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1 Introduction

Materials Science is an intrinsically interdisciplinary
field. It provides an avenue for the testing of
condensed matter theories, whilst focussing on a
more macroscopic picture than condensed matter it-
self. It provides a materials science based approach
to nanotechnology through nanomaterials research.
As much as physicists and engineers in other fields
must make use of materials science, materials scien-
tists must makes use of methods from the fields of
physics, chemistry and engineering, whilst the field
is also related to metallurgy and solid state physics
from which it arose.

2 Current Research

2.1 Nanomaterials

Nanomaterial is the term used to describe materi-
als which are used at the nanoscale. This is usually
defined by having a unit size of 1-100nm. Materi-
als science based approach to nanotechnology. This
field has seen recent advancements in biomedicine
such as incorporating antibodies into nanoparticles
for tumor treatment [1]. Nanomaterials are partic-
ularly useful in many sectors as they display prop-
erties superior to those of the materials that were
previously used.

An important class of nanomaterials are
fullerenes, which are thin carbon sheets with a
spherical geometry. This includes the well known
and hugely promising example of carbon nanotubes.
One of the publicised potential applications of such
technology is the idea of a space elevator, an
elevator stretching all the way up into space [2].
Carbon nanotubes have been demonstrated to
exhibit the strength required for but at present are

limited by length scale, the largest having been
created by researchers from Tsinghua University in
Beijing in 2013, which had a length of 550 mm. [3]

There is a project at the Helmholtz-Zentrum
Geesthacht Centre for Materials and Coastal Re-
search (HZG) on polymer-based nanocomposites
which is looking to increase material applications
by incorporating carbon-based nanoparticles (nan-
otubes (CNT), nanofibres (CNF), and nanosheets
or exfoliated graphite (CNS)) into polymer materi-
als [4]. They also are developing nanoparticle rein-
forced magnesium composites with the HZG Mag-
nesium Innovation Centre MagIC [5]. In 2008, a
group of researchers published some research on car-
bon nanotubes as a potential candidate as a hydro-
gen cryosorber for potential use in future particle
accelerators and synchrotrons. [6]

HZG have an Institute of Materials research,
within which operates the Materials Technol-
ogy division (Nanotechnology), in addition to a
Nanochemical and Nanoengineering department, a
research topic within Hybrid Materials on nanoma-
terials, and a Micro-/Nanotechnology department
within Institute of Biomaterial Science [7] [8][9][10].
Their research focus is for use in biomedicine, and
centres around polymers.

2.2 Biomaterials

Biomaterials are the engineered materials for use in
the medical field, for example in prostheses. These
are selected based on the biocompatibility. Other
examples are artificial organs, wound dressings, and
implants. Biodegradable implants made from mag-
nesium reduce discomfort for patients, and negate
the need for a second surgery to remove the implant
[11].

As previously discussed, HZG have a Biomate-
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rial Science Institute, which includes some research
into shape memory materials for medical applica-
tions [12]. Other research includes the Polymers in
Regeneration department looking into the interac-
tion between biomaterials and cells [13]. They fur-
ther have a Metallic Biomaterials division research-
ing and developing magnesium and titanium based
materials for implants [14].

In 2012 HZG held a conference on ’Advances in
Functional Polymers for Medicine’ in Italy, amongst
which topics of discussion included Micro and
Nanoparticles for Drug Delivery, Cell-Material In-
teractions, and Biopolymer/Biomimetic Polymers
[15].

2.3 Smart Materials

Smart materials are materials that alter their prop-
erties in response to an external change. An ex-
ample could be a temperature change, a magnetic
field change, or applied stress. Piezoelectric ma-
terials experience a voltage change under stress,
whilst shape-memory materials exhibit pseudoelas-
ticity under temperature change; that is, they may
undergo a reversible deformation through the ac-
tion of heating or cooling. Magnetic shape memory
materials have the same principle, but respond to
magnetic field changes. [16] [17]

Figure 1: Showing the deformation and subsequent
shape recovery of a shape memory material. [18]

