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Energy Harvesting: Breakthrough
Technologies Through Polymer
Composites

Saquib Ahmed, Sankha Banerjee, Udhay Sundar, Hector Ruiz,
Sanjeev Kumar and Ajith Weerasinghe

Abstract Polymer composites have been extensively studied in the last few years
toward application in solar-, thermoelectric-, and vibration-based energy harvesting
technologies. Of late, polymer nanocomposites are being investigated successfully
in hybrid organic–inorganic devices, in bulk heterojunction devices incorporating
all flavors of solar cells, and through the perovskite structures. In the thermoelectric
power generation arena, abundance of raw materials, lack of toxicity, and the
feasibility for large-area applications are all advantages that polymer nanocom-
posites boast over their inorganic predecessors. Within the vibration-based energy
systems, polymer nanocomposites are being used as the magnets within the har-
vester devices; they offer low rigidity and easy processing (spin coating, drop
casting, and molding). Also, recent work has focused on utilizing polymer ceramic
nanocomposites as electrostatic energy storage materials. Lastly, polymer-based
piezoelectric materials can be used directly as an active material in different
transduction applications.
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1 Introduction

The various modes of energy harvesting and the many arenas where such har-
vesting is critical to implement include:

1.1 Energy Harvesting for Alternatives to Fossil Fuel

An assessment of economically feasible renewable energy sources is essential
toward creating a global sustainable society. The projection for the mean global
energy consumption rate is 28 TW by the year 2050 [1, 2]. Besides fusion, solar
energy has the largest potential to satisfy the future global need for renewable
energy sources. From the 1.7 × 105 TW of solar energy that strikes the earth’s
surface, a practical terrestrial global solar potential value is estimated to be about
600 TW [3]. By making use of a mere 10% efficient solar farm, 60 TW of power
could be produced. It is impactful to understand and absorb these figures to gain
insight on how solar technologies could help meet the global energy demand.
Production of solar cells has constantly gathered momentum by growing 30% in the
last decade and a half. A selling price of $2/Wp, corresponding to a production cost
of $0.5/Wp, would make PV in general competitive with electricity generated from
fossil fuels [4]. The traditional solar cells of today, the first-generation solar cells are
made from crystalline silicon (c-Si) technology, constituting 90% of the current PV
market. The production cost is presently $3/Wp (peak Watt), but can vary based on
the market for silicon material.

2 S. Ahmed et al.



The solar industry has evolved tremendously in the past few years, and the
leading technologies of first-generation silicon (Si) and second-generation cadmium
telluride (CdTe) and copper indium gallium diselenide (CIGS) are seeing cost
reductions in an effort to reach the DOE’s SunShot goal of $0.06/kWh by 2020
[5–7]. However, it is critical to note that it is the solar-to-current conversion effi-
ciency that is the key modulator in reaching this goal: the cost to install modules
exceeds the cost to make them, and having fewer panels (meaning higher efficiency
modules) will help us reach the desired power output [8].

It is imperative now more than ever to focus on the various third-generation
technologies such as organic photovoltaics (OPVs), dye-sensitized solar cells
(DSSCs), perovskite structures, and inorganic-organic hybrids to see how they can
achieve higher efficiencies—not only through stand-alone structures, but also
through tandem or multijunction stacked architectures with their first- or second-
generation counterparts. The third-generation cells intrinsically offer tremendously
lower processing costs (compared to their first- and second-generation peers), with a
much more impactful scope to enhance upon efficiency by leveraging their nanoscale
properties [9]. Theoretically, the third-generation cells—for a standalone cell—can
go up to the Carnot limit of 94% energy conversion; the first- and second-generation
cells are, by comparison, constrained to the 31% Carnot limit.

Beyond tackling the efficiency and cost aspects of the technology, the
third-generation solar cells like OPVs have numerous advantages such as low cost
of production, flexibility, light weight, short energy payback time, improved per-
formance in non-ideal conditions (better than first- and second-generation solar
cells working under diffuse light conditions and higher temperatures), and a variety
of design opportunities [10].

Polymer nanocomposites, in particular, have a critical and powerful role to play
in the third-generation photovoltaic domain. They had previously been explored
solely in the area of OPVs; currently, they are being investigated successfully in
hybrid organic–inorganic devices, bulk heterojunction devices incorporating all
three flavors of cells, and through the perovskite structures. An enormous research
thrust continues to exist to investigate and improve upon the implementation of
polymer nanocomposites within the active layers of solar energy absorption and
transport, while at the same time minimizing recombination losses.

1.2 Energy Harvesting for Powering Sensors
and Electronics

There has recently been a tremendous growth in the area of personal and mobile
electronics for applications in communication, health care, and environmental
monitoring [11]. The individual power consumption of such devices may be low,
but the sheer magnitude of the number of devices requires the search for affordable
and sustainable energy sources that can be incorporated within the devices them-
selves. Rechargeable batteries are the current choice for powering the electronic
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devices; however, there are tremendous challenges in the area of development of
the batteries as there exist legitimate concerns regarding environmental side effects.
Energy harvesting from our living environment provides a powerful alternative;
such sources include photovoltaics, biofuels, thermoelectricity, and vibrational
energy harnessing.

For the plausible future for electronics, integrating these conventional devices
with specific characteristics into smart and self-powered systems is the key aim
[12]. Nowadays, nanomaterials are of incredibly smaller dimensions and can be
tweaked compositionally to great accuracy to create unique properties—their bulk
counterparts cannot match these crucial properties. By the same token, nanomate-
rials can be utilized in situ to power the device. The ultimate aim of energy har-
nessing technologies for such sustainable micro- and nanosystems was to innovate
power sources that function over a wide range of conditions, and for prolonged time
periods with high consistency.

Third-generation solar cells are being researched extensively for implementation
in electronic and sensor devices. This is in part because of the intrinsic advantages
that dimension (nanoscale) and tunability that such solar cells offer and in part
because of the cost-effectiveness and scalability options that can be utilized from a
manufacturing standpoint. As an example, for OPVs, the ability to change—through
molecular and/or electrochemical doping of polymers—the electrical conductivity of
components, along with the integration of cheap and facile processing techniques,
has bolstered the function of polymer solar cells in such devices.

Looking at thermoelectric energy conversion, there has been tremendous interest
in the past two decades on thermoelectric materials for generating electricity through
harnessing energy from heat sources and waste heat from engines [13–15]. Apart
from the obvious gains in providing an alternative energy to fossil fuels, there has
also been focus on harvesting heat dissipated from humans to power microsensors in
body-area networks and biomedical monitoring [16, 17]. In general, in the area of
thermoelectric applications over the past two decades, the transport properties of
electrically conductive polymers (and their composites) have improved the figure of
merit of organic materials by several orders of magnitude [18].

Mechanical energy through vibration is prevalent in the environment and can be
tapped into more easily than its solar and thermal counterparts. Mechanical vibrations
exist in many systems at different frequencies varying from a few hertz to several
kilohertz with their energy density varying between hundreds of microwatts to a few
milli-watts per given centimeter cube [19, 20]. Vibrational mechanical energy has
great potential to provide the continuous and changing operational need of
sensors/electronic devices [21, 22]. The various forms of such energy include elec-
trostatic, electromagnetic, and piezoelectric sources of energy generation [23–25].

Looking at the electrostatic arena of energy harvesting, breakthrough research is
happening for capacitors that can store up a large amount of energy and then almost
instantaneously release it—a feat that is difficult to achieve with other energy
storage technologies such as batteries or ultracapacitors. ‘Pulse power’—ability to
store and deliver nearly instantaneously a large amount of power—can be applied to
a plethora of commercial and military devices. These applications typically would
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require increased energy and power densities, more power stored per less volume,
as well as higher charge–discharge current capabilities [26, 27]. For a linear
capacitor, the maximum energy density that can potentially be stored scales directly
as the permittivity of the dielectric material and as the square of the breakdown
strength of the dielectric material. Improvements in permittivity, dielectric film
thickness, and breakdown strength are thus sought to increase energy storage
density of dielectric capacitors. A low dielectric loss is preferred both to reduce
dissipated energy and thermal sensitivity [28].

Inorganic ceramic materials can have very large permittivities but are limited by
relatively small breakdown strengths, poor process ability, and mechanical prop-
erties due to high sintering temperature, volumetric shrinkage during sintering,
dislocations, and residual porosity. On the other hand, organic-based polymers
typically have higher breakdown strengths, viscoelastic mechanical properties, and
excellent processability but suffer smaller permittivity.

By incorporating high-permittivity inorganic nanoparticles into a polymer matrix
with low dielectric loss, and high breakdown strength, there is great potential to
develop new composite materials that have improved dielectric properties, dielec-
tric strength, permittivity, and dielectric losses, and retain unique attributes of
polymers [29–32].

Electromagnetic harvesters are very popular in meso- and macroscale systems
owing to ease of design and high reliability [33]. However, due to difficulty in fab-
ricating the coils and incorporating a microscale permanent magnet, the miniaturiza-
tion of electromagnetic harvesters has proven to be quite challenging. In most
microscale electromagnetic energy harvesters, a discrete permanent magnet, affixed
after the microfabrication process, serves as the flux source [34, 35]. This solution is
non-viable; it cannot utilize key cost-saving mechanisms such as batch manufacturing.
A solution to the permanent magnet integration issue that is elegant utilizes a per-
manent magnetic nanocomposite (soft polymer and magnetic metal nanowires) instead
of a discrete permanent magnet. The composite accomplishes the need for a
low-rigidity material with remnant magnetization. Further, it is cost-effective and
viable as it can be easily processed by spin coating, drop casting, and molding [36–38].

Delving into the world of piezoelectric energy harnessing, we find that if
mechanical stress is applied on a piezoelectric material, an induced electric field
across its boundaries can be seen. Polymer-based microelectromechanical systems
(MEMS) and microfluidic devices boast—over their silicon counterparts—crucial
metrics such as mechanical flexibility and faster and cheaper fabrication [39].
Piezoelectric functional polymers (piezopolymers) are a valuable class of polymers
for microfabricated devices. An optimal design for harnessing piezoelectric vibra-
tion energy will output the highest harvested power possible over the smallest area
feasible, and at the ideal frequency of the vibration source harvested [40]. A device
or application that leverages such a design requires a high coupling coefficient;
inorganic materials provide this crucial quality. Critically, however, being flexible
and having lower stiffness provide the crucial advantage of using polymers over
ceramics. These characteristics not only help to prevent fatigue, but also increase
the lifetime of the device [41].
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2 Photovoltaic Technologies

2.1 Role of Nanostructured Materials and Conducting
Polymers in Various PV Technologies

2.1.1 Organic Polymer Solar Cells

Device Physics and Active Layers Involved in Energy Conversion

Organic polymer-based PV devices (OPVs) provide an excellent alternative to
harnessing sunlight in a cost-effective manner [42, 43]. By using simple molecular
and/or electrochemical doping of polymers, the electrical conductivity of these
devices can be modified. This feature, together with cheap processing methods, has
significantly bolstered the application of polymer-based solar cells. The device
physics concerning organic solar cells necessitate excitons; these are separated into
free electron–hole pairs by the electric field applied across a heterogeneous junction
in between two unlike organic materials (called donor and acceptor materials) [44].
Conventional device configurations for OPVs include—but are not limited to—
single-layer, bilayer heterojunction, bulk heterojunction, and diffusive bilayer
heterojunction configurations [45]. The conversion efficiencies for single-layer and
bilayer organic solar cells are in the range of 1%, sometimes lower. Recent
advances in solution-processed polymer-bulk-heterojunction (BHJ) solar cells have
received attention, due to increased energy-conversion efficiencies of approximately
6–8% which were achieved by careful tweaking of the favorable properties of the
polymer, its morphology, and the device structure [46–48].

Device Physics and Active Layers Involved in Energy Conversion

The optical absorption coefficient of organic molecules is sufficiently high, and the
cost of developing OPVs with sufficient energy-conversion efficiencies could be
much lower than the second-generation thin-film solar cells. Fabrication methods,
such as roll-to-roll processing which is an emerging technique, facilitate the pro-
duction of OPVs to be scaled up to a level at which such devices are feasible and
viable for powering flexible microstructured devices such as MEMS and even
consumer electronics [49].

BJH OPV Cells: Focus on (Poly(3-hexylthiophene) (P3HT)) and
MDMO-PPV (Poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylene]-
alt-(vinylene)) Polymer Composites in OPVs

Focusing on bulk heterojunction (BHJ) solar cells, the active layer is a bicontinuous
composite of donor and acceptor phases, thereby maximizing the all-important
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interfacial area between the donors (polymers) and acceptors (fullerenes).
Polymer-based photovoltaic systems which can be processed in solution, and which
generally take the form of BHJ devices, most closely conform to the ultimate vision
of organic solar cells as low-cost, lightweight, and flexible devices. The real
advantage of these BHJ devices compared to vacuum deposition is the versatility to
develop the composite active layer from solution in a single step. A variety of
techniques can be utilized to that end: ranging from spin coating to inkjet printing
and roller casting. One efficient way to design superior BHJ polymer solar cells is
by fabricating alternating donor–acceptor (D–A) copolymers with electron-rich
(donor) and electron-deficient (acceptor) moieties. This model can modulate the
energy levels and absorption properties by controlling the intermolecular charge
transfer from the donor to acceptor [44].

The current high-tech BHJ solar cells are based on poly(3-hexylthiophene)
(P3HT) as the donor material and the fullerene derivative—[6,6]-phenyl-C61-
butyric acid methyl ester (PCBM)—as its acceptor counterpart. MDMO-PPV (poly
[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylene]-alt-(vinylene)) has also been
an effective donor polymer for this device. To attain efficiencies approaching 10%
in such organic solar cells, much effort is required to understand the fundamental
electronic interactions between the polymeric donors and the fullerene acceptors as
well as the complex interplay of device architecture, morphology, processing, and
the fundamental electronic processes.

(i) Photoenergy-conversion process in BJH cells

Scheme 1 [44] shows the four fundamental steps in the commonly accepted
mechanism: 1. light absorption and generation of excitons; 2. diffusion of the
excitons; 3. dissociation of excitons with the generation of charge; and 4. charge
transport and charge collection.

The fundamental steps defining the pathway from photoexcitation to the gen-
eration of free charges are shown in Scheme 2 [44]. It is key to note that electron
transfer must be feasible from an energetics point of view to form the geminate pair
in the 3rd step. Also, there needs to be an energetic driving force to separate the
coulombically bound electron–hole pair.

Absolutely essential to the operating principle of the above process are all
aspects of the composite structure that makes up the active layer (donor and
acceptor). Among the key elements in particular is the morphology of the com-
posite structure: This feature will dictate the kinetics of interaction between the
acceptor and the donor [50, 51].

(ii) Electronic donor–acceptor interactions

Polymer-based fullerene PV cells rely on the intimate optimization of electronic
properties of the acceptor and donor constituents, enhancing light absorption, free
charge generation, and efficient charge transport to corresponding electrodes. The
fact that these devices leverage only the electronic characteristics is a disadvantage,
since morphological characteristics are ignored. The latter are crucial for the per-
formance of these devices.
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The two components that are essential in devices such as these for optimal
electronic performance include a fullerene—typically a C60 derivative—acceptor
which is soluble, and a solution-processed polymeric donor.

Fullerenes exhibit a constant electronic structure irrespective of how they are
made soluble. Most functionalized fullerenes exhibit a first reduction potential
variation of ±100 mV compared to C60 [52, 53]. This fact enumerates the

Scheme 1 Excitonic solar cells: operational physics [44]. Copyright 2016. Reproduced with
permission from Wiley
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electronic bandgap requirement of the corresponding donor. Figure 1 captures the
relative energies of the two constituents (as an example): MDMO-PPV (poly
[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylene]-alt-(vinylene)) and P3HT.

Scheme 2 Steps in photoinduced charge separation for a donor (D) and an acceptor (A):
1 photoexcitation of the donor; 2 diffusion of the exciton and formation of an encounter pair;
3 electron transfer within the encounter pair to form a geminate pair; and 4 charge separation [44]
Copyright 2016. Reproduced with permission from Wiley

Fig. 1 Band structure diagram illustrating the HOMO and LUMO energies of donors P3HT and
MDMO-PPV compared to the acceptor fullerene PCBM [44]. Copyright 2016. Reproduced with
permission from Wiley
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The first step is that upon excitation, the donor must be able to inject a charge
into the fullerene (Scheme 1). A differential in the energy levels—manifesting as a
driving force—is critical for this process to be viable; also, the driving force must
overcome the exciton binding energy. Usual values for this binding energy between
the electron–hole pair in the donor are approximately 0.4–0.5 eV [54]. The driving
force impacts the exciton breakup by enabling the formation of a geminate pair (3rd
step in Scheme 2). To generate free charges, an additional driving force is needed to
separate this geminate pair (which is now held together by Columbic forces of
attraction). Heat and the innate electric field in the device contribute to providing
this additional force.

It is critical to note that the above reaction should be exogenic [51, 55]. An
energy gradient has to exist between the LUMO levels to punch an electron from
the donor to the acceptor. For the exciton to divide to respective charges, a mini-
mum energy gradient of 0.3 eV is required [56, 57]. An energy gradient larger than
this minimum value adds no value to the device performance [58]. Ideally, the
polymer should have a minimum energy gradient that has a value between the
LUMO levels; this would ensure that energy loss is minimized. Therefore, the ideal
polymer would have its LUMO sit at 3.9 eV (given the LUMO energy for PCBM is
4.2 eV).

