). 

9.2 Create beforehand stresses in an object that will oppose 

known undesirable working stresses later on. 

29. Pneumatics and hydraulics 

29.1 Use gas and liquid parts of an object instead of solid 

parts (e.g. inflatable, filled with liquids, air cushion, hydro-

static, hydro-reactive). 

10. Preliminary action 

10.1 Perform, before it is needed, the required change of an 

object (either fully or partially). 

10.2 Pre-arrange objects such that they can come into action 

30. Membranes 

30.1 Use flexible shells and thin films instead of three di-

mensional structures. 
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from the most convenient place and without losing time for 

their delivery.  

30.2 Isolate the object from the external environment using 

flexible shells and thin films.  

11. Mitigate before use 

11.1 Prepare emergency means beforehand to compensate 

for the relatively low reliability of an object. 

31. Porous materials 

31.1 Make an object porous or add porous elements (in-

serts, coatings, etc.).  

31.2 If an object is already porous, use the pores to intro-

duce a useful substance or function. 

12. Equipotentiality 

12.1 In a potential field, limit position changes (e.g. change 

operating conditions to eliminate the need to raise or lower 

objects in a gravity field). 

32. Color changes 

32.1 Change the color of an object or its external environ-

ment.   

32.2 Change the transparency of an object or its external en-

vironment. 

13. Other way around 

13.1 Invert the action(s) used to solve the problem (e.g. in-

stead of cooling an object, heat it). 

13.2 Make movable parts (or the external environment) 

fixed, and fixed parts movable. 

13.3 Turn the object (or process) 'upside down'. 

33. Homogeneity 

33.1 Make objects interacting with a given object of the 

same material (or material with identical properties). 

14. Spheroidality 

14.1 Instead of using rectilinear parts, surfaces, or forms, 

use curvilinear ones; move from flat surfaces to spherical 

ones; from parts shaped as a cube (parallelepiped) to ball-

shaped structures. 

14.2 Use rollers, balls, spirals, domes. 

14.3 Go from linear to rotary motion, use centrifugal forces. 

34. Discarding and regenerating 

34.1 Make portions of an object that have fulfilled their func-

tions go away (discard by dissolving, evaporating, etc.) or 

modify these directly during operation.  

34.2 Conversely, restore consumable parts of an object di-

rectly in operation. 

15. Dynamics 

15.1 Allow (or design) the characteristics of an object, exter-

nal environment, or process to change to be optimal or to 

find an optimal operating condition. 

15.2 Divide an object into parts capable of movement rela-

tive to each other. 

15.3 If an object (or process) is rigid or inflexible, make it 

movable or adaptive. 

35. Change physical state 

35.1 Change an object's physical state (e.g. to a gas, liquid, 

or solid.) 

35.2 Change the concentration or consistency. 

35.3 Change the degree of flexibility. 

35.4 Change the temperature. 

16. Partial or excessive actions 

16.1 If 100 percent of an object is hard to achieve using a 

given solution method then, by using 'slightly less' or 

'slightly more' of the same method, the problem may be 

considerably easier to solve.  

36. Phase transitions 

36.1 Use phenomena occurring during phase transitions 

(e.g. volume changes, loss or absorption of heat, etc.).  

17. Another dimension 

17.1 To move an object in two- or three-dimensional space  

17.2 Use a multi-story arrangement of objects instead of a 

single-story arrangement. 

17.3 Tilt or re-orient the object, lay it on its side. 

17.4 Use 'another side' of a given area. 

37. Heat expansion 

37.1 Use thermal expansion (or contraction) of materials to 

achieve a useful effect.  

37.2 Use multiple materials with different coefficients of 

thermal expansion to achieve a useful effect. 

18. Mechanical Vibration 

18.1 Cause an object to oscillate or vibrate. 

18.2 Increase its frequency (even up to the ultrasonic).  

18.3 Use an object's resonant frequency. 

18.4 Use piezoelectric vibrators instead of mechanical ones. 

18.5 Use combined ultrasonic and electromagnetic field os-

cillations. 

38. Enrich 

38.1 Replace common air with oxygen-enriched air. 

38.2 Replace enriched air with pure oxygen. 

38.3 Expose air or oxygen to ionizing radiation. 

38.4 Use ionized oxygen. 

38.5 Replace ozonized (or ionized) oxygen with ozone. 

19. Periodic Action 

19.1 Instead of continuous action, use periodic or pulsating 

actions. 

19.2 If an action is already periodic, change the periodic 

magnitude or frequency. 

19.3 Use pauses between impulses to perform a different ac-

tion. 

39. Inert 

39.1 Replace a normal environment with an inert one. 

39.2 Add neutral parts, or inert additives to an object. 

20. Continuity of useful action 

20.1 Carry on work continuously; make all prts of an object 

work at full load, all the time. 

20.2 Eliminate all idle or intermittent actions or work. 

40. Composite materials 

40.1 Change from uniform to composite (multiple) materi-

als. 
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