The Nanochemistry and Nanoengineering group
at HZG have a focus on smart materials due to their
wide range of applications. In 2013, they produced
the first shape-memory plastics to reversibly change
with repeated temperature change. [19]

The European Spallation Source (ESS), which is
currently under construction and expected to begin
operation in 2020, will have a diffractometer dedi-
cated to materials research with a beam magnitude

of one or more orders greater than current diffrac-
tometers. This is under the Beamline for European
materials Engineering Research project, or BEER,
which was proposed in part by HZG. It is antici-
pated the project will attract a wide range of re-
searchers and industrial manufacturers. Research
on shape memory alloys, which have valuable uses
in sensors and biomedical components, is among the
possible applications once the project is complete
[20].

Under the frame of the Heinz Maier-Leibnitz Zen-
trum (MLZ), which is the collaboration between
the Helmholtz centres (FZJ and HZG) with the
Technische Universität München (TUM), the cen-
tres are conducting research at FRM II (the lead-
ing German research reactor). In 2015 they pub-
lished results taken using the SPODI instrument on
a faster method for structure determination of mag-
netic shape-memory alloys [21] [22].

Last month’s edition of the journal Advanced Ma-
terials featured a piece on research done on a self-
regulating iris based on light-actuated Liquid Crys-
tal Elastomer (LCE) [23]. The researchers also pub-
lished a paper on a light-driven caterpillar robot us-
ing LCE in the journal Macromolecular Rapid Com-
munications in May [24].

2.4 Metamaterials

Similarly to smart materials, metamaterials are
classed as materials that have been specifically de-
signed to have a specific property. However there
is a distinct difference in that these properties arise
less from the materials with which it is made and
more from the periodic structure of the materials.
They incorporate elements into the structure that
are on a scale smaller than the wavelength of the
light interacting with it. For example, metama-
terial cloaking [25]. Several universities are doing
research on this topic, including the University of
Birmingham, Cambridge University, the University
of Exeter, Imperial College London, King’s College
London, Oxford University, and more [48].

2.5 Journals

There are a multitude of journals reporting on re-
cent advancements in materials science. These can
be ordered by an impact factor based on the num-
ber of citations to articles published that year. The
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impact factors given to figures taken from 2016 are
shown in figure 2.

Figure 2: Journals listed by impact based on data
from 2016 [26].

It can be seen from the figure that the journals
Advanced Materials, Advanced Functional Materi-
als, and Advanced Energy Materials have the great-
est impact based on this criteria.

3 Industry

The main materials exploited by industry are ce-
ramics and glasses, composites, polymers (for ex-
ample, HZG have polymer research institute [47]),
and metal alloys. Semiconductors represent a sig-
nificant part of materials science in industry. Pop-
ular choices for materials are silicon, gallium ar-

senide, and germanium. They have uses in diodes,
transistors, LEDs, and electrical circuits. Some of
the main sectors with applications are healthcare,
IT, automotive, communications, electronics, and
aerospace and defence [48].These applications are
developing further to other sectors as materials be-
come more advanced and cost effective.

The research centre MLZ contribute to the semi-
conductors market, including use of their silicon
doping system for commercial production and by
carrying out neutron source testing of the functional
life of semiconductors. Their doped silicon is used
in high power electronics and in the automotive in-
dustry. [27]

3.1 Smart Materials

Smart materials have a broad range of applica-
tions in industry, from automotives to biomedicine.
Shape memory materials may even have nanotech-
nology applications as they have been shown to ex-
hibit the shape memory effect in even nano-sized
systems [28]. The main sectors in which smart ma-
terials can be utilised are industrial, defence and
aerospace, automotive, healthcare, and consumer
electronics [43] . Some of these are detailed here.