The HOMO level of the polymer can be easily calculated using the wavelength
for the onset of light absorption; it can also be verified using a secondary method of
looking at the open-circuit voltage. In looking at optimizing the HOMO level, there
are opposing characteristics to consider. By lowering the HOMO level, we can
increase the open-circuit voltage; on the flipside, that entails increasing the band-
gap, which results in losing out quite a bit of the solar spectrum. An optimal value
of 1.5 eV can be used [59]. Working backwards, we deduce a HOMO energy of
5.4 eV, which in turn correlates to an open-circuit voltage of 1.2 V. It is again, only
through a careful balance of the open-circuit voltage and bandgap that we can attain
an optimal value for the HOMO [60]. For an ideal system, also critical are the
following items: a broad absorption band for the polymer with a high-absorption
coefficient, and high charge carrier mobility for the polymer proportional to that of
PCBM (10−3 cm2 V−1 s−1 measured in a space–charge-restricted environment [61]
or 10−1 cm2 V−1 s−1 as measured in field-effect transistors [62]).

(iii) Morphology

A few key internal and external factors influence the morphology of the active layer
components. The inherent properties are specific to the polymer and the fullerene
and encompass the unique interaction between them: They include parameters such
as relative miscibility and crystallinity. The external parameters include all the
variables that have an impact on device fabrication: They include solvent type,
concentration of constituent elements, and type of deposition technique used (roller
casting vs. inkjet printing vs. spin coating, etc.).

10 S. Ahmed et al.



(a) MDMO-PPV/PCBM solar cells

One of the most exhaustive studies done on BHJ cells are on the
MDMO-PPV/PCBM cells [63, 64]. To start off, it is the solvent that is crucial in
impacting the morphology of the active layer and the performance of the device. By
deriving the active layer from toluene, and with a 1:4 weight ratio of polymer to
fullerene, solar cell efficiencies of about 0.9% were obtained. With the solvent as
chlorobenzene, however, the efficiency significantly improved to around 2.5% [65].
Using spectroscopy, it was shown that the difference between the active layers was
purely structural. For the toluene-cast films, it was detected that micrometer-sized
PCBM clusters are implanted in a polymer host [66]. This structure ultimately gave
rise to a macroscale phase segregation in the system. By contrast, in the
chlorobenzene-cast films, PCBM clusters with dimensions less than 100 nm are
observed in a strikingly more homogenous composite.

The stark difference in performance of the two films can be attributed to the
following: (a) For the chlorobenzene-cast film, the length scale of phase segregation
is the same order of magnitude as the exciton diffusion length and (b) for the
chlorobenzene-cast film, the more bicontinuous nature of the films expedite charge
transport. The very obvious difference in morphology of the films resulted due to
the greater solubility of PCBM in chlorobenzene compared to that in toluene [63].
The ultimate result of this is that the toluene solution contained already formed
clusters, which in turn lead to large cluster size.

The inherent miscibility of the two active components played a key role in the
film morphology as well. This goes to show that the ultimate device performance
depended on an optimal composition. For the MDMO-PPV/PCBM system, it was
in fact an inherent immiscibility that led toward phase segregation. The large
amount of (by mass) fullerene required—compared to the polymer—to generate a
percolated network shows proof of this. Thermal annealing enhances this immis-
cibility, leading to (macro) phase separation at temperatures even below the glass
temperature (Tg) of the polymer [67]. An optimal morphology can be obtained only
through controlling the solvent evaporation rate from a solvent in which both the
components are highly soluble.

(b) P3HT/PCBM solar cells

With this flavor of cells, a few layers of iterations have already been made in terms of
optimizing the performance. From a weight ratio standpoint of the two materials,
results show that P3HT and PCBM exhibit greater miscibility than doesMDMO-PPV
and PCBM [68–70]. As the solvent, chlorobenzene is the typical choice [68–70]; also,
1,2-dichlorobenzene can be used for equivalent efficiencies [69, 71].

With regard to deposition, spin casting has been characteristically used to
deposit P3HT/PCBM in fabricating the solar cell device [72]. When the two
components are mixed, they appear much more homogenous in their outcome,
compared to their MDMO-PPV/PCBM counterpart. Iterating on the obtained
mixture, various methods have been probed to get the optimal morphology that
outputs the best photovoltaic behavior. The most prevalently used methodology is
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thermal annealing [56]. Thermal treatment of the active layer to a higher temper-
ature than the glass temperature of P3HT allows the reorganization of the polymer
chains and the free diffusion of the fullerene molecules into the composite layer for
a thermodynamically advantageous reorganization.

(iv) Outlook, challenges, and future work for BJH OPVs

BHJ solar cells have overall seen tremendous improvements in the past years not
only in active layer processing but also in device fabrication. The highest reported
efficiencies are in the range of 6–8%. The probing of fundamental metrics including
electronic properties and morphological properties has been key in elucidating
device behavior. These learnings can be taken effectively for progressing into the
next iteration of effective OPVs.

Investigating new materials for active layers is a promising field for the immi-
nent future. An important material to investigate for enhancing device performance
is one that has a low bandgap, high open-circuit voltage, and high charge carrier
mobility. A second issue to look into is long-term stability of these devices under
constant irradiance: To that end, cross-linking materials together with compatibi-
lizing materials are critical areas of research. Lastly, the goal of OPVs as a feasible
solar device is to be so not only in small cells, but across arrays and over real-time
and real environmental conditions. An enormous amount of research and devel-
opment awaits to happen in this sector.

Looking specifically at polymer–fullerene PVs, a few noteworthy endeavors are
underway. In an effort to modulate morphology of the active laver, there has been
effort to utilize block copolymers, in particular one that contains pendant fullerenes
[73, 74]. There has been research to modify the entire architecture of the PV device
while keeping the critical active layer components of the cell in place. In particular,
a TiOx layer has been utilized and has been inserted between a composite layer of
P3HT and PCBM components and the back electrode to enhance light absorption.
The result has been a tremendous increase in the photocurrent generated across the
visible spectrum with a maximum IPCE or EQA value of 90% [75].

2.2 The Bigger Picture: Maximizing Cell and Module
Efficiency Through Inorganic-Organic Hybrid
Structures

Organic and inorganic materials boast a host of unique properties; hybrid (or tan-
dem) structures are of great interest and of paramount importance to probe in an
effort to leverage the best of both worlds. In particular, hybrid nanocomposites of
organic conducting polymers and inorganic semiconductors hold tremendous
potential for solar cells through enhanced light harvesting and transport [76].
Looking at organic conducting polymers, we find materials that can be easily
processed, recycled and that are cheap and scalable: all the features that we need for
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sustainability. As their complementary counterparts, inorganic semiconductors
exhibit excellent electronic properties, including high dielectric constant, charge
mobility, and thermal stability. The nanoparticles of such materials similarly
showcase the desired attributes of superior electronic, photoconducting, and
luminescent properties.

A variety of various inorganic materials and organic conducting polymers have
been investigated for hybrid cells. A key phenomenon noted in these cells is that
photoinduced charge separation predominantly occurs at the interfaces of the two
materials. This is the junction where electron transfer from the conducting polymers
into the inorganic semiconductors occurs; the holes remain back within the polymer
matrix.

2.2.1 Charge Separation at the Organic–Inorganic Interface

From the previous discussion, it is evident that interfacial charge kinetics is critical
to understand for optimizing hybrid PV devices. Previous works point out to an
intermediate stage (a bound charge transfer complex) in the dissociation of a
photogenerated exciton at the donor–acceptor heterojunction interface prior to fully
separating into fully detached charge entities [77–79] as illustrated in Fig. 2.
A successful charge separation depends on a rate that is faster than the complex
recombination, as well as the energy transfer rate to multiple exciton flavors of
either constituent. It is obvious that these interfacial charge kinetics depend inti-
mately on a few pivotal parameters: the nature and size of the interfacial surface
area, differences in energy levels across the interfaces, the morphology of the
interfaces and domains, the interfacial layer constituents that include its molecular
composition, the crystallinity and phase of the constituents, how homogeneous the
mixture is and among others.

Figure 2 helps to enumerate the critical charge transfer process steps within a
hybrid cell. The steps include, from the beginning, the photoexcitation that punches
an electron from the HOMO to the LUMO level, leaving behind a hold; the electron
and holes migrating to the interfaces; the electron/hole transfers at the interface; the
migration of the charges to their respective electrodes; and the transfer of those
charges into the electrodes. It is important to note that the effectiveness of each of
these processes is dependent on how fast they occur: back recombination is a
primary mode of loss in the final manifestation of solar cell efficiency.

As mentioned previously, a plethora of materials have been investigated to be
candidates for the inorganic and organic components. For the inorganic semicon-
ductors, the typical candidates include cadmium sulfide [80, 81], cadmium selenide
[82, 83], cadmium telluride [84, 85], lead sulfide [86, 87], lead selenide [84, 88],
zinc oxide [89, 90], and titanium dioxide [91, 92]. P3HT continues to be the organic
polymer electron donor of choice.
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2.2.2 Nanostructured Architecture of Hybrid Cells

The above discussion has helped enumerate the critical nature of interfacial charge
transfer kinetics in defining the efficiency of solar power conversion efficiency.
With higher specific surface area for these interfaces, charges have a better scope to
dissociate and get transported to their respective electrodes. Nanostructures provide
such higher specific surface area and include shapes such as particles, rods, and host
of other shapes and porous networks. These structures can be ordered and isotropic
or tangled. Figure 3 illustrates these various structures [76].

Figure 3 helps to illustrate the various configurations of nanomaterials discussed
for providing hybrid cells: (a) semiconductor nanoparticles and polymer films;
(b) polymer films and semiconductor nanorods; (c) semiconductor polymer films
and nanotetrapods; (d) porous semiconductor nanonetwork immersed in conducting

Fig. 2 Schematic of the interfacial charge transfer process for a hybrid PV device [76]. Open
Access Journal. Reproduced with permission from MDPI
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polymer; (e) ordered semiconductor arrays (nanorods) and polymer films; and
(f) ordered semiconductor arrays (nanotubes) and polymer films.

It is key to note here that the best photovoltaic performance attained is through a
hybrid system of ordered TiO2 nanotube arrays and P3HT [93]. Various other
structures have also been reported to have comparable efficiencies [94, 95]. Overall,
interfacial charge transfer kinetics together with charge transport through the cell
are the critical parameters in impacting device efficiency. These parameters are
further highlighted and discussed below, and we emphasize that hybrid systems can
improve by optimizing on them.

2.2.3 Key Components and Optimization for Enhanced Device
Performance

One of the key parameters influencing solar cell device efficiency is the short circuit
current density. This value is heavily dependent on charge transport kinetics in both
donor and acceptor components. In comparing nanoparticles versus nanorods and
various branching networks of such nanorods, work has shown that the latter pro-
vides less recombination (through a more direct charge transfer as opposed to
hopping as is the case with nanoparticles) and enhanced overall efficiency. This
feature is especially critical in the polymer matrix component, and research shows
the visible enhancement in device performance and efficiency with optimal nanos-
tructures in place [94]. As a further iteration in optimizing this conducting array for
efficient charge transport, nanotubes have been shown to provide higher garnering of
photoelectrons (due to higher specific surface are) compared to nanorods.
Three-dimensional network of porous-based systems also shows lower performance
due to the fact that the interface between the organic–inorganic entities does not have
good contact. As a final statement, it should be highlighted that the Fermi/HOMO/
LUMO energy levels between interfacing components should be well matched to
provide the driving force and directionality of electron and hole transport.

Fig. 3 Various configurations of nanomaterials [76]. Open Access Journal. Reproduced with
permission from MDPI
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3 Thermoelectric Power Generation

3.1 The Physics of a Working Thermoelectric Energy
Harvester

Thermoelectric devices offer a unique power generation solution because
they convert thermal energy into electricity without requiring moving components
[96, 97]. Thermoelectric devices offer a unique power generation solution because
they convert thermal energy into electricity without requiring moving components.
Thermoelectric energy harvesting has the reverse effect of a thermodynamic
refrigerator. It has been studied extensively in the last few decades [98]. Joule first
demonstrated that a current, I, flowing through a resistor, R, will produce a certain
amount of heat Q

Q ¼ I2R ð5Þ

The heat generated in a material is transported by a temperature gradient rT
along the material, as described by the Fourier’s law of heat transport material with
area, A, and thermal conductivity, j,

Q ¼ �jArT ð6Þ

Based on Joule heating and Fourier’s law of heat transport described above, the
thermoelectric effect can be described by a combination of the Peltier, Seebeck, and
Thomson effects as shown in Figs. 4, 5, and 6, by the use of a thermocouple system
[96, 97].

The Peltier effect as shown in Fig. 4 is a temperature difference created between
two reservoirs by applying a voltage between the two electrodes connected to a

Fig. 4 The thermocouple
system between two heat
reservoirs required to
demonstrate the Peltier effect
[97]

Fig. 5 The thermocouple
system between two heat
reservoirs required to
demonstrate the Seebeck
effect [97]
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material. This phenomenon can be useful when it is necessary to transfer heat from
one medium to another. The Peltier effect can be demonstrated by the following
equation:

Y
¼ Q

I
ð7Þ

п is the Peltier coefficient, which can be defined as the heat energy of each electron
per unit charge and time from the hot reservoir to the cold reservoir.

The Seebeck effect requires a similar circuit to be constructed but this time, the
gap in material two is left open circuit. The open-circuit voltage is proportional to
the temperature difference between the reservoirs and can be defined as

a ¼ dV
dT

ð8Þ

α is the Seebeck coefficient.
The Seebeck coefficient varies with temperature as shown in Fig. 6. So the heat

is both generated and absorbed by the thermocouples. The heat flux gradient can be
defined by the equation below:

dQ
dx

¼ bI
dT
dx

ð9Þ

β is the Thomson coefficient. All these coefficients can be related to each other by
the Kelvin’s relationships:

Fig. 6 The Thomson coefficient is required as there will be temperature dependence along any
thermoelectric material connected to two heat reservoirs at different temperatures and this produces
different Seebeck coefficients along the thermoelectric material. In this diagram, the Seebeck
coefficient varies along the x-direction, i.e., α = α (x) [97]
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Y
¼ aT ð10Þ

And,

b ¼ T
da
dT

ð11Þ

Based on the thermoelectric effects described above, thermoelectric devices for
energy harvesting (Fig. 7) and cooling system (Fig. 8) can be designed [38, 99].
The potential of the application of a material as a thermoelectric material depends
on the figure of merit ZT which is based on several transport coefficients [99]:

ZT ¼ a2T
qj

ð12Þ

where ρ is the electrical resistivity, and κ is the total thermal conductivity
(κ = κL + κE, the lattice and electronic contributions, respectively).

Fig. 7 A thermoelectric
couple made of an n-type and
a p-type thermoelectric
material. Energy harvesting
mode is possible, depending
on the above configuration

Fig. 8 A Peltier cooling
device configuration based on
an n-type and p-type
thermoelectric material, as
shown in Fig. 7
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3.2 Historical Implementation of Inorganic Materials:
Evolution, Challenges Faced, and Limitations

Efficiency is a key driving factor in the history of thermoelectric materials. Metal
thermocouples include some of the early applications of thermoelectric materials.
These materials have been used as temperature and radiant energy sensors for many
years [100, 101]. Semiconducting thermocouples have been used from the later part
of the 1950s. Due to their competitive energy conversion compared with other
forms of small-scale electric power generators, these devices have been applied
in terrestrial cooling and power generation and later in space power generation
[38, 96, 99, 100]. Commercialization of thermoelectric refrigerators started in the
1990s which was followed by the use of thermoelectrics to enhance the functions of
automobiles such as thermoelectric cooled and heated seats in and around 2000
[38, 99, 100]. Thermoelectric devices have been largely limited in their applications
due to the low efficiency (with ZT < 1). Many new opportunities have opened up
due to the use of thermoelectric materials with ZT > 1. The area of energy har-
vesting has been an area of recent interest [99]. The variation of the figure of merit
ZT as a function of the year is shown in Fig. 9 [97, 102–104].

3.3 Applications of Various Conductive Polymers
for Organic Active Layers

3.3.1 Ease of Manufacturability

Over the last decade, thermoelectric materials has been investigated for energy
harvesting from waste heat and other heat sources. There are commercially

Fig. 9 Variation of the figure
of merit ZT as a function of
the year [97, 102–104]
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Table 1 The electrical conductivity, Seebeck coefficient, thermal conductivity, and thermoelec-
tric figure of merit of a few polymers [13–15, 17, 18, 38, 96–110, 112–115]

Polymer Conductivity
(S/cm)

Seebeck
coefficient
(µV/K)

Thermal
conductivity
(W/mK)

Thermoelectric
figure of merit ZT
at 300 K

Polyacetylene 11,110 28.4 0.7 3.8 × 10−1

Polypyrrole 100 12 0.1–0.2 2.0 × 10−3

PEDOT:PSS 55 13 – 1.4 × 10−3

Polythiophene 100 21 – 6.6 × 10−3

Poly
(carbazolenevinylene)
derivative

5 × 10−3 230 – 8.0 × 10−5

Polyaniline 7000 7 – 5.1 × 10−2

Poly(paraphenylene) 10−5 12 – 2.1 × 10−10

Poly
(p-phenylenevinylene)

10−5 7 – 7.2 × 10−11

available thermoelectric semiconductors bismuth telluride (Bi2Te3)-based alloys
which possess a ZT value of *1 [14, 17, 98]. Recently developed thermoelectrics
with higher ZT values show low lattice thermal conductivities [104–106]. However,
high ZT values are not the only driving factor in developing viable thermoelectric
energy harvesting devices. For energy generation from heat exchangers, waste heat
sources, and large volumes of fluids, the thermoelectric materials need to be inte-
grated with these systems [17, 18, 97, 99]. The materials used for fabrication of
thermoelectric devices should be easily synthesized, environmentally sustainable,
air stable, and solution processable so that large patterns can be created [38, 100,
105]. To meet the above requirements, researchers have looked into polymer-based
thermoelectric devices mainly with higher electrical conductivity and low intrinsic
thermal conductivities [103, 106–117]. The electrical conductivities, Seebeck
coefficients, thermal conductivities, and thermoelectric figure of merit of a few
polymers are shown in Table 1.

3.3.2 Tunability: Effect of Doping Level on the Thermoelectric
Properties of Conductive Polymers

Organic polymer displays interesting thermoelectric properties [102, 115]. It was
shown that the oxidation level of poly(3,4-ethylenedioxythiophene) tosylate
(PEDOTTos) was optimized to reach ZT values as high as 0.25 at room temper-
ature. The low intrinsic thermal conductivities of conducting polymers typically
range from 0.1 to 0.6 W m−1 K−1. Such low thermal conductivity values can be
reached with inorganic semiconductors only via complex strategies [14, 18, 96, 98,
106, 114]. One of the approaches to tune the ZT values of these thermoelectric
devices is to control a few parameters: the value of the Seebeck coefficient, elec-
trical conductivity of the polymers, the redox rate via chemical doping, and the
doping level of these materials [106, 112, 116, 118].
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Copolymers and Polymer Blends: Further Methods to Tune Properties

The properties of conductive polymer can be further tuned by the use of copolymers
and their blends to modify and enhance the values of the figure of merit ZT [102,
110, 113, 114]. The thermodynamic efficiency of polymer chains can be enhanced
by the use of molecular engineering [97, 100, 104, 107]. Copolymerization is a
strong tool to introduce and arrange molecular segments in a polymer chain and
allows to tailor the properties of polymer-based thermoelectric devices [14, 17, 103].
The values of power factors (power factor = Seebeck coefficient × conductivity) in
the literature seen in oligophenylenevinylene-segmented block copolymers and
their blends with MEH-PPV, 1.33 µW m−1 K−2 [119], polyselenophene and its
copolymers with 3-methylthiophene via electropolymerization, 12 µWm−1 K−2 and
a copolymer of 1,12-bis(carbazolyl)dodecane and thieno[3,2-b]thiophene, 0.32 µW
m−1 K−2 [14, 38, 106, 107, 109]. Multilayer structuring of polymer films made with
different layers of conductive polymers has also been observed [120]. The power
factor (6.0 µW m−1 K−2) was obtained for a PEDOT:PSS/P3HT bilayered nanofilm.

Ability to Utilize Additives and Their Respective Advantages

Additives and composite polymers have also been investigated to enhance the
figure of merit, tune the electrical and thermal conductivities and enhance the
Seebeck coefficient of conductive polymers. The final composites fabricated have
been shown to maintain low thermal conductivities, ease of processability,
mechanical flexibility, low-cost synthesis, and low density [13, 101, 105, 106, 110,
112, 115]. In thermoelectric polymer composites, percolation threshold has to be
reached to achieve optimal electrical conductivity [13, 38, 97, 103]. The use of
nanostructures also allows the selective blocking of phonons while allowing the
transport of charge carriers [98, 113]. Tables 2 and 3 show the thermoelectric
properties of some of the composite thermoelectric polymers with organic and
inorganic additives.

Table 2 Thermoelectric parameters of conducting polymers composites with carbon materials at
room temperature [18, 97, 102, 108, 112, 114]

Polymer composite Power factor
(µW m−1 K−2)

ZT

SWCNT/PEDOT:PSS, DMSO, GA 25 0.02

CNT/PEDOT stabilizer TCPP 500 –

CNT/PVAc – 0.006

SWCNT/PEDOT:PSS PVAc 160 –

SWCNT/PEDOT:PSS-layered structure 21.1 –

SWCNT/PANI 0.2 0.004

3D-CNT/PANI – 0.0022
(continued)
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4 Mechanical Vibration-Based Energy Harvesting

Traditionally mechanical energy is transformed into electrical energy by means of a
turbine generator. Today, however, we explore other exotic natural sources, large
sources of wind and ocean motion, and small movement as in mechanical vibra-
tions. These vibrations can extend from vehicular movement to ambient noise like
in a factory [121, 122]. Vibrations and kinetic energy can even be scavenged from
the human body as it was discussed in [22] allowing for human motion to be a
potential source of energy.

These mechanical vibration-based energy harvesting devices have become a
major topic for current research. These novel devices provide a source of energy
that can assist in developing self-sustaining sensors [122–126]. The small wireless
sensors today require very little energy [124], and maintenance can be cumbersome

Table 3 Thermoelectric parameters of polymer composites with inorganic nanoparticles at room
temperature [15, 38, 97, 100–102, 110, 112, 115, 119]

Polymer composite Power factor (µW m−1 K−2) ZT

PEDOT:PSS PAA Bi2Te3 240 0.2

PEDOT:PSS Bi2Te3 131 0.08

PANI Bi2Te3 nanorods p-type 1.8 0.004

PANI Bi2Te3 nanorods n-type 10 –

PEDOT:PSS Bi2Te3 films 9.9 0.04

PEDOT:PSS Te 70.9 0.1

PEDOT:PSS Te nanowire 100 –

PEDOT:PSS Te nanowire 35 –

PEDOT:PSS gold nanorod 20 –

PH3T Bi2Te3 6.3 –

Table 2 (continued)

Polymer composite Power factor
(µW m−1 K−2)

ZT

CNT-PANI nanofibers 0.16 0.0022

PANI-coated CNT/PANI – 0.001

poly(3-hexylthiophene) SWCNTs 98 –

MWCNT/polithiophene – 8.7 × 10−4

PANI/graphite composites 4.18 1.37 × 10−3

PANI/graphene nanosheets pellet 5.6 –

PANI/graphene nanosheets film 1.47 –

PANI/graphene nanoplatelets mechanical
blending

14 –

PEDOT:PSS/expanded graphite 5.31 –

PEDOT:PSS/graphene fullerene – 0.06
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with battery replacement, especially if there are numerous sensors to maintain.
Currently, our common power supplies today are batteries. According to [124],
Lithium-ion batteries have extended their life by a factor of 3 in the past 15 years,
but devices have also evolved to use smaller amounts of energy, such that the
power supply can be replaced with an energy harvester or in combination with
rechargeable batteries.

These harvesters, as previously mentioned, can transform the energy in the
environment and convert it into a usable source for sensors. When it comes to
vibrations in particular, there are three common methods of transduction, namely
electrostatic, electromagnetic, and piezoelectric. According to [123], the two
favorite methods for harvesting energy are piezoelectric and electromagnetic
because of their higher power densities.

4.1 Electromagnetic Energy Harvesters

In terms of electromagnetism, there are varies forms that energy can take.
Electromagnetic waves are one form of electromagnetic energy that can be har-
vested. This is seen with standard solar panels but can also vary extensively to radio
frequencies as well indoor lighting [121, 127]. But for our purposes, we will be
discussing devices that operate on Faraday’s principle for generating electricity like
their macrogenerator counterparts.

4.1.1 Operating Principle and Challenges in Miniaturization of Device

As previously mentioned, the devices that we will cover in detail will be the ones
that exploit Faraday’s principle of a changing magnetic flux inducing a voltage in a
coil. The principle is fairly simple as it is used extensively in the world of power
generation. A material that is magnetic is made to move about a coil of conductive
wire [128–130]. This movement by the magnet causes an alternating current in the
material. In a turbine generator, permanent magnets move inside coils of wire, with
the mechanical energy provided by the turbine. In terms of mechanical vibrations,
these devices are displaced at a certain frequency providing the movement required
for the magnet [130].

Traditionally, these harvesters can be developed using MEMS manufacturing
methods (CMOS) in the miniaturization of the Faraday’s principle. The mechanical
beam or cantilever has a miniature permanent magnet affixed to it as it displaces
over flat coils of wire [128–131]. This principle has work for others using silicon
[125], but the rigidity of beam is not enough for the purposes of harvesting energy.
In [125], the silicon beam is replaced with a type of polymer making the device
more flexible. This, however, still uses the concept of a permanent magnet affixed
to the cantilever which provides its own set of challenges. Batch manufacturing of
devices becomes difficult for magnets fixed on beams [131].
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Today’s research in more cost-effective methods has lead toward the develop-
ment and use of composite materials. The authors of [131] have developed an
intriguing solution where instead of having a fixed permanent magnet, they use the
properties of iron nanowires in a polymer matrix to create a flexible column that
acts as permanent magnets. This work was inspired by biological structures called
cilia.

4.1.2 Fabrication Using Polymer Nanocomposites

In the current research discussed electromagnetic energy harvesters, a common
material has become the nanocomposite comprised of iron nanowires and poly-
dimethylsiloxane (PDMS). This composite used in [37, 131, 132] exploits the
flexible properties of the polymer while maintaining the magnetic properties of the
iron nanowires.

The production of the iron nanowires has a series of steps outlined by [12–14].
The nanowires are said to be produced by an electrodeposition of iron onto alu-
minum oxide temples. First a clean aluminum disk is required to be subjected to 2
oxidation steps to give the pores a more uniform distribution on the alumina
membrane [131]. This is then followed by the etching of aluminum on the backside
to release the alumina membrane. The electrodeposition can commence in a FeCl3
solution. The iron nanowires are then released by etching away the alumina temple
in CrO3 and phosphoric acid solution.

Once the nanowires have been freed, they can now be incorporated into the
polymer matrix. The polymer used by [131] is PDMS, and it is first prepared with
its curing agent in a 10:1 weight ratio. Once the polymer has been mixed, the
nanowires can be added to the mixture in a specified volume fraction; note that
[131] uses 4% while [132] uses 18%. The final mixture is mechanically stirred and
then the nanocomposite is ready to be cast. Afterward, the PDMS will require a
vacuum process to remove unnecessary bubbles in the polymer as well as to be
cured at a specified temperature and period of time [131, 132].

Fabrication Methodologies

The fabrication of columns using polymer nanocomposites requires less steps than
traditional MEMS, where different layers had to be constructed and then etched
away. All that is required for the fabrication of the columns is the nanocomposite
mixture and a cast used to shape it. Depending on the application and size, different
approaches can be taken. In [131], the columns are developed by cutting holes into
poly(methyl methacrylate) (PMMA) with a CO2 laser cutter where the nanocom-
posite would be dropped cast. In [132], the nanocomposite is placed on the sub-
strate followed by the PMMA mold cast on top of the nanocomposite. In [133], a
silicon mold is used with an array of holes patterned into it. The nanowires are
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dropped cast in acetone first with a permanent magnet at the bottom attracting the
nanowires. Afterward, the PDMS is applied to the mold and is then peeled off.

Geometry of Harvesters

The principle harvester that was looked into was the one prepared by [131]. The
design called for a 12 × 5 array of cilia, with each cilium being 250 μm wide and
2 mm long. The cilia were placed on a planar coil array. Each coil consisted of 14
turns and occupied an area of 600 × 600 μm2.

Working Principles Behind Energy Capture

The working principle behind the cilia energy capture can be summed up by the
electromagnetic principle that is Faraday’s law. In [131], we see how the cilia will
deflect depending on the force that is exerted on them. As the cilia deflect, they
increase the magnetic flux, from the magnetized nanocomposite, as it approaches
the coils. Since the neighboring cilia deflection is taken into account, we see that
this flux effect is enhanced [131]. As the cilia vibrate over the planar coils, an
alternating current will be induced in the coils. And since the coils are in series, the
voltages of each coil can be summed up to obtain the total voltage output of the
entire array [131].

4.1.3 Challenges and Work Underway

In [122], they discuss how vibration-based microgenerators have issues generating
maximum power at any other environmental input other than its resonant fre-
quency. There is a significant drop in power according to [121] and restricts their
capability in real application. Therefore, in the review they provide a list of
strategies to increase the operating frequency range of these energy harvesters. One
typical strategy offered is the periodic tuning of the resonant frequency. Another is
using a generator array to widen the bandwidth.

In [128], they add to the discussion that in macroelectromagnetic there is no
problem with multiturn coils whereas MEMS systems have difficulties in fabrica-
tion due to the poor quality of planar magnets as well as with the number of turns a
planar coil can have. Alignment still remains an issue with submillimeter electro-
magnetic systems.

In [130], the overarching issue remains to be the permanent magnet and its
integration into the device, including the magnetization of the material and its use in
lamination. This seems to be the prequel for what [131] tries to solve by using a
nanocomposite.
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4.2 Piezoelectric Energy Harvesters

Piezoelectricity can be defined as a linear electromechanical response between the
mechanical and electrical energy states, which is driven by the microscale crystal
structure of a material; with a unit cell, that has no center of symmetry [134]. Under
application of a mechanical strain, certain classes of crystals become electrically
polarized. This reversible phenomenon is called the direct piezoelectric effect. The
displacement of ionic charges within a crystal structure is one of the reasons
responsible for this effect. In the absence of an external strain, the charge distri-
bution within the crystal is symmetric and the net electric dipole moment, i.e.,
polarization, is zero. However, when an external stress is applied, the charges are
displaced and the charge distribution is no longer symmetric, thereby leading to a
polarization. A net polarization develops and results in an electric field.
Piezoelectric materials can be primarily subdivided into four major categories—
bulk piezoceramics, piezopolymers, piezocomposites, and void charge polymers.

4.2.1 Operating Principal Utilizing Two Categories of Piezogenerators

Single-Phase Piezoceramics

Piezoelectricity as material property was discovered by the Curie Brothers in the
early 1880s based on their study on the effects of pressure on tourmaline, quartz,
and Rochelle salt [134]. The discovery of new piezoelectric materials in the early
1940s was spurred by the pressing need for high dielectric constant (ε) capacitors.
During the mid-1940s, Barium titanate (BaTiO3) was regarded as a new type of
ceramic capacitor with high dielectric constant values of around 1100 [135]. This
was around the same time that it was established that the domain within the
crystallographic grains of the material can be oriented by means of an application of
an applied external electric field [135, 136], which is known as the poling process.
This produced an electromechanically active ceramic material that behaved similar
to a single crystal and possessing piezoelectric properties. Lead zirconate titanate
(PZT) was reported as a useful piezoceramic in the 1950s [135] and has been
studied extensively in the last few decades and has been one of the most widely
used piezoelectric materials for sensor/actuator applications [134, 137].

Single-phase piezoelectric ceramics, such as PZT and BaTiO3, face challenges
that limit their applications in energy harvesting devices. Piezoelectric ceramics
exhibit poor mechanical properties and are prone to failure, which limits their
applications in energy harvesting [138–141]. The brittle nature of piezoelectric
ceramics makes these materials susceptible to premature failure when they sub-
jected to static or frequency-dependent mechanical loading or mechanical shock
[138–141]. Moreover, the single-phase ceramics exhibit a high stiffness constant
and high density which make them mechanically less stable [137]. In addition to
that, the piezoelectric ceramics encounter the problems in impedance match and
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compatibility of mechanical properties that limit their application as structural
health monitoring sensors [142–147]. Polymer-based piezoelectric composite
materials increase the number of design degrees of freedom, which enable these
materials to be tailored to meet the aforementioned applications [139, 148–150].

Piezocomposites

Piezocomposites comprised of piezoelectric ceramics and polymers are promising
materials because of their excellent tailored properties. These materials have many
advantages including high coupling factors, low acoustic impedance, mechanical
flexibility, a broad bandwidth in combination with low mechanical quality factor
[47, 134–137, 142, 143, 145, 151–180]. The mechanical and acoustic properties of
these materials can also be tailored according to the nature of application of the
composite material [137, 139, 140, 144, 148, 151, 153, 154, 156, 166, 168, 176,
181–194]. Inclusions of conductive filler within polymer matrixes has been
demonstrated by several researchers [139, 140, 144, 148, 152, 153, 156, 157, 182–
184, 186, 195–197]. All researchers have recorded that the polymer matrix con-
ductivity was enhanced by the addition of electrically conductive fillers. Ma and
Wang [166] compared the microstructure and dielectric properties of epoxy-based
composites that contained carbon nanotubes (CNTs) and PMN PZT piezoelectric
ceramic inclusions. They remarked that the composites exhibited a percolation
threshold in the range of 1.0–1.5 g of CNTs per 100 g of epoxy. They also reported
that in the region of the percolation threshold, a continuous electrically conductive
network was formed and that beyond the percolation threshold, these materials
exhibited dynamic loss factors that were superior to those below the percolation
threshold and those without semiconductor inclusions. Tian and Wang [179] also
investigated the performance of epoxy-MWCNT (multiwalled carbon nanotube)
piezoelectric ceramic composites as rigid damping materials. Their results were
similar to the results of Ma and Wang [166], where the percolation threshold was
found to be in the range of 1.0–1.5 g CNTs per 100 g epoxy. They also concluded
that loss factors were significantly higher with the introduction of CNT and (PZT),
where the volume fraction of CNT was above the critical electrical percolation
loading.

Piezopolymers

Piezoelectric nanogenerators based on oriented assembly of nanowires have been
investigated for converting mechanical energy into electrical energy [139, 148–
150]. Flexible piezoelectric generators have attracted considerable attention in
recent years on account of their potential applications in mechanical energy scav-
enging devices using portable, wearable, and implantable electronics. Structural
approaches propose to enhance the output power of the flexible piezoelectric
generator using polyvinylidene fluoride (PVDF) [152, 173–175, 198–200], use of a
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substrate and curved structure, and optimization of the aspect ratio of the generator
responsible for maximizing output power density. Through these approaches,
induced stress and output voltage of the generator are analyzed by finite element
modeling and validated through experiments [173, 174, 200, 201].