Shape-memory materials (SMM) can be used in
actuators. such as in the previously mentioned
research from HZG published in 2013. The ac-
tuators could become the basis of a heat engine,
or the shape memory material could be used in
temperature-sensitive blinds [19]. Actuators have
applications in biomedicine for use in active cancel-
lation of tremor devices [29]. Biomedicine has fur-
ther SMM applications, such as stents and remotely
controlled switchable implants [30] [31]. Most re-
cently, the University of Colorado presented their
shape-memory alloy actuated biomimetic robot at
the 2017 International Conference on Robotics and
Automation. The robot makes use of nine SMA-
actuators in the form of springs. This has the po-
tential to revolutionise colonoscopy treatments by
hugely reducing the risk factors associated with cur-
rent devices. [32]

Research done at the University of Calabria,
Italy, on shape-memory alloys is being utilised in
a collaboration with the CERN for use in the
High-Luminosity Large Hadron Collider (HL-LHC)
project, for applications in vacuum sealing. The
material can be installed at room temperature (at
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which it is a larger ring shape) and then heated,
causing it to contract around the vacuum chamber.
This will be easier to install and remove than exist-
ing technology [33].

Figure 3: Showing a shape-memory actuator for the
Ultra High Vacuum chambers of the HL-LHC. [33]

Photochromic molecules have the potential to be
implemented in the making of smart optoelectronic
devices such as sensors, which was the aim of some
research conducted at HZG that was published in
2011, which used a photoswitchable transparent
conductor with a selective Photobleaching gas nose
as a multifunctional device [34].

Magnetic smart materials can be used as dampers
in everything from bridges to washing machines
and prosthetic limbs. They can also be utilised
as a reusable catalyst in depolymerisation of plas-
tic waste for recycling, in addition to separation of
metallic waste and liquid sealing such as ferrofluids
in hard-drives. [36]

Horizon 2020 has been involved with several
projects utilising smart materials. Among these
were the ADAM4EVE project (ADaptive And
smart Materials and structures for more Efficient
VEssels), and the ShopInstantShoe project, which
incorporated the shape-memory alloy Nitinol (com-
posed of Nickel and Titanium) into a material for
shoes that would be fitted to the wearer and hold
their shape. This became available in 2015. [37]
[38]
Nitinol, which is an NiTi alloy, was again used in
a H2020-funded project that created a prototype
medical tool to reduce cross-contamination in addi-
tion to being flexible and able to exploit the shape

memory effect to return to the original shape. [39]
InnoSMART, an ongoing H2020 FET project, pro-
poses using shape-memory alloys as a structural
coating which could extend the life expectancy of
bridges and planes. Other FET projects are look-
ing into new materials and their applications in new
technologies. [40]

The University of Bolton, a world leading cen-
tre for materials science research, have developed
flexible piezoelectric fibers with a huge number
of potential applications. The material combines
the mechanical-energy-to-electrical-energy conver-
sion of piezoelectric materials with the light-
to-electrical-energy conversion property of photo-
voltaic materials, and is capable of converting en-
ergy from sunlight, wind and rain. The material can
be placed in carpet to harvest energy from com-
muters walking, used in stealth technology to de-
tract radar, used to recover energy in railway sleep-
ers, use in tires as harvesting energy and sensing tire
wear, or even used in sails to convert energy from
the elements. They could be the basis for energy
harvesting synthetic trees where solar panels cannot
be placed, clothing that charges devices or a shirt
that can be worn by pregnant mothers and moni-
tor a baby’s heartbeat at all times. They formed
the company Fibrlec in 2013 in order to bring their
commercial applications to life. [41] Piezoelectric
materials are highly useful and have broad range
of applications: as actuators, in printing, speakers,
welding, micro-valves, sensors, sonar, ultrasound,
and accelerometers. [42]

According to the ’World Smart Material Market-
Opportunities and Forecasts, 2015-2022’ report pro-
duced by Allied Market Research, the smart materi-
als market is predicted to exhibit a Compound An-
nual Growth Rate (CAGR) of 12.9% between 2015-
2022. It is valued at $72.63 billion over the same
period. [43]