PVDF is the most popular and most commonly cited piezoelectric polymer used
in electromechanical devices. This is because it has large piezoelectric charge
coefficient approximately between 20 and 28 pC/N [200], compared with other
common polymers. As for fabrication, prepoled PVDF and PVDF–TrFE films of
various thicknesses are commercially available [199, 200]. Such films have been
used to develop MEMS pressure sensors and as energy harvesting devices [151].
Parylene-C is commonly used as an electrically insulating or encapsulation material
in MEMS and microfabrication [151, 202]. This can be attributed to its biocom-
patibility, chemical inertness, and more importantly its distinctive vapor deposition
technique. This deposition technique allows conformal coating over any surface,
irrespective of its porosity. The physical deposition method for parylene consists of
three steps: evaporation, pyrolysis, and deposition [151, 202]. The parylene-C
molecular structure has a molecular dipole due to the single chlorine atom in the
benzene ring [151]. Polyimide has been used in MEMS as a structural material. Its
high glass-transition temperature (360–410 °C) permits it to be used in
high-temperature applications [203].

Voided Charge Polymers

Voided charged polymers or cellular polymers are the materials that contain internal
gas voids. When the polymer surfaces encompassing the voids are charged, these
charged voids in the polymer behave like a piezoelectric material. This structure
was first invented by Gerhard Sessler in the early 1960s [204] when he developed a
microphone by making use of charged polymer devices, and hence, those were
called ‘space-charged electrets.’ It was not until the late 1980s that researchers
adopted the concept of treating the space-charged electrets as a ‘black box’ and
studied the piezoelectricity and pyroelectricity of such materials [10, 205]. The
concept of piezoelectricity in voided charged polymers is popularly known as
ferroelectrets or piezoelectrets. Ferroelectric material possesses spontaneous
polarization; that is, they can be reversed in a direction of the applied electric field
over a specific temperature range. It usually involves a two-step fabrication pro-
cedure. The first one is the creation of air voids inside the polymer film. The second
step is to resize the voids to permit higher charge density on the surfaces and hence
generating higher piezoelectric response. The resulting fabricated film is typically in
the range of 80–100 µm thick. The synthesis of cellular piezoelectric polymers
(PP) essentially comprises of three steps: (a) generation of the voids by introducing
micron-sized particles inside the polymers and by stretching, (b) causes the
adjustment of the void size through the applied gas pressure and heating cycles, and
(c) generation of dipoles through electrode or corona poling [205]. The resultant
cellular polymer has anisotropic lens-like-shaped voids with crystallinity under
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50%. Voids also can be formed by diffusion of supercritical CO2 inside the polymer
film (in this case, polyethylene naphthalate (PEN)) followed by heating to help
expand the gas contained in the film and thereby causing voids [206]. To form
multilayer-based VCP, it is fabricated to bond several layers with multiple porous
surfaces, which introduces the voids in between the layers. This could be through
bonding layers of different materials or properties such as porous polyte-
trafluoroethylene (PTFE) (Teflon-R) and non-porous fluoroethylenepropylene
(FEP) [207, 208]. Cellular parylene is fabricated by vapor deposition of parylene on
a silicon mold micromachined by reactive ion etching. The silicon is etched to
release the parylene structure that is clamped to the silicon wafer. This structure is
charged with the unique soft X-ray setup [209]. The piezoelectric coefficient in
voided charge polymers is correlated with the density and shape of the voids which
can affect the distribution of the formed dipoles. The type and pressure of gas
inside the voids affects the amount of ionization occurring during the poling process
[205, 206].

4.2.2 Comparison and Advantage of Piezoelectric Polymers Over
Inorganic Piezoelectric Materials

Several researchers have studied two-phase piezoelectric polymer composites
aimed at replacing the use of homogeneous piezoelectric ceramic material in
practical conditions owing to the aforementioned mechanical limitations [137, 139]
listed above. In two-phase composites, the individual materials combine to improve
its overall applicability to several applications alike [182, 210]. Two-phase com-
posites with uniformly distributed ferroelectric fillers within a continuous polymer
matrix have been studied toward the development of materials for devices in energy
harvesting with high stiffness [211] and structural health monitoring devices [181].
Despite these so-called two-phase composites exhibiting marked increase in
mechanical properties compared to their homogeneous ceramic counterparts they
show reduced electrical properties due to the insulating nature of the polymer
matrix [186]. The overall piezoelectric and dielectric properties also show
decreased values due to the low properties exhibited by the polymer matrix
[212, 213]. The non-uniform dispersion of the ferroelectric ceramic fillers is caused
due to formation of localized clusters leading to agglomerations in the composite
microstructure, thereby further contributing to the insulating nature of the com-
posite [148, 197]. The electrical properties of the matrix may be improved by
introducing spherical electrically conducting metallic particle inclusions [139, 188]
and/or high aspect ratio conductive inclusions such as carbon nanotubes (CNTs)
[184, 214]; however, there is less literature about the mechanisms that govern the
changes in properties such as electron tunneling, electron hopping [215], matrix
cracking, and various interfacial effects [216] between the inclusions and the
matrix. Also, more studies need to be carried out in interpreting their effects on the
physical relationships between different phases and the measured properties by
studying the microstructure of the material. The purpose of this study is to
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investigate the influence of multiwalled carbon nanotubes (MWCNTs) as a third
conducting phase on the dielectric and piezoelectric properties of PZT-epoxy-
MWCNT three-phase piezoelectric composites.

Flexible thick-/thin-film piezoelectric composite materials have been investigated
for applications ranging from micro-/nanogenerators, micro-/nanosensors, to
meso-scale energy harvesters, and sensing devices [137, 139–148, 151, 157, 181,
187, 192, 211, 217, 218]. The electrode is influential in determining the sensitivity of
the device and in the effectiveness of energy conversion [160, 202, 219]. Ideal
electrodes ensure good lattice matching between itself and the piezoelectric material
leading to enhanced mobility of charge carries owing to reduced contact resistance
between the composite film surface and the electrode. Traditionally, metals such as
silver, gold, copper, carbon, or aluminum have been used as electrode materials
acting as points of contact for these flexible piezoelectric devices [160, 217, 220].
Graphene has emerged as an attractive alternative to these metal electrodes because
of its high mechanical strength, superior flexibility, and high contact area in com-
parison with these traditional metal electrodes [47, 162, 172, 178, 191, 221–226].

4.2.3 Conclusions, Challenges, and Future Outlook

Two-phase composites that contain electrically conductive inclusions which are
uniformly distributed have garnered a lot of attention due to their potential scala-
bility, the ease of processing, and their overall flexibility [221, 227]. For the
application of embedded capacitors, two-phase polymer–metal and two–phase
ceramic–metal [176, 214] offer good choices. Two-phase composites with
MWCNT conductive inclusions in PMMA show marked improvement in its
electrical properties as the volume fraction increases [228, 229] with dramatic
increase in electrical conductivity as the volume fraction goes above 0.1% of
MWCNT [148, 188]. One functional difficulty with these kinds of percolative
composites is the formation of continuous networks also known as conductive
pathways either by direct contact of neighboring conductive particles or by electron
tunneling causing a sharp increase in electrical conductivity leading to higher
dielectric loss [152, 212]. In two-phase PZT-epoxy composites, researchers have
shown a decrease in the dielectric constant from around 1000 for the single-phase
PZT to values of around 50 [230] for two-phase PZT-epoxy composites. Even the
values of the piezoelectric strain coefficients decrease from *20 pC/N for the
single-phase to values <5 pC/N for the two-phase ferroelectric polymer composites
[161, 212]. This can be attributed to the decrease in mobile charge carries as a result
of the addition of the polymer matrix [231]. In order to tackle this problem,
researchers have looked at introducing electrically conductive inclusions, as a third
phase uniformly distributed within the polymer matrix [186, 188]. The conductive
filler drives several physical properties such as the dielectric constant and electrical
resistivity of the composite. Polymer matrix composites with piezoelectric inclu-
sions have shown a lot of promise in applications as sensors and actuators, but a lot
of areas need to be investigated. Some of them are described below.
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The addition of electrically conductive inclusions improves the piezoelectric and
dielectric properties of such composites as a result of mobilization of charge carriers
which in turn increase the polarization. These improved material properties are
directly correlated with the increasing content, i.e., volume fractions of the con-
ductive inclusions as long as they are below the percolation threshold. Percolation
is the formation of continuous clusters of the conductive inclusions when their
volume fraction exceeds a critical value, this is usually associated with a sharp
increase in overall conductivity of the composite. Further, the interfacial interaction
also plays an important role in driving physical properties of the composite [63].
The electrode on the surface of the composite greatly influences the dielectric and
piezoelectric properties as they contribute to mobilization of charge carriers which
is dependent on the number of contact points between the surface of the film and the
electrode [202]. Another contributing factor toward influencing the properties of
the composite is the nature of the interactions between the different phases such as
the conductive inclusions, the matrix material, and the active piezoelectric phase
[153, 184].

A more profound understanding of the interaction of different phases within the
composite is required in order to improve the charge storage capabilities of these
materials. By studying the influence of different inclusions, we can improve the
dielectric constant of such materials and hence store charge more effectively; this
can, in turn, propel these materials to be further used in energy harvesting materials.
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Energy Harvesting from Crystalline
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Abstract Modern electronic devices require less energy on-board and could be
powered by energy harvested from the environment. Mechanical vibrations are
attractive sources for energy harvesting due to their high availability in technical
environments. Among the various mechanisms available to convert mechanical
energy into electrical energy, piezoelectric transduction offers high power density at
microenergy scales. In piezoelectric energy harvesters, the amount of electrical
energy harvested directly depends on the strain undergone by the transducer.
Commonly used piezoelectric transducers are made of perovskite ceramics such as
PZT and are brittle. This limits the maximum allowable strain in the harvester and
consequently the power harvested. In such cases, electroactive polymers act as
viable alternatives due to their flexibility. Energy harvesting from conductive and
crystalline electroactive polymers is explored in this chapter. Crystalline polymers
such as polyurethane and semicrystalline polymers such as PVDF are commonly
used in energy harvesting devices owing to their flexibility, affordability, and good
electromechanical coupling properties. This chapter begins with a brief account on
the material properties of PVDF and polyurethane. Subsequently, design of energy
harvesters based on these materials is elucidated. A short note on energy harvesting
from crystalline biopolymers such as cellulose nanocrystals is also included therein.
Such harvesters are attractive as they are environment friendly and biocompatible.
Among conductive polymer composites, harvesters based on polyaniline and car-
bon nanotubes are described. A comparison between the harvesting capabilities of
different electroactive polymers and the challenges faced are discussed to draw an
overall picture on energy harvesting from electroactive polymers.
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1 Introduction

The realm of wireless devices is witnessing an exponential growth ever since its
inception. But the extent of services offered by these devices is often limited by the
lifetime of batteries powering them. A self-sustainable power source would thus
thrust us forward to exploit the potential of such devices exhaustively. The current
technological revolution is propelled by miniaturization, and as devices continue to
shrink, less energy is required on-board. This has encouraged the researchers to
explore the possibility of augmenting batteries with systems that continuously
scavenge otherwise wasted energy from the environment [1–3]. This process of
converting otherwise wasted ambient energy into a useful form is called energy
harvesting or scavenging.

Energy harvesting would augment sustainable power supply to a wireless system
network and might even offset the need to replace and to maintain the batteries in
areas that are either inhospitable or difficult to reach. This includes applications
such as safety monitoring devices, structure-embedded microsensors, and medical
implants, to name a few. There are also environmental benefits associated with
energy harvesting as it provides a ‘battery-less’ solution by scavenging energy from
ambient energy sources such as vibrations, heat, light, and water and converting it
into electrical power [4].

Mechanical energy harvesting converts energy from movement or vibration into
electrical energy. The mechanical energy sources encompass vibrations and noise
from industrial machinery and equipment, transportation, fluid flow such as air
movements, biological locomotion such as walking, or in-body motion such as
chest and heart movement. In general, there are two main ways of extracting energy
from a mechanical source, inertial and kinematic [5].

44 A. Kumar et al.



Inertial energy harvesting relies on the resistance to acceleration of a mass.
These systems consist of a spring-mass-damper system connected to the base at a
single point. When the base moves, the mass vibrates due to its inertia, and these
vibrations can be converted into electrical energy. Examples of harvester designs
exploiting this principle of inertia include those based on cantilever beams [6, 7],
pendulums [8, 9], and magnetoelastic oscillators [10–12].

In kinematic energy harvesting, the energy harvesting transducer is directly
coupled to different parts of the source. The relative motion between these parts
leads to a deformation in the transducer, which is then converted into electrical
energy. Examples include harvesting energy from the bending of a tire wall to
monitor pressure, or the flexing and extension of limbs to power mobile.

At present, mechanical-to-electricity energy conversion is mostly accomplished
via electrostatic, electromagnetic, or piezoelectric transduction mechanisms [13].
Power density for piezoelectric transduction exceeds that for electromagnetic
generators below 0.5 cm3 [14], and consequently, they represent promising mate-
rials for electromechanical energy conversion technologies at smaller scales.

In piezoelectric energy harvesting, the power harvested is directly dependent on
the strain and the electromechanical coupling coefficient of the material employed
for electromechanical transduction. Piezoelectric ceramics such as lead zirconate
titanate and barium titanate have very high electromechanical coupling coefficients,
but they are very brittle, with the maximum strain that they can undergo being
limited to 0.2% in case of polycrystalline materials and 1% in case of single-crystal
piezoelectrics [15]. On the other hand, electroactive polymers (EAPs) generally
undergo strains greater than 1%, and certain classes of EAPs can even go up to 50%
[15]. But the electromechanical coefficient of EAPs is comparatively less than that
of piezoceramics. Hence, in either case, the limitation of the material sets an upper
bound to the power that can be harvested from the motion of the host structure.
Hence, current research focuses on improving the ductility of piezoceramics and the
coupling coefficient of electroactive polymers.

Knowledge of existing energy harvesting technologies, their advantages, and
limitations would be essential in setting up the foundation for future research
directions in the field. Hence, this chapter is dedicated to such a comprehensive
review on energy harvesting technologies, particularly involving conductive and
crystalline electroactive polymers. The properties of various electroactive polymers
will be discussed initially, and further discussions will focus on the design and
analysis of energy harvesters based on these polymers.

2 Electroactive Polymers (EAPs)

EAPs are polymers that undergo a change in shape and dimensions when subjected
to an electric field [16]. EAPs are primarily used as actuators in aerospace [17–19],
medical [20], and robotics [21] applications. They are also used as artificial muscles
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in biomimetic applications [16, 22]. Recently, researchers have started to explore
the power scavenging capabilities of EAPs. Most of the EAPs get electrically
polarized when subjected to a mechanical strain. Since EAPs are flexible and can
undergo large deformations, they are seen as potential alternatives for the con-
ventional piezoceramics in the field of energy harvesting.

EAPs are classified into two families, namely electronic and ionic [16].
Electronic EAPs exhibit electromechanical coupling due to polarization based or
electrostatic mechanisms [15]. Electronic EAPs are insulators and contain bound
charges in the form of electric dipoles. Most of the electronic EAPs are either
crystalline or semicrystalline. The crystal units within these polymers contain atoms
with partial charges and generate dipole moments. For example, the electrome-
chanical coupling in polyvinylidene fluoride (PVDF) is provided by a polar crys-
talline phase resulting from the spatially symmetric location of fluorine and
hydrogen atoms along the polymer chain [23]. Thus, the inherent electromechanical
coupling in polymers such as PVDF can be attributed to their crystalline nature.
However, there are few amorphous polymers which exhibit electromechanical
coupling. In such polymers, the electromechanical coupling is due to the freezing of
electrical dipoles in the material below the glass transition temperature [23].
Examples of this type include polyimides.

Based on the relation between mechanical strain and electric polarization, the
electronic EAPs can be further divided into ferroelectric and electrostrictive.
Ferroelectric polymers exhibit a linear relationship between strain and polarization,
whereas in electrostrictive polymers, strain is proportional to the square of polar-
ization. PVDF is a classic example of ferroelectric polymer, while its co-polymers
with trifluoroethylene (P(VDF-TrFE)) are electrostrictive. Another electrostrictive
polymer, polyurethane, is also widely used for energy harvesting.

Ionic EAPs exhibit electromechanical coupling due to the diffusion of charged
species within the polymer network. The diffusion of charged molecules or atoms
gives rise to electrical conductivity in ionic EAPs. Such diffusion also leads to
electromechanical coupling in these materials due to the accumulation of charges
within the material [15].

Ionic EAPs are further subdivided into ionic polymer–metal composites
(IPMCs) and conductive polymer composites [24]. IPMCs are based on ionic
migration through a selective ionic membrane. Such selective ionic membranes
allow only a particular species of ions (either anions or cations) to pass through
them. Examples of this kind include Nafion and Flemion. Nafion is used in selective
migration of hydrogen ions in proton exchange membrane fuel cells (PEMFCs).
Conductive polymer composites undergo redox reactions in the presence of an
electrolyte and, consequently, exhibit a change in volume. Polyaniline and poly-
pyrrole are examples of this type. Electrical energy can be harvested from a con-
ductive polymer composite kept in an electrolyte medium through the
mechano-chemo-electric process, but the efficiency is very low [25]. However,
composites made of conducting fillers such as carbon nanotubes and polymer
materials such as PVDF and polydimethylsiloxane (PDMS) have better elec-
tromechanical coupling and are widely used in energy harvesting.
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The energy harvesters based on ferroelectric, electrostrictive, and conductive
polymers differ in their working principle. The material behavior plays an important
role in the harvester design. Hence, a brief introduction to the properties of these
materials is given, and energy harvesters based on these materials are discussed
subsequently. Among crystalline polymers, the harvesters based on PVDF (ferro-
electric semicrystalline polymer), cellulose nanocrystals (piezoelectric biopolymer),
and polyurethane (electrostrictive polymer) are elucidated. Among polymers, har-
vesting energy using polyaniline, polypyrrole, and conducting polymer composites
with carbon nanotube fillers is described to illustrate the principles involved.

3 Energy Harvesting from Ferroelectric Polymers

Ferroelectric materials are those which exhibit, at temperatures below Curie tem-
perature (Tc), a domain structure and spontaneous polarization which can be
reoriented by applied electric fields [23]. Common examples of ferroelectric
materials are the perovskite ceramics such as barium titanate (BaTiO3) and lead
zirconate titanate (PZT) and polymers such as PVDF.

The domain morphology of ferroelectric materials results from the alignment of
dipoles to minimize electrostatic and elastic energy, and materials with this struc-
ture will exhibit varying degrees of hysteresis at all drive levels. In the unpoled state
(paraelectric phase), a positive strain is realized in these materials, whatever be the
direction of application of electric field. To achieve bidirectional strains, these
materials are poled and operated around this poled state. For low-to-moderate input
fields, the response of the material around this poled state is approximately linear.
Such materials operating in these linear regimes are designated as piezoelectric
materials [23]. However, the terms ferroelectricity and piezoelectricity are inter-
changeably used in many literature, and this is a common misnomer.

Piezoelectricity is observed in a variety of synthetic polymers such as
polypropylene, polystyrene, and nylon-11. Biopolymer substances such as cellulose
with an asymmetric crystal structure also exhibit piezoelectricity. But the elec-
tromechanical coupling in these materials is very weak. Strong electromechanical
coupling has been observed only in PVDF and its co-polymers. The piezoelectric
properties of PVDF were discovered by Kawaii in 1969. PVDF is a semicrystalline
polymer with approximately 50% crystallinity [26]. The molecular structure of
PVDF consists of the repeated monomer unit –CF2–CH2–. The atoms are cova-
lently bonded, forming long molecular chains. The hydrogen atoms are positively
charged, and the fluorine atoms are negatively charged with respect to the carbon
atoms, giving rise to electric dipoles within individual crystallites. Hence, PVDF is
inherently polar. However, the average macroscopic polarization of the unpoled
material is zero due to the random orientation of the individual crystallites.
Permanent dipole polarization of PVDF is generally obtained by stretching and
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polarizing extruded thin sheets of the polymer. A review of the various polarization
methods is given by Sessler [27].

Typically, PVDF is produced in thin films whose thicknesses range from 9 to
800 μm (10−6 m). A thin layer of nickel, silver, or copper is deposited on both
surfaces to provide electrical conductivity when an electric field is applied, or to
allow measuring the charge induced by mechanical deformation [26].

3.1 Electromechanical Properties of PVDF

Typically, the piezoelectric properties of PVDF are determined within the frame-
work of linear piezoelectric theory. The basic properties of a piezoelectric material
are expressed mathematically as a relationship between two mechanical variables,
stress r and strain e, and two electrical variables, electric field E and electric
displacement D. Generally, applying stress to an elastic material will result in the
deformation of the material. The ratio of change in dimension to the original
dimension is called the strain. Assuming a uniaxial state of strain, the stress r and
strain e along the direction of loading can be related by the Hooke’s law:

e ¼ 1
Y
r ¼ Sr ð1Þ

where Y is the modulus of elasticity of the material and S ¼ 1=Y is the inverse of
the modulus of elasticity known as compliance of the material.

For a piezoelectric material, the application of a mechanical stress also leads to
accumulation of surface charges in the material, in addition to the mechanical strain.
This is known as the direct piezoelectric effect. The surface charge accumulated per
unit area is defined as the electric displacement D and is related to the stress as
follows:

D ¼ dr ð2Þ

where d is known as the piezoelectric strain coefficient and is a measure of the
coupling between mechanical and electrical domains. The piezoelectric strain
coefficient d is equal to the eigenstrain developed in the piezoelectric material on
application of unit electric field to the material. This definition is derived from the
inverse piezoelectric effect which is elucidated by Eq. (3).

Just as the application of mechanical stress leads to an electric displacement, the
application of an electric field also produces a mechanical strain in a piezoelectric
material. This converse phenomenon is known as the inverse piezoelectric effect.
The electric field and strain are related by:
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e ¼ dE ð3Þ

All piezoelectric materials act as electrical insulators (dielectrics) and hence
become polarized under the influence of an external electric field. The resulting
electric displacement can be related to the applied electric field as follows:

D ¼ jE ð4Þ

Equations (1) to (4) can be combined together to give the linear constitutive
relations for piezoelectric materials:

e ¼ Srþ dE ð5Þ

D ¼ jEþ dr ð6Þ

Equations (5) and (6) give the piezoelectric constitutive law with stress r and
electric field E as independent variables. The law can also be expressed by taking
the fields ðr;DÞ, ðe;DÞ, and ðe;EÞ as independent variables to suit the modeling
requirements. For a detailed discussion on the appropriate transformations that aid
the conversion between one form and the other, please refer [15].

The piezoelectric constitutive relations can be extended to fit in a general
three-dimensional scenario as follows:

eij ¼ sijklrkl þ dijnEn ð7Þ

Dn ¼ jnmEm þ dnijrij ð8Þ

The quantities stress r and strain e are second-order tensors, while electric field
E and electric displacement D are first-order tensors. Mechanical compliance S is a
fourth-order tensor, dielectric permittivity j is a second-order tensor, and piezo-
electric strain coefficient d is a third-order tensor.

Rewriting the above in Voigt notation, we obtained the following:

e1
e2
e3
e4
e5
e6
D1

D2

D3

8>>>>>>>>>>>><
>>>>>>>>>>>>:

9>>>>>>>>>>>>=
>>>>>>>>>>>>;

¼

S11 S12 S13 S14 S15 S16 d11 d21 d31
S12 S22 S23 S24 S25 S26 d12 d22 d32
S13 S23 S33 S34 S35 S36 d13 d23 d33
S14 S24 S34 S44 S45 S46 d14 d24 d34
S15 S25 S35 S45 S55 S56 d15 d25 d35
S16 S26 S36 S46 S56 S66 d16 d26 d36
d11 d12 d13 d14 d15 d16 j11 j12 j13
d21 d22 d23 d24 d25 d26 j12 j22 j23
d31 d32 d33 d34 d35 d36 j13 j23 j33

2
6666666666664

3
7777777777775

r1
r2
r3
r4
r5
r6
E1

E2

E3
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>>>>>>>>>>>>:

9>>>>>>>>>>>>=
>>>>>>>>>>>>;

ð9Þ

where the subscripts 1, 2, and 3 denote the normal components and 4, 5, and 6
denote the shear components, respectively.
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Most of the piezoelectric materials are transversely isotropic; hence, the com-
pliance matrix will only have five independent constants as opposed to 21 as in
Eq. (9). The electric field applied in a particular direction will not produce electrical
displacements along orthogonal directions. Hence, the dielectric permittivity matrix
will reduce to a diagonal matrix. Due to transverse isotropy, the dielectric per-
mittivity along directions 1 and 2 will be equal, and hence, the dielectric permit-
tivity matrix will have only two independent constants. Piezoelectric materials,
when poled, exhibit cubic symmetry. If the poling is assumed to be along the
3-direction, then cubic symmetry implies that all the coefficients other than d31, d32
d33, d15, and d24 vanish to zero [15]. Transverse isotropy leads to a further reduction
in the piezoelectric strain matrix with d31 = d32, d15 = d24. Hence, the piezoelectric
strain matrix will have only three independent constants. Reflecting all these
changes in the material properties, Eq. (9) will reduce to:

ð10Þ

The elastic, electrical, and piezoelectric properties of PVDF and the most
commonly used piezoelectric ceramic PZT are compared in Table 1. From Table 1,
it is observed that the piezoelectric strain coefficient d is comparatively small for
PVDF than PZT. This implies that for the same external electric field applied, PZT
would produce more strain than PVDF. This is concerned with the actuation
capabilities of the two materials. However, we are interested in exploring the energy
harvesting potential of the materials. To do so, we look at the piezoelectric stress
coefficient g of the two materials. The piezoelectric stress coefficient g is a measure

Table 1 Elastic, dielectric, and piezoelectric properties of PVDF and PZT

Property Symbol PVDF PZT-5A

Modulus of elasticity (N/mm2) Y 2 × 109 7.4 × 1010

Poisson’s ratio m 0.34 0.35

Relative dielectric permittivity jr 12 1800

Piezoelectric strain coefficient (pC/N) d31 22 −175

d33 −30 450

Piezoelectric stress coefficient (Vm/N) g31 0.216 −0.011

g33 −0.33 0.027

Piezoelectric coupling coefficient k31 0.14 0.34
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of voltage developed per unit length of the material under the influence of an
external mechanical stress. From Table 1, we see that the piezoelectric stress
coefficient is about 10 times higher for PVDF than PZT. Hence, PVDF is an
excellent candidate for energy harvesting applications and will provide higher
voltage output than PZT for the same amount of mechanical stress applied. But, the
elastic modulus of PVDF is very low compared to that of PZT, which means that
PVDF will be subjected to a lower mechanical stress compared to that of PZT for
the same amount of strain applied.

From the above argument, it is evident that the electromechanical conversion
efficiency depends not only on the piezoelectric strain or stress coefficients but also
on modulus of elasticity and dielectric permittivity. It would be helpful to express a
quantity that takes into account the effect of all these material properties on elec-
tromechanical energy conversion. One such quantity is the piezoelectric coupling
coefficient which is defined as [15],

kij ¼ dijffiffiffiffiffiffiffiffiffiffi
kriiS

E
jj

q ð11Þ

where the subscripts i and j indicate the components as in Voigt notation, and the
superscripts r and E denote that the properties are measured at constant stress and
electric fields, respectively.

The piezoelectric coupling coefficient is related to the electromechanical con-
version efficiency such that [24]:

k2ij ¼
tranformed energy

input energy
ð12Þ

Hence, higher the coupling coefficient, higher the mechanical energy converted
into electrical energy and vice versa.

For the commonly used 33- and 31-modes of transduction, the coupling coef-
ficient can be defined as follows:

k33 ¼ d33ffiffiffiffiffiffiffiffiffiffiffiffiffi
jr33S

E
33

p ð13Þ

k31 ¼ d31ffiffiffiffiffiffiffiffiffiffiffiffi
kr33S

E
11

p ð14Þ

The 31-mode coupling coefficients of PZT and PVDF are also shown in Table 1.
Higher values of coupling coefficient for PZT show that it is more efficient than
PVDF. Nevertheless, both the materials are extensively used in energy harvesting
applications, as the ductility of PVDF provides an edge over PZT in certain cases.
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3.2 Energy Harvesting Using PVDF

PVDF has a high piezoelectric strain coefficient compared to that of other polymers,
and consequently, it is a suitable candidate for energy harvesting applications. The
flexibility and the maneuverability of PVDF to form complex shapes augments the
same. PVDF transducers can withstand high strains than their PZT counterparts. This
justifies the use of PVDF in kinematic energy harvesters. Kinetic energy harvesters
make use of both PZT and PVDF as transducer materials. The design of both kine-
matic and kinetic energy harvesters employing PVDF transducers is elucidated next.

3.2.1 Kinetic Energy Harvesters Using PVDF

In kinetic piezoelectric energy harvesters, the vibrations setup in a spring-mass-
damper system is used to strain the piezoelectric material. One of the most common
ways of achieving this is to connect a spring-mass-damper system to a vibrating
source at a point. The mass oscillates due to excitation from the source. The kinetic
energy from the oscillations is converted into electrical energy with the help of
piezoelectric transducers.

As mentioned earlier, piezoelectric transducers used for commercial applications
are generally poled. Poling the piezoelectric material causes all the dipoles to align
along the axis parallel to the direction of the applied electric field. This axis is
termed as the polar axis and is generally referred to as the 3-direction. The energy
harvesting performance depends on the direction of the applied strain relative to this
polar axis. By symmetry, all directions in the plane at right angles to the polar axis
are equivalent and are referred to as the 1-direction. A stress can be applied either in
the direction of the polar axis or at right angles to it, resulting in two configurations
commonly used for piezoelectric generators, termed 33-mode and 31-mode.

The most common design of an inertial piezoelectric energy harvester is a
cantilever beam oscillating under the influence of harmonic base acceleration as
shown in Fig. 1. Piezoelectric patches can be pasted along the length of the beam,

Fig. 1 Schematic
representation of cantilever
piezoelectric energy harvester
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either in a unimorph or a bimorph configuration, to harvest electrical energy. The
piezoelectric transducer, in this case, operates in 31-mode. The harvester can be
modeled as a system of two coupled linear differential equations: one representing
the mechanical domain and the other representing the electrical domain. The
derivation of the governing differential equations is outlined here assuming a single
degree-of-freedom (SDOF) approximation.

Consider a beam of length L, width b, thickness t, modulus of elasticity Yb, and
mass density qb. Piezoelectric patches are pasted along the entire length of the beam
as shown in Fig. 1. The width and thickness of the piezoelectric patches are b and tp,
respectively. Hence, the cross-sectional area of the composite harvester is given by
A ¼ wðtþ tpÞ. Let mt be the mass of tip mass attached to the beam. Let z ¼ Z sinxt
be the base displacement. Let x denote the location of any point P along the length of
the beam and ypðx; tÞ denote the transverse displacement at the point P, at any time
instant t. The transverse displacement of the tip mass is denoted by y ¼ ypðL; tÞ. The
beam deformation profile /ðxÞ relates the quantities y and yp such that,

ypðx; tÞ ¼ yðtÞ � /ðxÞ ð15Þ

Since we have assumed a single-mode approximation, we are only interested in
the first mode of vibration of the beam. Hence, the beam deformation profile
corresponds to the first mode of the solution of the eigenvalue problem,

YEI/
IV þ qA/ ¼ 0 ð16Þ

where YE, A, q, and I are the modulus of elasticity, area of cross section, density,
and moment of inertia of the cross section of the composite beam.

The kinetic energy of the system is given as follows:

T ¼ 1
2
mtð _yþ _zÞ2 þ 1

2

ZL

0

qAð _yp þ _zÞ2dx ð17Þ

T ¼ 1
2
qA _y2

ZL

0

ð/ðxÞÞ2dxþ _z2
ZL

0

dxþ 2 _y_z
ZL

0

/ðxÞdx
2
4

3
5þ 1

2
mt _y2 þ _z2 þ 2 _y_z
� �

ð18Þ

T ¼ 1
2
ðm _y2 þM _z2 þ l _y_zÞ ð19Þ
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where m, M, and l are constants independent of time, such that

m ¼ mt þ qA
ZL

0

/2dx ð20Þ

M ¼ mt þ qAL ð21Þ

l ¼ 2 mt þ qA
ZL

0

/ðxÞdx
0
@

1
A ð22Þ

In the equations, overdot ð �Þ denotes differentiation with respect to time.
The elastic potential energy of the system is given as follows:

PE ¼ 1
2

ZL

0

YEIðjðx; tÞÞ2dx ð23Þ

where, jðx; tÞ is the curvature of the beam.
For the composite beam section, the moment of inertia is given as follows:

I ¼ wðtþ tpÞ3
12

ð24Þ

The curvature of the beam is given as follows:

jðxÞ ¼ d2yp
dx2

ð25Þ

jðxÞ ¼ y
d2/
dx2

ð26Þ

Substituting Eq. (26) into Eq. (23), we obtain the following:

PE ¼ 1
2
YEI y

ZL

0

d2/
dx2

dx

0
@

1
A

2

ð27Þ

PE ¼ 1
2
YEIy

2ð/0ðLÞÞ2 ¼ 1
2
ky2 ð28Þ

where k ¼ YEIð/0ðLÞÞ2 is the equivalent stiffness of the system.
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The electrical work done in extracting the charges from the piezoelectric patches
is given as follows:

W ¼
ZL

0

MKjðxÞdx ð29Þ

where MK is the moment due to the voltage developed across the piezoelectric
patches and j is the curvature of the beam.

Let v be the potential difference developed along the piezoelectric patches at any
time instant t. For a bimorph configuration, the moment MK produced due to this
potential difference is given as follows:

MK ¼ YEd31wðtþ tpÞv ð30Þ

where d31 is the piezoelectric strain coefficient of piezoelectric patches.
On substituting Eqs. (26) and (30) into Eq. (29), we obtain the following:

W ¼ YEd31wðtþ tpÞv
ZL

0

y
d2/
dx2

dx ð31Þ

W ¼ YEd31wðtþ tpÞvy/0ðLÞ ¼ YEd31kvy ð32Þ

where

k ¼ wðtþ tpÞ/0ðLÞ ð33Þ

The total potential energy of the system is given as follows:

P ¼ PE �W ¼ 1
2
ky2 � YEd31kvy ð34Þ

Since the kinetic and potential energies of the system are known, the equation of
motion can be derived using Euler–Lagrange equation:

d
dt

@L
@ _y

� �
� @L

@y
¼ 0 ð35Þ

where L ¼ T �P denotes the Lagrangian, which is the difference between kinetic
and potential energies of the system.