3.2 Nanomaterials

Nanomaterials have received increasing attention
in multiple industrial sectors. Among these are
aerospace and transportation, energy, and the med-
ical industry [44]. One type of nanomaterial is
called an aerogel. Aerogels are highly porous and
lightweight and are currently being used in ’smart’
window and glasses technology, in which the glass
darkens in response to changes in the levels of sun-
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light, and insulation in buildings. Due to their
structure structure, aerogels can hold a signifi-
cant amount more energy and hence could also
be used as separator plates in batteries. Batter-
ies with nanocrystalline materials in would theoret-
ically have a longer lifespan before needing to be
recharged than conventional batteries. Nanocrys-
talline phosphors can be used as a low cost, high
resolution display, such as those used in laptops.
Nanocrystalline materials can further be used in
catalytic converters, in which they react with pollu-
tants due to their high chemical activity. Magnets
composed of nanocrystalline materials possess mag-
netic properties that make them extremely useful in
applications such as quieter submarines, power gen-
erators, ship motors, ultra-sensitive analytical in-
struments, and magnetic resonance imaging (MRI)
technology. Nanocrystalline sensors are highly sen-
sitive to environmental changes. They can be made
into smoke detectors, sensors on aircraft wings de-
signed to detect ice, and engine performance sen-
sors in the automobile industry. They have fur-
ther automobile applications in a prototype spark
plug with a longer lifespan, and potential applica-
tions in more fuel efficient engines by coating the
cylinders within the engine in nanocrystalline ce-
ramics, which retain thermal energy much more effi-
ciently than conventional engines. In a similar way,
aerospace components made of nanocrystalline ma-
terials can function at higher temperatures and for
longer than those made of other materials, in addi-
tion to being stronger, making the aircraft more ef-
ficient. The high temperature strength means they
can also be used in spacecraft applications. The list
of applications is endless, and includes more from
the fields of weapons, more efficient satellites, more
wear resistant medical implants (such as artificial
heart valves) which require less frequent surgeries
and hence reduce the associated risk, and ceramics.
[45]

3.3 Biomaterials

The main applications of biomaterials are within the
field of biomedicine, as one would expect. These in-
clude in orthopaedics, dentistry, cardiovascular, and
cosmetic. The global biomaterials market is pre-
dicted to show a Compound Annual Growth Rate
(CAGR) of 15.73% between 2016-2021, according
to the Global Biomaterials Market report by Azoth

Analytics [46].

3.4 Metamaterials

Industrial sectors in which metamaterials prove par-
ticularly useful include healthcare, manufacturing,
energy, electronics, telecommunications, and IT.
According to BCC, by 2018 the metamaterials mar-
ket should reach $1.7 billion based on a CAGR of
22.5% from 2013-2018. [48]

3.5 Other Topics

Other important topics of interest include graphene
and 2D materials. These have the potential to rev-
olutionise electronics through wearable technology,
sensors, photonics, and energy storage devices. Cur-
rent applications include graphene touch screens.
[49]

3.6 Companies

Several companies have already begun manufactur-
ing advanced materials for industrial applications.
Fort Wayne Metals are the world’s leading melt-to-
finish source for Nitinol to be used in medical instru-
ments, and offer the material in different forms for
various applications. Their website even plays host
to a bimonthly highlight hinting at the activities of
their R&D department, usually on shape memory
alloys, of which the July issue was on shape-memory
yarn for use in textiles [50]. The main markets in
which Fort Wayne are active are medical devices,
aerospace and defence, and industrial [51]

Advanced Cerametrics offer a series of piezoelec-
tric fibers and composite materials. The flexibil-
ity of the piezoelectric fiber allows the harvesting
of energy and also vibration dampening. Their
materials have been used in ’active smart’ sport-
ing equipment, aircraft, automobiles, motorcycles,
wireless sensors, industrial equipment, infrastruc-
ture and clothing [52]. They are a key player in
the global piezoelectric smart materials market [53]

The company TDK created a piezoelectric com-
ponent called CeraPlas that can be used to gener-
ate cold plasma very efficiently, with better perfor-
mance compared to existing technology. It is the
world’s first component capable of acting as both a
transformer and generating plasma, and as such has
a long list of applications including sterilisation of
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machines that handle food or medical instruments
and wounds [55]. Their main sectors are electron-
ics, automotive, and information and communica-
tion technology [54].