On substituting Eqs. (19) and (34) into Eq. (35), the mechanical governing
equation of the system can be obtained as follows:

m€yþ ky� YEd31kv ¼ �l€z ð36Þ
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Damping terms, such as viscous or material damping, can be added to the system
defined in Eq. (36). On adding a viscous damping term, c ¼ 2f

ffiffiffiffiffiffi
km

p
, the

mechanical governing equation becomes:

m€yþ c _yþ ky� YEd31kv ¼ �l€z ð37Þ

The term YEd31k _y denotes the electromechanical coupling.
The electrical governing equation can be obtained by considering the piezo-

electric patches to be a capacitor Cp connected across the load resistance Rl. Thus,

Cp _vþ v
Rl

þ YEd31k _y ¼ 0 ð38Þ

The term YEd31k _y arises due to the electromechanical coupling.
Equations (37) and (38) together represent the dynamics of a piezoelectric

energy harvester based on a cantilever beam.
Assuming y ¼ Yeixt and v ¼ Veixt and performing a frequency-domain analysis

on Eqs. (37) and (38) yield the following:

Vj j ¼ lYEd31Rlkx3Zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk � mx2 � CpRlcx2Þ2 þ ðcxþRlk

2Y2
Ed

2
31x� CpRlmx3 þCpRlkxÞ2

q
�������

�������
ð39Þ

The power harvested by the harvester over one cycle of excitation is given as
follows:

Prms ¼ x
2p

Z2p=x

0

v2

Rl
dt ¼ V2

2Rl
ð40Þ

Prms ¼ ðlYEd31kx3ZÞ2Rl

2½ðk � mx2 � CpRlcx2Þ2 þðcxþRlk
2Y2

Ed
2
31x� CpRlmx3 þCpRlkxÞ2�

ð41Þ

Equation (41) shows that the harvested power depends not only upon the
material properties such as E and d31 but also on other factors such as load resis-
tance Rl and capacitance of piezoelectric transducer Cp. However, we are only
interested in a comparison of different materials for energy harvesting. Hence, we
define a figure of merit F that depends only on the material properties as follows:

F ¼ Yd31 ð42Þ
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Thus, the power harvested can be related to the figure of merit as follows:

Prms ¼ ðlFkx3ZÞ2Rl

2½ðk � mx2 � CpRlcx2Þ2 þðcxþRlk
2F2x� CpRlmx3 þCpRlkxÞ2�

ð43Þ

The figure of merit defined in Eq. (42) is used to compare the harvesting
properties of different electroactive polymers in Sect. 5.

Significant work has been done in the past in modeling cantilever-based linear
piezoelectric energy harvesters (e.g., please refer [6, 13, 28, 29]). Such linear
harvesters target a resonant design and suffer from poor efficiency at off-resonant
frequencies as shown in Fig. 2.

To improve the operating bandwidth of kinetic vibration energy harvesters,
techniques such as generator arrays, nonlinear oscillators, and active resonant
tuning can be used [30]. Broadband piezoelectric energy harvesting techniques
have been reviewed in [31]. Though the examples mentioned in [31] employ
piezoelectric materials such as PZT, the design and analysis can be extended to
harvesters employing PVDF or any other piezoelectric material by introducing
appropriate changes in material properties.

3.2.2 Kinematic Energy Harvesters Using PVDF

While kinetic energy harvesters have a generic design in which there is a mass
undergoing vibration, the design of kinematic energy harvesters is application
specific. Kinematic energy harvesters are generally designed as an integral part of
the host structure and deform along with the host structure. For example, a
piezoelectric material can be coated on to the inner surface of a rubber tire. As the
tire moves, the piezoelectric material deforms along with the tire and generates
electrical energy. Generally, ductile piezoelectric materials such as PVDF are

Fig. 2 Variation in harvested
power with respect to
frequency for a linear energy
harvester employing a PVDF
transducer
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employed in such applications. Modeling the dynamics of such harvesters, once
again, would be application specific and hence not much research focus has been
toward modeling such harvesters. But rather, modern research focuses on inte-
grating kinematic energy harvesters as a part various commercial products such as
tires, backpack straps [32], and footwear [33]. Significant efforts have also been
made to harvest energy from biological processes such as respiration, walking, and
squatting.

Another interesting area of application of kinematic energy harvesters is energy
harvesting Eels. The design is based on bluff bodies and is intended to harvest
energy from fluid–structure interaction [34, 35]. It converts the mechanical flow
energy from oceans and rivers into electrical energy.

A comparison of various kinematic energy harvesters could be facilitated
through a numerical model that takes into account the geometry, material proper-
ties, and other features of the harvester. However, since most of the kinematic
energy harvesters are designed as an integral part of the structure and evaluated for
their performance, not many studies related to modeling of such harvesters is
available in the literature. Comparison of experimental data would not yield much
information as the geometry and configuration of transducers used vary between
different harvesters. Hence, a performance comparison between various transducer
designs is not presented here per se, but a comparison of transducer materials based
on their figure of merit is presented in Sect. 5.

3.2.3 Micro- and Nanogenerators Based on PVDF Composites

In addition to typical kinetic and kinematic energy harvesters, there is also sig-
nificant opportunity to harvest the wasted energy from our daily activities, such as
from walking, typing, speaking, and breathing. Energy harvested from such
activities would range from few nanowatts to few microwatts, hence yielding such
energy harvesters the name, micro- and nanogenerators.

Single-fiber PVDF nanowires [36], electrospun PVDF nanowebs, and nanowires
made of semiconductive piezoelectric materials such as zinc oxide (ZnO) [37] are
used as nanogenerators. ZnO nanowires have better electromechanical energy
conversion efficiency than PVDF nanowires; but they are very brittle and are dif-
ficult to integrate with other most other materials. This has sparked the interest of
researchers to develop a composite with PVDF matrix and ZnO nanoparticles to
overcome the limitations associated with both the materials [38].

In such hybrid composites, PVDF nanowires provide the desired flexibility and
the additive nanoparticles enhance the electromechanical coupling. Carbon nan-
otubes (CNTs) and piezoelectric ceramics such as BaTiO3 and ZnO are some of the
commonly used nanoparticles to improve the energy harvesting capabilities of
PVDF nanogenerators. Figure 3 shows a nanogenerator that makes use of ZnO
nanoparticles embedded in a PVDF nanofiber mat that is reported in [38].

Such flexible piezoelectric polymer–nanoparticle composites are generally
manufactured using electro spinning process. The ingredients are dissolved in a
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solvent such as acetone, and the solution is taken in a syringe pump. A high voltage
is applied between the needle of the syringe and the collector. This would cause a
fluid jet to be ejected from the needle. As the jet is accelerated, the solvent gets
evaporated and the nanofibers get collected on the substrate. A schematic diagram
describing the process is given by Fig. 4.

Apart from PVDF, polydimethylsiloxane (PDMS) and polyurethane (PU) are
also used as matrix materials in such hybrid nanogenerators.

3.3 Energy Harvesting Using Cellulose Nanocrystals

Biopolymer electroactive materials such as cellulose nanocrystals are also explored
for their energy harvesting capabilities owing to their low density, high mechanical
strength, and most importantly their biocompatibility. The chemical resistance of
cellulose ensures that it is not damaged by body fluids and its thermal stability

Fig. 4 Schematic diagram of the electrospinning process used for fabrication of PVDF nanofiber
samples [38]. The numbers represent: (1) pump, (2) syringe, (3) high voltage supply, (4) ground,
(5) Taylor cone, (6) draft zone, (7) frame of collector, and (8) rotary collector. Copyright 2015.
Reproduced with permission from Springer

Fig. 3 Nanogenerator developed: a schematic diagram and b photograph of the actual device
[38]. Copyright 2015. Reproduced with permission from Springer
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prevents fluctuating temperatures from altering its response. Hence, biocompatible
composites made from cellulose nanocrystals have immense potential in the area of
implantable energy harvesters. Such implantable energy harvesters would help to
power cardiac pacemakers, enable targeted drug delivery through nanorobots, and
aid in monitoring internal organs through biocompatible sensors.

Native cellulose, namely cellulose I, is the crystalline cellulose. The term,
regenerated cellulose, is called cellulose II and usually needs a chemical treatment
to prepare. The piezoelectric coupling constants depend on the crystallinity of the
prepared cellulose. In general, the magnitude of the coupling constants increases
with increase in crystallinity.

The network structure of cellulose consists of multiple OH groups in the glucose
molecules from one chain forming hydrogen bonds with oxygen atoms in the same
or neighboring chains. The hydrogen bonds hold the chains together side by side
and are responsible for the spontaneous electric dipole formations in cellulose
microfibrils inside the crystal lattice. The piezoelectric effect is produced by the
displacement or reorientation of the dipoles in the crystal lattice under external
stress [39].

In uniaxially oriented system of cellulose crystallites, relative movement
between adjacent chains causes a reorientation of electric dipoles present in the
crystal. The shear components predominantly contribute to relative movement
between adjacent layers or chains. Hence, only the shear piezoelectric constants
�d14 ¼ d25 are finite, while the other components are zero in a uniaxially oriented
system of cellulose crystallites [40]. Hence, unlike the PVDF energy harvesters
discussed so far which utilized either the 31- or 33-mode of coupling, energy
harvesters based on cellulose nanocrystals make use of the shear mode of coupling.

In studies related to the piezoelectric behavior of cellulose fibers, different
preparation and modification routes as well as characterization techniques have
been considered. Corona-poled electroactive paper made from cellulose, cya-
noethylated cellulose, and LiCl-DMAc-modified cotton (0.32 index of crystallinity)
were reported to have shear piezoelectric constants of 0.0167, 0.01–0.02, and
0.016 nm/V, respectively.

Different designs of cellulose-based nanogenerators have been proposed in the
past decade. The most prominent among such designs are described here.
A nanogenerator based on cellulose-based electroactive paper was reported by [41].
In this design, the electromechanical coupling was enhanced through fiber func-
tionalization that involves anchoring nanostructured BaTiO3 into a stable matrix
with wood cellulose fibers. The electroactive paper has the largest piezoelectric
coefficient, d33 ¼ 4:8� 0:4 pC/N, at the highest nanoparticle loading of 48%
BaTiO3 by weight [41].

A flexible nanogenerator based on native cellulose microfiber and poly-
dimethylsiloxane embedded with multi-wall carbon nanotubes as filler was pro-
posed by [42]. It delivers a high electrical throughput that is an open-circuit voltage
of 30 V and power density of 9.0 μW/cm3 under repeated hand punching. This
design utilized naturally available cellulose fibers and avoided chemical
post-processing treatment and electrical poling.
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Another flexible nanogenerator based on porous cellulose nanofibrils–poly-
dimethylsiloxane (CNF–PDMS) aerogels was proposed by [43]. The design con-
sists of three layers, namely the inner-most CNF-PDMS layer sandwiched between
two thin PDMS films followed by two aluminum foils as shown in Fig. 5. The inner
CNF-PDMS layer was produced by coating a layer of PDMS onto a compressed
CNF aerogel film through a freeze–drying process. This nanogenerator exhibited
very stable and high electrical output with an open-circuit voltage of 60.2 V, a
short-circuit current of 10.1 μA, and a corresponding power density of
6.3 mW/cm3.

Apart from the ones mentioned above, feasibility and performance studies on
energy harvesting using ultra-thin cellulose nanocrystal films, hybrid cellulose–
polydimethylsiloxane composites, etc., are underway.

4 Energy Harvesting from Electrostrictive Polymers

Electrostrictive materials are those in which the electromechanical coupling is
represented by a quadratic relationship between strain and electric field [23].
In tensorial notation, the relation between strain and electric field is written as
follows[44]:

eij ¼ Sijklrkl þMijmnEmEn ð44Þ

Dm ¼ jmnEn þ 2MmnijEnrij ð45Þ

where Mijmn is a fourth rank tensor of electrostriction coefficients.
On considering only the 31 lateral vibration mode coupling, the constitutive

equations reduce to [44]:

Fig. 5 a Photograph of the flexible porous CNF-PDMS aerogel film. b A schematic diagram of
the CNF-PDMS aerogel film-based nanogenerator [43]. Copyright 2016. Reproduced with
permission from Elsevier
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e1 ¼ S11r1 þM31E
2
1 ð46Þ

D3 ¼ j33E3 þ 2M31E3r1 ð47Þ

where the input and response fields and associated material properties are expressed
in Voigt notation.

In piezoelectric materials, linear coupling between strain and electric field pro-
duces a mechanical response that will change polarity when the polarity of the
electric field is changed. On the other hand, electrostrictive materials, due to the
quadratic dependence of strain on electric field relationship, always produce strain
in only a single direction, irrespective of the polarity of the applied electric field.

Ceramics such as lead lanthanum zirconate titanate (PLZT), lead magnesium
niobate (PMN) and a solid solution of lead magnesium niobate–lead titanate
(PMN-PT) and polymers such as polyurethane (PU) and polymethyl dioxane are
some common examples of electrostrictive materials.

4.1 Effect of Intrinsic Mechanisms

Analogous to electrostriction, there is another phenomenon observed widely in soft
dielectric elastomers where the strain is proportional to the square of the electric
field. This phenomenon is known as the Maxwell stress effect. The Maxwell stress
is a result of the electrostatic forces between the free charges on the electrodes of a
sample. Apart from Maxwell stress effect, other intrinsic mechanisms such as
Joule’s heating effect and space charge effect also contribute to the strain. To take
into account all the intrinsic mechanisms that contribute to the strain, the true
electrostrictive coefficient M31 must be replaced with the apparent electrostrictive
coefficient M�

31, which is defined as follows [45]:

M�
31 ¼ M31 þMM

31 þMT
31 ð48Þ

where MM
31 and MT

31 denote the contributions from Maxwell stress effect and Joule’s
heating effect, respectively.

Now, the constitutive Eqs. (46) and (47) can be redefined as follows:

e1 ¼ S11r1 þM�
31E

2
1 ð49Þ

D3 ¼ j33E3 þ 2M�
31E3r1: ð50Þ
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4.2 Tackling Quadratic Dependence of Strain on Electric
Field

The quadratic relationship between applied electric field and mechanical strain
complicates the design of transducers based on electrostrictive materials. In an
electrostrictive material, the spontaneous polarization is always zero. When the
electrostrictive material is strained, some of the dipoles orient along a particular
direction and the rest orient along the opposite direction, thus reducing the net
polarization, as shown in Fig. 6.

One method of avoiding this is to apply a high dc bias voltage to the material
along the desired direction of electrical response. The dc electric field will force the
dipoles to orient in a direction parallel to it. Hence, to get a full cycle alternating
current as output, electrostrictive energy harvesters require a dc bias field to be
applied, while piezoelectric harvesters do not. This forms the essential difference
between the operating principles of electrostrictive energy harvesters and their
piezoelectric counterparts.

Continuing with our analysis, consider the electric field in the 3-direction to be
the sum of a direct current (dc) bias field and an induced alternating current
(ac) component:

E3 ¼ Edc þEac ð51Þ

Substituting Eq. (51) into Eq. (49) yields

e1 ¼ S11r1 þM�
31ðEdc þEacÞ2 ð52Þ

Fig. 6 Alignment of dipoles
in response to applied strain
in piezoelectric and
electrostrictive materials
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e1 ¼ S11r1 þM�
31ðE2

dc þ 2EdcEac þE2
acÞ ð53Þ

e1 �M�
31E

2
dc ¼ S11r1 þM�

31ð2EdcEac þE2
acÞ ð54Þ

When E2
ac � EdcEac, Eq. (54) can be approximated as follows:

e1 �M�
31E

2
dc � S11r1 þ 2M�

31EdcEac ð55Þ

The noteworthy fact in Eq. (55) is that the ac strain ðe1 �M�
31E

2
dcÞ is a linear

function of the ac field Eac when a sufficiently large dc bias field Edc is applied to
the system. While the strain e1 can only be positive, the ac strain can be either
positive or negative depending on the value of M�

31E
2
dc. Thus, the relationship

between ac strain and ac electric field in electrostrictive materials is similar to that
of strain and electric field in piezoelectric materials.

Moreover, in Eq. (55), the coefficient 2M�
31Edc is constant as the applied dc field

is constant with time. This leads to the notion of comparing Eq. (55) with that of the
linear piezoelectric constitutive relations to express d� ¼ 2M�

31Edc as the effective
piezoelectric strain coefficient. This would be helpful in comparing the elec-
tromechanical transduction capability of electrostrictive materials with that of
piezoelectric materials.

4.3 Energy Harvesting Using Polyurethane Transducers

Similar to piezoelectric transducers, electrostrictive transducers are widely used in
kinetic energy harvesting. However, the requirement of a dc bias field limits the use
of electrostrictive polymers in kinematic energy harvesting, as it is highly chal-
lenging to apply a uniform bias field over irregular membranes of electrostrictive
materials pasted onto the surface of the host.

The modeling and analysis of kinetic electrostrictive energy harvesters also differ
from their piezoelectric counterparts. Modeling of a cantilever-based electrostrictive
energy harvester, similar to the one discussed for piezoelectric energy harvesting, is
elucidated here.

Consider a cantilever beam of length L, cross-sectional area A, and modulus of
elasticity E. Electrostrictive transducers are pasted in a bimorph configuration onto
the beam as shown in Fig. 7. The transducer operates in 31-mode. A dc bias field of
magnitude Edc is applied to the transducer along the positive 3-direction. Due to the
base excitation, the beam undergoes transverse vibrations along 1-direction.

The transducer equations are given as follows:

e1 ¼ S11r1 þM�
31ðEdc þEacÞ2 ð56Þ
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D3 ¼ j33ðEdc þEacÞþ 2M�
31ðEdc þEacÞr1 ð57Þ

The harvested current I is the rate of change of total charge displaced. Hence,

I ¼ _q ð58Þ

I ¼ AeD ð59Þ

I ¼ Aeðj33Eac þ 2M�
31Eacr1 þ 2M�

31ðEac þEdcÞ _r1Þ ð60Þ

I ¼ Ae ½j33 þ 2M�
31r1�Eac þ 2M�

31ðEac þEdcÞ _r1
� � ð61Þ

I ¼ Ae j33 � 6
M� 2

31

S11
ðEac þEdcÞ2 þ 2M� 2

31

S11
e1

� 	
_Eac þ 2M� 2

31

S11
ðEac þEdcÞ_e1

� 	
ð62Þ

where Ae is the area of the electrode of the electrostrictive transducer.
For practically realizable values of current (I\100 lA), load resistance

(Rl\107 X), and electric field (1–100 MV/m), the ac component Eac can be
neglected when compared to the dc bias field. Hence, Eq. (62) becomes:

I ¼ Ae j33 � 6
M�2

31

S11
E2
dc þ

2M�2
31

S11
e1

� 	
_Eac þ 2M�2

31

S11
Edc _e1

� 	
ð63Þ

If tp is the thickness of the electrostrictive transducer, then the potential differ-
ence across the transducer and the corresponding electric field are related by:

Eac ¼ v
tp
¼ IRl

tp
ð64Þ

where Rl is the load resistance.

Fig. 7 Schematic
representation of cantilever
electrostrictive energy
harvester
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Substituting Eq. (64) into Eq. (63) yields

I ¼ AeRl

tp
j33 � 6

M� 2
31

S11
E2
dc þ 2

M�
31

S11
e1

� 	
Iþ 2M�

31Ae

S11
Edc _e1 ð65Þ

For small values of strain (a few percent), the terms 6M� 2
31

S11
E2
dc and 2

M�
31

S11
e1 are very

small in magnitude compared to permittivity j33 and can be neglected [46]. Thus,

I ¼ AeRl

tp
j33Iþ 2M�

31Ae

S11
Edc _e1 ð66Þ

On setting e1 ¼ emeixt and I ¼ Imeixt, the frequency-domain analysis of Eq. (66)
yields [46]:

Imj j ¼ AeM�
31Edctp

S11
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2p þðxj33RlAeÞ2

q e2m

�������

�������
ð67Þ

The power harvested over one cycle is then given as follows:

Prms ¼ 1
2
I2mRl ð68Þ

Prms ¼ ðAeM�
31EdctpÞ2

2S211ðt2p þðxj33AeRlÞ2Þ
e2m ð69Þ

Since the effective piezoelectric strain coefficient is defined as d� ¼ 2M�
31Edc,

a figure of merit, equivalent to the one defined for piezoelectric materials, can also
be defined for electrostrictive materials. In Eq. (42), replacing d�31 with d31, we
obtained the following:

F ¼ d�31Y ð70Þ

F ¼ 2M�
31Edc

S11
ð71Þ

From Eq. (71), we observe that the figure of merit for an electrostrictive material
also depends on the dc bias field. This is expected because higher the dc bias field,
higher will be the net polarization in the electrostrictive material. However, the net
polarization will not increase beyond a certain limiting value of the dc bias field
known as the saturation field Es. Hence, the maximum permissible value of figure of
merit is obtained when Edc ¼ Es.

66 A. Kumar et al.



The power harvested and the figure of merit are related by:

Prms ¼ ðFAetpÞ2Rl

8ðt2p þðxj33RlAeÞ2Þ
e2m ð72Þ

The figure of merit defined in Eq. (71) is used to compare the harvesting
properties of different electroactive polymers in Sect. 5.

The variation in harvested power with respect to load resistance Rl and strain
amplitude em for three different polyurethane composites is shown in Figs. 8 and 9,
respectively. Pure polyurethane (PU), polyurethane embedded with 0.5% SiC
nanowires (PU with 0.5% SiC), and polyurethane embedded with 1% carbon
nanopowder (PU with 1% C) are the three materials chosen for study. The material
properties used are given in Table 2. The excitation frequency, dc bias field,

Fig. 8 Variation in harvested power with respect to load resistance for various polyurethane
composites. The strain amplitude is taken to be 1%

Fig. 9 Variation in harvested power with respect to strain for various polyurethane composites for
a load resistance of a 100 MW and b 500 MW
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electrode surface area, and thickness of transducer are taken to be 10 rad/s,
4 MV/m, 5 cm2, and 50 μm, respectively, for all the three cases.

As shown in Fig. 8, the power harvested is maximum corresponding to certain
optimal load resistance. This optimal resistance is a function of material properties
and is given by the expression Ropt ¼ ðAej33xÞ�1 [46]. For more details on the
optimization procedure and the corresponding maximum value of power harvested,
please refer [46].

From Fig. 8, it is observed that the composite PU with 0.5% SiC performs better
than PU in terms of power harvested for all load resistance levels. On the other
hand, the composite PU with 1% C harvests more power than PU for lower
resistances (<120 MΩ approx.) and harvests less power than PU for higher resis-
tances. The same is reflected in Fig. 9. Figure 9 also shows that the harvested
power varies quadratically with strain for all the three materials.

5 Comparison of Electromechanical Coupling in Various
Dielectric EAPs

The apparent electrostrictive coefficient M�
31 is a measure of the mechanical-to-

electrical energy conversion in electrostrictive materials. To increase the apparent
electrostrictive coefficient of polyurethane, particles such as carbon black
nanopowders or silicon carbide nanowires can be added to a polyurethane matrix
[45, 47]. Co-polymerization of certain combination of monomers can also signifi-
cantly improve the electromechanical coupling. For example, the co-polymer P
(VDF-TrFE) has better electromechanical coupling properties than PVDF.
However, a direct comparison cannot be made between the piezoelectric strain

Table 2 Comparison of electromechanical properties of various dielectric EAPs

Material Modulus
of elasticity
(MPa)

Relative
dielectric
permittivity

Apparent
electrostrictive
coefficient
(10−18 m2/V2)

Effective
piezoelectric
strain coefficient
(10−12 pC/N)

Figure of
merit
(mC/m2)

PU [47] 40 4.8 3.4 27.2 1.088

PU 0.5% SiC
[47]

80 5.1 2.0 16 1.28

PU 1% C
[47]

40 8.3 4.2 33.6 1.344

Polyethylene
[47]

260 2.2 0.34 2.72 0.7072

Nylon [47] 2800 12 0.14 1.12 3.136

PVDF [48] 2600 12 – 37 96.2

PZT [23] 74000 1800 – −175 −12950

The references are indicated in the first column
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coefficient of ferroelectric polymers and the apparent electrostrictive coefficient of
electrostrictive polymers.

To facilitate the comparison between various dielectric EAPs, the notion of
effective piezoelectric strain coefficient introduced in Sect. 4.2 can be used. Table 2
compares the effective piezoelectric strain coefficient of various electrostrictive
polymers with that of the piezoelectric materials. To compare the energy harvesting
efficiency of the materials, figure of merit defined in Eqs. (42) and (71) is used. To
calculate the effective piezoelectric strain coefficient d�31 and figure of merit F for
electrostrictive materials, a dc bias field value of 4 MV/m is used.

Even though dielectric EAPs feature a very low figure of merit when compared
to PZT, they are still used in energy harvesting applications due to their flexibility,
maneuverability, and affordability.

6 Energy Harvesting from Conductive Polymer
Composites

Conducting polymers are materials that exhibit a reversible volume change due to
electrochemical reactions caused by the introduction and removal of ions into the
polymer matrix [23]. A conductive polymer transducer consists of the conducting
polymer material, an electrolyte that serves as a source of ions, and two electrodes
that control the ionic diffusion. Polypyrrole, poly(p-phenylene), and several other
polymers based on aromatic monomers such as thiopene and aniline when doped
act as the conducting polymer material.

Application of a potential difference between the two electrodes causes an
electrochemical redox reaction, which in turn causes a volume change inside the
conducting polymer. The volume change in the conducting polymer results in its
mechanical deformation. The deformation of the polymer film is used to provide the
actuation strain. This phenomenon is called the electro-chemo-mechanical
(ECM) deformation as it involves transformation of electrical energy to kinetic
energy through a chemical reaction. The reversal process in which kinetic energy is
transformed into electrical energy is observed experimentally toward the end of
twentieth century by Takashima et al. [25]. The reversal effect, called the
mechano-chemo-electrical (MCE) effect, can be utilized for sensing and energy
harvesting applications. The kinetic-to-electrical energy conversion efficiency, as
reported in [25], is less than 0.01%.

Owing to the very lowMCE conversion efficiency of conducting polymers such as
polyaniline and polypyrrole, they are not as such used in mechanical energy har-
vesting. Instead, they are used as electrodes in microbial fuel cells [49] and ther-
moelectric energy harvesters [50], and also as fillers in hybrid polymer-nanoparticle
energy harvesters [51].
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Apart from conducting polymers, composites consisting of conductive
nanoparticles such as carbon nanotubes (CNTs) dispersed in a polymer matrix also
fall under the category of conducting polymer composites.

Mechanical energy harvesting from such hybrid polymer–nanoparticle com-
posites has been elucidated in Sect. 3.2.3. Apart from that, thermoelectric energy
harvesters with carbon nanotube electrodes are one of the modern state-of-the-art
technological devices where active research is going on. A brief review of latest
advancements in their design and the perspectives is elucidated next.

6.1 Thermoelectric Energy Harvesters with Carbon
Nanotube Electrodes

Carbon nanotubes (CNTs) were first discovered in 1953 through research in the
Soviet Union, but the first accessible results were by Sumio Iijima in 1991 as a
result of research into Buckminster fullerenes. CNTs have a cylindrical shape that
can be considered as a grapheme sheet rolled up, either individually as a
single-walled carbon nanotube (SWNT), or concentrically as a multi-walled carbon
nanotube (MWNT) [52]. They exhibit remarkable electrical transport and
mechanical properties, which is why interest and research into this material has
increased over the last two decades.

The second law of thermodynamics dictates that a heat engine can never have
perfect efficiency and will always produce surplus heat. This waste heat (or
low-grade heat) is one of the world’s most ubiquitous sources of untapped energy.
For instance, nearly 70% of the energy produced by burning fuel in an IC engine
ends up as waste heat energy in the form of hot exhaust gases and heated up engine
components.

To convert such low-grade heat into electrical energy, a thermogalvanic cell,
also known as a thermocell is used. A thermocell is an energy converter that utilizes
electrochemical reactions to attain conversion of low-grade heat to electrical power.
It operates based on the Seebeck effect. The two half cells of the system are held at
different temperatures causing a difference in redox potentials of the mediator at the
anode and cathode. This reaction can drive electrons through an external circuit that
allows generation of current and power.

The thermal power flowing through the cell is largely controlled by cell design
and electrolyte selection. When a reversible redox couple is used, no net con-
sumption of the electrolyte occurs. Hence, typically, ferri/ferrocyanide redox couple
is used as the electrolyte. The Seebeck coefficient of ferri/ferrocyanide redox couple
is 1.4 mV/K. This implies that an open-circuit potential of 1.4 mV is attainable at a
thermal gradient of 1 K. A schematic of a thermocell with a ferri/ferrocyanide redox
couple is shown in Fig. 10. The redox reactions occurring at the electrodes are also
indicated therein.
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Ferrocyanide is oxidized at the hot anode; the electron generated then travels
through an external circuit and returns to the cell via the cold cathode where it is
consumed in the reduction of ferricyanide. The accumulation of reaction products at
half cell is prevented either by the diffusion or by the convection of the electrolyte
that occurs naturally, thus eliminating the need for moving mechanical components.

The cell design should be such that it reduces the voltages losses occurring in the
cell. Typically, voltage losses occur in the form of ohmic, mass transport, and
activation overpotentials. Ohmic overpotential is the voltage loss due to resistance
offered by the electrolyte, and mass transport overpotential is the loss incurred due
to the time taken for the movement of ions within the electrolyte. Minimizing the
distance between the electrodes would decrease the resistance and hence reduce the
ohmic overpotential. Minimizing the distance would also reduce the time taken for
ions to travel from one electrode to the other, thus reducing the mass transport
overpotential. However, the distance between electrodes cannot be reduced beyond
a certain limit as it would be hard to maintain the temperature gradient between the
anode and the cathode. Hence, the electrode distance has to be fixed so as to achieve
a balance between the two.

Activation overpotential is associated with the activation barrier needed to be
overcome to start a reaction. For the same activation overpotential, larger current
densities are realized when the exchange current density is increased. This increase
is attained when the concentration of the redox couple in the electrolyte is maxi-
mized, the thermal gradient is increased, and the number of possible reaction sites is
augmented. Porous electrodes have the advantage of increased electroactive surface
area and will directly amplify the short-circuit current density.

This is where carbon nanotubes could play a significant role in improving the
efficiency of thermogalvanic cells. The diameter of CNTs is of the range of few
nanometers, and this gives rise to large gravimetric and volumetric specific surface
areas (SSA). Their unique aspect ratios allow porous electrodes to be fabricated by
a variety of methods. Also, CNT electrodes exhibit fast electron transfer kinetics
with the redox couple ferri/ferrocyanide. This justifies the use of CNTs as elec-
trodes in ferri/ferrocyanide thermo cells.

It has been demonstrated that the efficiency of thermocells with MWNT elec-
trodes is high as 1.4% relative to the Carnot Cycle, which is three times higher than
the efficiency of conventional thermocell devices with platinum electrodes [54].
This efficiency was raised to 2.6% by introducing a carbon SWNT/reduced

Fig. 10 Ferri/ferrocyanide
redox couple thermogalvanic
cell [53]. Copyright 2012.
Reproduced with permission
from Springer
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graphene oxide (rGO) composite electrode [55]. Improved mass transport due to
enhanced porosity of the optimized SWNT/rGO composite was found responsible
for the efficiency enhancement.

To improve this efficiency further to 3.95%, the following strategies have been
deployed: the use of CNT aerogel sheets as electrodes, removal of low activity
carbonaceous impurities that limit electron transfer kinetics, decoration of CNT
sheets with catalytic platinum nanoparticles, mechanical compression of nanotube
sheets to tune conductivity and porosity, and the utilization of a cylindrical cell
geometry [56]. The use of aerogel sheets would increase the porosity, and the
addition of catalytic particles and removal of low activity impurities would lower
the activation overpotential, thereby leading to an increase in the overall efficiency.

Apart from CNT nanotube and aerogel electrodes, polymer electrodes embedded
with CNTs have also been explored for the use in thermocells. A detailed review of
such composite electrodes is presented in [57].

The prime challenge faced by the research community in thermoelectric energy
harvesting is that the Carnot-relative efficiency should be around 5% for com-
mercial viability of such harvesters. Hence, new methods of improving the effi-
ciency of thermocells are under exploration.

7 Summary

Electroactive polymers offer the possibility of developing new high-performance,
flexible energy harvesters. EAPs can be broadly classified into two categories:
dielectric EAPs and ionic EAPs. Conductive polymer composites fall under the
category of ionic EAPs, whereas most of the crystalline and semicrystalline poly-
mers fall under the category of dielectric EAPs. The dielectric EAPs can be further
classified into ferroelectric and electrostrictive based on their stain–electric field
relationship.

As far as conductive polymer composites are concerned, their efficiency in terms
of mechanical-to-electrical energy is very low. This is because, the energy con-
version from mechanical to electrical is not direct but mediated through a chemical
reaction. Hence, their use as transducers in mechanical energy harvesters is not
efficient. However, conductive polymers with carbon nanotube fillers are excellent
candidates for making electrodes of thermogalvanic cells owing to their low
manufacturing cost, chemical and thermal stability, and fast electron transfer
kinetics.

The Carnot-relative efficiency achieved so far in CNT-based thermocells is
3.95%. However, for commercial viability, the efficiently still needs to be
improved, so as to achieve 5% Carnot-relative efficiency.

Crystalline and semicrystalline dielectric EAPs are widely used as transducers in
mechanical energy harvesting. In the context of kinematic energy harvesting,
wherein the harvesters could be designed as an integral part of the host structure,
the use of ferroelectric PVDF transducers is highly promising. This can be
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attributed to the fact that PVDF is very flexible and also possesses high piezo-
electric strain coefficient than other polymers.

The use of electrostrictive polymers such as polyurethane and composites of
polyurethane is highly encouraged in kinetic energy harvesting as they have high
electromechanical coupling. However, the need for a dc bias field for operation is a
limitation to electrostrictive transducers. In cases where application of a dc bias
field is difficult, piezoelectric polymers such as PVDF could be employed.

Biopolymers such as cellulose nanocrystals are explored for their energy har-
vesting capabilities primarily because of their biocompatibility. They could be used
to design implantable energy harvesters that could power pacemakers, targeted drug
delivery systems, etc. Low density, high strength ease of availability, chemical
resistance, and thermal stability of cellulose nanocrystals also contribute to their
viability in mechanical energy harvesting.

The challenges facing the field of implantable energy harvesters are the legal
issues concerned with performing in vitro experiments on living organisms. Though
many prototypes have been designed and tested using laboratory equipment, the
performance of such harvesters while being implanted into the host organism is yet
to be explored.