Figure 4: Showing air plasma being generated by
CeraPlas and ignited. [55]

The CTS corporation specialise in piezoelectrics.
They deliver materials for a broad range of appli-
cations such as bimorphs and high frequency sen-
sors. These can be used in micro-actuation, where
they require high accuracy and are frequently found
in computer hard drives. High performance piezo
actuators have further applications in the military
industry. CTS are a leading manufacturer of sen-
sors, actuators and electronic components for the
aerospace and defence, medical, industrial, telecom-
munications and IT, and transportation markets
[42].

Piezosystem Jena, in Germany, produce products
for piezo micro-positioning, piezo nano-positioning
and metrology for supply to the semiconductor, mi-
croscopy, optics, and synchrotron industries. [56]

Smart Material Corporation in Germany develop
piezo-composite materials as actuators and sen-
sors, for energy harvesting and for use in ultra-
sounds. The main application areas of focus are
in actuation, sonar, non-destructive testing, struc-
tural health monitoring, energy harvesting, and
aerospace. They are in research cooperation with
Fraunhofer IKTS and NASA’s Langley Research
Center to advance new material technologies. [57]

The company Wright use Nitinol staples to dis-
tribute force evenly in their FUSEFORCETM fixa-
tion system, with their main sector of focus being
healthcare [58]. They are a global leader in the bio-
materials market [46].

The company Haydale manufacture graphene and
2D materials. They operate in a number of markets,
including inks and coatings, polymers and compos-
ites, energy, electronics, and transport, providing

tailored materials for each purpose. They are work-
ing in collaboration with Alex Thomson Racing to
produce a boat with the strength to sail around the
world in addition to being as light as possible, and
improve performance. [59]

Applied Graphene Materials are a world leader in
the manufacture of graphene and graphene materi-
als such as graphene nanoplatelets. Applications
include supercapacitors and batteries, inks and 3D
printed materials, coatings, and advanced compos-
ites and polymers [60]. The main sectors of oper-
ation are Polymers & Composites, Paints & Coat-
ings, and Functional Fluids, and they are currently
working with the largest independent paint manu-
facturer in the UK, HGM Paints [61].

XG Sciences are a graphene industry leader.
They manufacture high quality nanoplatelets for the
sectors of transportation, energy storage, electron-
ics, sports, aerospace, infrastructure, defence, and
biomedicine [62].

Another company that are active in the field
is QinetiQ, which is working with DSTL, Exeter
and Southampton to develop advanced materials
[48]. They mainly operate in the defence, secu-
rity and aerospace sectors [63]. The Global Ma-
rine Technology Trends 2030 report produced with
aid from QinetiQ examines advanced materials, in-
cluding nanomaterials, for future maritime industry
applications [64].

3.7 Conferences

There are a series of existing conferences on smart
materials and materials research within materials
science. One such is the yearly Materials Research,
during which the 2017 event had speakers from
Helmholtz and HZG in addition the the Univer-
sity of Bolton’s Fibrlec team. Another is Ceram-
ics, which took place in Spain this year. A few
others are Smart Materials, which will take place
in Austria in 2018, and Smart Materials &Struc-
tures which will take place in the US next year.
The ACTUATOR conference in Bremen attracts ex-
perts, suppliers and users in the field of actuators
to present their work. The International Confer-
ence & Exhibition on Advanced & Nano Materi-
als (ICANM) will take place in Toronto, Canada,
in August of this year. Next March, London will
play host to the yearly conference Nanomaterials
and Nanotechnology, with such topics as nanopar-

6



ticles, nanoelectronic devices, and nanoscale mate-
rials. The Graphene and Semiconductors confer-
ence is taking place this July in Chicago, Illinois.
Another example is the Composites and Advanced
Materials Expo this September, which Haydale are
attending. The 8th International Conference on
Metamaterials, Photonic Crystals and Plasmonics,
META’17, was held in Seoul, South Korea, in July.
[65] [66]

4 Conclusion

The materials science market has seen some vast
developments in recent years, and they have a high
potential at this stage to be used further in future
applications as materials advance and become more
sensitive and efficient. Advanced materials continue
to outperform conventional materials and find new
uses in a wide range of sectors.
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