To sum up, dielectric EAPs, both ferroelectric and electrostrictive, offer good
performance levels in mechanical energy harvesting, whereas conductive polymer
composites find more applications in the field of thermoelectric energy harvesting.
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Abstract Piezoelectric ceramics receive high interest due to their wide range of
applications/usage in fabricating sensors, frequency filters, actuators, and many
other electronic devices. Moreover, generating energy is the need of the hour. This
chapter is written as a review of ceramic polymer composites that exhibit piezo-
electric properties. A few synthesis methods for the ceramic particles as well as the
polymer composites are discussed, followed by the core content of the chapter, the
piezoelectric properties of the material.
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1 Introduction

Ceramics are a widely explored form of materials due to their structural significance
in terms of resistance to chemicals, high pressure and temperature, and wear [1–5].
These materials find vast number of applications in many areas of industry such as
spacecrafts, nuclear power plants, mining equipment, and combustion engines,
since its discovery [2–7]. Mainly the ceramic particles include oxides (silica, alu-
mina, and zirconia), non-oxides (carbides, borides, nitrides, and silicides), and
combinations of oxides and non-oxides. These materials are typically modified by
adding primary and secondary phase materials (fibers and whiskers), and multiple
phases (nanoparticles) in order to make it more durable and flaw resistant [5–8].
When nanoparticles are distributed within the large grains of ceramics, the stress is
being transferred to these nanonetworks, because of their large surface area and
aspect ratio [9–11].

An intermetallic compound, lead zirconate titanate (PZT), is one of the most
significant ceramic materials, widely applied in piezoelectric devices [12, 13]. With
the capability of changing mechanical deformations to electrical energy, such
energy harvesters find potential applications in medical diagnostic devices, security
systems, space vehicles, and other nondestructive testing [14–18]. This energy
generation aspect has tremendous possibilities as it can be correlated with almost all
dynamic movements in nature, including human motion. The typical piezoelectric
coefficient of PZT is 220 pC/N. However, the conventional piezodevices based on
ceramic materials are heavy, rigid, and in block form. So it is interesting to combine
the higher dielectric and piezoelectric properties of ceramics with the soft, flexible,
and low-cost polymers [14, 15]. A large number of polymers such as polyvinyli-
dene fluoride (PVDF) and its copolymers, polypropylene (PP), polyamides, poly-
imides, polyurethane (PU), polyurea, Parylene-C, liquid crystal polymers,
polydimethylsiloxanes (PDMS), and epoxy resin are used for fabricating different
composites to harvest electrical energy [16, 17]. Combinations of crystalline and
amorphous PVDF–PDMS polymers in fabricating piezoelectric nanogenerators are
also reported [19] very recently.
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This chapter particularly focuses on the polymer-based ceramic composites
exhibiting piezoelectric responses. A brief introduction of the synthesis of ceramic
particles and their polymer composites is provided, followed by the detailed
investigation of the piezoelectric performance. The polymer/ceramic composites are
explained under the two major classes—energy harvesters from crystalline and
semicrystalline polymer composites and those from amorphous polymers.

2 Synthesis of Ceramic Particles and Their Polymer
Composites

Ceramic particles are known to enhance the mechanical strength, elastic modulus,
and wear resistance of matrices such as metals and polymers. A typical ceramic
material is made of a metal, non-metal, or a metalloid bonded by means of ionic or
covalent interactions. In general, the ceramic particles can be classified into crys-
talline and noncrystalline [10, 11]. The major examples of ceramic particles include
compounds of boron (boron oxide and boron nitride), silicon (SiC, Si3N4, and
silicon aluminum oxynitride), magnesium (magnesium diboride and magnesium
silicate), titanium (titanium carbide, barium, and strontium titanate), and zirconium
(lead zirconate titanate and zirconium dioxide). The usual synthesis methods of
these materials include sintering, electrodeposition, cold spray coating, plasma
chemical methods, combustion/flame synthesis, sol-emulsion-gel technique, spray
pyrolysis, and aerosol synthesis. The process depends on the nature of ceramic
particle to be synthesized, its particle size and the yield. Table 1 shows the syn-
thesis of a few types of ceramic particles.

Many ceramic particles are established for their piezoelectric properties, capable
of converting mechanical energy into electrical energy and vice versa. Such
materials also show pyroelectric effect (converting thermal energy into electrical
energy); all pyroelectric materials are piezoelectric. This property can also be
related to the ferroelectricity, by which electric dipoles can be specifically oriented
by electric field [20]. Examples of ferroelectric ceramics are lead titanate (PT), lead
zirconate titanate (PZT), calcium-doped lead titanate (PTCa), and lead manganese
niobate–lead titanate/barium titanate (PMN-PT/BaTiO3). The piezoelectric prop-
erties of ceramic particles are used in designing actuators, transducers,
high-frequency loudspeakers, etc. The most commonly used ceramic particles for
these purposes are barium titanate and PZT.

A simple ceramic/polymer composite is defined as a material in which the
ceramic phase is dispersed and reinforced with a polymer medium showing 0–3
connectivity [12]. The ceramic particles can be in micro- and nanodimensions based
on which the polymer composites and nanocomposites are constructed. Most
common synthesis method for such composites is melt mixing by extruder; how-
ever, other methods such as in situ polymerization and electrospinning are also
practiced.
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Table 1 Different methods of synthesis of ceramic particles

Ceramic particles Synthesis technique Method of preparation References

CNT–CO–MgO
CNT–Fe–Al2O3

CNT–Fe/CO–MgAl2O3

High-temperature extrusion
technique

Mono-phased oxide solid
solutions are chemically
synthesized
Transition metal particles are
attached both inside and at the
surface of each grain
ZrO2-based ceramics is first
partially densified under
8.6 MPa load and then extruded
under 43 MPa load
Al2O3 and MgAlO4—matrix
materials are extruded in a
graphite die at 1500 °C

[2, 4]

Al2O3/SiC system Conventional powder route
(hot pressing technique)

SiC powder dispersed
ultrasonically in deionized water
is added to an attritor mill
containing zirconia media,
dispersing agent and the alumina
powder
After milling for 2 h, at
500 rpm, the slurry is freeze
dried, sieved, and hot pressed
with a graphite die at 1700 °C
for 1 h at 20 MPa

[1]

Al2O3–SiC–CNT Sonication and ball milling Al2O3 and SiC dispersion is
magnetically stirred and
sonicated
In the next step, it is ball milled
at 10:1 ball to powder weight
ratio
After adding CNT, the whole
solution is sonicated

[6]

Ceramic–TiO2 Mechanochemical synthesis
(high-energy ball milling)

Waste glass powder and fly ash
(70:30) is mechanically ground
in ball mill for 6 h at 700 rpm
TiO2 nanoparticles (2, 4, 6, 8,
and 16%) are added using a
mixer
The mixture is cylindrically
pressed and heated up to 800 °C
for 1 h in a box-type SiC
furnace and cooled

[5]

Ceramic SiHfBCN Mechanochemical synthesis
(high-energy ball milling)

Polysilazane and borane
dimethylsulfide are cross-linked
on heating at 200–250 °C for
3 h and grounded
Powder is pressed and pyrolyzed
at 1100 °C and then annealed at
1300 °C

[3]

(continued)
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Table 1 (continued)

Ceramic particles Synthesis technique Method of preparation References

Zirconia-based ceramic
nanocomposites

Mechanochemical synthesis
(high-energy ball milling)

ZrO2, Y2O3, and cordierite
powders are grounded for 2 h by
wet ball mixing, dried and again
dry-milled for 12 h. After that,
respectively, pressed uniaxially
and isostatically under 29.4 and
196 MPa
Composite is sintered in air at
1400, 1500, and 1600 °C with
10 °C/min for 4 h

[7]

SiOC–ZrO2 Polymer precursor route Polysilsesquioxanes-based
materials modified with zirconia
nanoparticles are cross-linked
and pyrolyzed
Then it is ball milled, warm
pressed at 180 °C and 133 MPa
for 30 min, and pyrolyzed at
1100 °C for 2 h in argon

[8]

Bi4Ti3O12 ceramics Coprecipitation technique Ti4+ and Bi3+ precursors
dissolved in acidic isopropyl
alcohol solution are added to
aqueous suspension of WO3

Under pH control, aqueous
NH4OH is added to achieve
complete hydroxide
precipitation. This precipitate is
washed and redispersed in
isopropyl alcohol up to neutral
pH
The dried material is air calcined
at 650 °C for 1 h, attrition
milled in isopropyl alcohol for
2 h and uniaxially pressed and
sintered at 800–1150 °C for 2 h

[9]

SiN4–SiC Vapor-phase reaction
technique

[Si(CH3)3]2NH or [Si
(CH3)2NH]3 are mixed with
NH3 under N2 used as carrier
gas, and then passed into a
reaction chamber at 1000 °C.
The amorphous powder is
collected and crystallized to
Si3N4/SiC at 1500 °C for 6 h
The C content and thus the SiC
content in the crystallized
powder can be adjusted by NH3

content with a maximum value
of 34 vol.% SiC in the final
nanocomposite. The resulting
highly reactive submicron
powder can react with oxygen or
water to generate heat and thus
an immediate heat treatment at
1350 °C for 4 h under argon is
done

[10]

(continued)
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3 Piezoelectric Energy from Ceramic Nanocomposites

3.1 Ceramic Composites of Semicrystalline and Crystalline
Polymers

A very recent review by Ramadan et al. addresses significant parameters
influencing the piezoelectric response of various polymers [21]. Other than the
nature of the base polymers and fillers used to fabricate their composites, the
method of fabrication, alignment of crystallites, poling conditions, etc., affect the
piezoelectric performance of a typical sample. In a recent chapter, we have also
reported the piezo- and thermoelectric properties of nanocomposites based on
polymers [22]. Numerous polymers show this energy-generating property, and here,
a classification of polymer nanocomposites based on the polymer crystallinity is
provided for better understanding. Table 2 shows different ceramic polymer com-
posites exhibiting piezoelectric property and their method of fabrication.

Annamalai et al. reviewed various ceramic polymer composites for their
dielectric and piezoelectric properties in terms of their piezoelectric strain coeffi-
cient (d33) and voltage coefficient (g33). The g33 is directly proportional to d33,
whereas inversely proportional to the permittivity. It is also found that the d33
values depend on the volume fraction of the ceramic particles and the direction of
polarization of the matrix. The ferroelectric ceramic, PZT, when mixed with PVDF

Table 1 (continued)

Ceramic particles Synthesis technique Method of preparation References

TiN–SiC–Si3N4 Self-propagating
high-temperature synthesis
(SHS) and combustion
synthesis (CS)

TiN–SiC–Si3N4 composites
were synthesized from TiSi2–
SiC mixture by combustion
under N2 at 130 MPa and 1000–
3000 °C under adiabatic
conditions

[11]

ZrO2–Al2O3 Sol-Gel technique Stable (hydrous) boehmite and
oxalate sols (zirconyl oxalate,
cerium zirconyl oxalate, and
yttrium zirconyl oxalate) were
prepared prior to unstabilized,
ceria-stabilized, or
yttria-stabilized ZrO2/Al2O3

composites
The sols are then mixed in
proper ratio and converted into a
gel by stabilization and dried
Then, it is calcined at different
temperatures and sintered
without pressure to obtain a
homogeneous microstructure

[11]
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polymer in 0.5 volume fraction by hot pressing method exhibited reasonable d33
value, in addition to the stability and flexibility [13].

BaTiO3 particles of various dimension 500 (tetragonal), 100 (cubic), and 10 nm
(cubic) were filled with polyvinylidene fluoride-trifluoroethylene (PVDF-TrFE) and
its piezoelectric performance was compared with that of pure PVDF. All samples
were in the form of electrospun fibers. In the composite fibers, ceramic particles of
lower size (<500 nm) were trapped inside the polymer fibers, and those particles
with diameter 500 nm were randomly dispersed in and outside the fibers [14]. The
electrically poled fibers were tested for the generated voltage, and the influence of
frequency, time, and filler dimension on their performance is represented in Fig. 1.

Shin et al. [37] reported the piezoelectric response of BaTiO3-reinforced polymer
composite and its possible application in manufacturing nanogenerators. The PVDF
copolymer poly(vinylidene fluoride-co-hexafluoropropylene) or P(VDF-HFP) was
used as the base polymer, and a solvent-assisted film formation process was adopted
for the composite fabrication. An excellent output performance was observed in the
form of voltage and current, respectively, 110 V and 22 lA with corresponding

Table 2 Piezoelectric properties of a few ceramic particles and its polymer composites

Ceramic
particle

Polymer Fabrication method Piezoelectric charge
constant, d33 (pC/N)

Reference

PZT Thermoplastic Cold isostatic
pressing

44 [23]

PZT Epoxy 1–3 composite
commercially
available

593 [24]

PMNT Epoxy Dice-and-fill method 1200 [25]

PMNT Epoxy Modified dice-and-fill
method

1256 [26]

PLZT PVDF Hot press 102 [27]

PLZT PVDF Solution mixing
followed by hot press

17.8 [28]

PZT Polyester resin Spinning PZT in the
resin in a centrifuge

29 [29]

PZT PVDF Brabender mixing 33 [30]

PZT PVC Calendering and tape
casting

29 [31]

PZT PU Blending 28 [32]

PZT P(VDF-TrFE) Solution casting
followed by hot
pressing

410 [33]

PZT PVC Solution mixing 31 [34]

PZT and
carbon
black

PVC Hot pressing 20 [35]

PZT Poly
(3-hydroxybutyrate)

Powder mixing and
hot pressing

6.2 [36]
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output power density of 0.48 Wcm−3. An optimal concentration of the BaTiO3 was
also found out by investigating the effect of solvent ratios on particle clustering.

Different sets of PVDF composites containing 50–90 vol.% of PLZT were made
by hot pressing [27]. With PLZT volume fraction and its particle size, both d33 and
relative permittivity values of the composites increased. The particular composite,
containing 85% PLZT of 150 lm diameter, showed highest performance with a
high d33 of 101 pC/N and relative permittivity of 299. The energy-harvesting
efficiency of fibrous BaTiO3/PVDF composites based on longitudinal stretch
movement was investigated by Kakimoto et al. [38]. The fibrous ceramic particles
of 800 nm diameter were dispersed in PVDF using the extruder. It is assumed that
the piezoelectric system can behave like a parallel plate capacitor, and the energy
output obtained under an electric load of 2 MX is demonstrated in Fig. 2.

Hybrid combination of PZT and polyaniline (PANI) in enhancing the properties
of PVDF was reported by Sakamoto and coworkers [39]. A percolation at 20–
30 vol.% was observed for the hybrid filler (PZT was coated with PANI) combi-
nation. At 30 vol.%, the composite showed best value for d33 constant. The
enhancement in piezoelectricity is explained in terms of the conducting nature of

Fig. 1 a Voltage generated during 6 ms at a frequency of 1 kHz, of electrospun BaTiO3/P
(VDF-TrFE) at 20% filler; b maximum voltage generated at different frequencies for all samples;
c piezopotential obtained at 1 kHz for P(VDF-TrFE) and BaTiO3/P(VDF-TrFE) at 20% filler and
d maximum power generated by the electrospun membranes [14]. Copyright 2013. Reproduced
with the permission from Elsevier Ltd
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the sample and the poling process was employed (5 MV/m electric field for
15 min). This functional material is proposed for applications in structural
health-monitoring systems.

PP is another polymer exhibiting piezoelectric response, specifically in its cellular
form. The cellular PP is usually made by a modified extrusion process, in which
voids of lm dimension are created in melt by gas blowing prior to foam blowing.
The cooling in the subsequent step keeps the voids within the polymer. Corona
charging is also employed to charge PP, other than the electrode charging and
electron beam charging [15, 16]. Zhang et al. investigated the influence of fabrication
on the piezoelectric d33 coefficient of cellular PP. The high-pressure exposure to
long-time intervals increased the thickness and the d33 coefficient. Static pressures
up to 10 kPa do not influence the value, whereas higher pressures cause a reversible
decrease. The d33 constant is also correlated with the decrease in Young’s modulus
and the increase in chargeability of the material due to expansion [17].

Epoxy resins are also reported to exhibit piezoresponses, when ceramic particles
are employed in it. Lead magnesium niobate titanate (PMNT)-filled epoxy com-
posites of greater 1,3-piezoelectric coefficient was reported when compared to
PZT/epoxy composite by Li et al. [40]. Wang et al. [26] also investigated the same
system of PIMNT/epoxy 1–3 composite containing 60% filler by volume prepared
by a modified dice-and-fill method and suggested the applicability in ultrasonic
transducers. PZT/epoxy composites with good piezoresponse were fabricated by
freeze-casting process by Xu and Wang [41]. The results obtained from their studies
are represented in Fig. 3.

Fig. 2 a S–E curves for fibrous BaTiO3-reinforced composite sheets (BaTiO3/PVDF = 30/70 v/v
%) having different BaTiO3 orientation ratios of (a) 83% and (b) 38%, and two reference samples
of (c) spherical BaTiO3-reinforced composite sheets (BaTiO3/PVDF = 30/70 v/v%) and (d) pure
PVDF. b Generated power as a function of frequency applied to piezoelectric energy harvesting
based on stretch movement [38]. Copyright 2013. Reproduced with the permission from Elsevier
Ltd.
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Both longitudinal and transverse piezoelectric strain coefficients (d33 and d31)
were studied for the PZT/epoxy 3-1 piezocomposites by Xu and Wang [41]. The
composites were fabricated by tert-butyl alcohol (TBA)-based freeze casting of PZT
followed by the infiltration of epoxy. The PZT volume fraction was varied from
0.36 to 0.69 by changing the initial solid loading in freeze-casting slurry. Figure 3
shows the variation of d33 with respect to the poling voltage and volume fraction of
PZT. In general, the saturation polarization is achieved in PZT ceramics, when the
poling voltage is ˃2 kV/mm. But, in this particular composite, saturation is attained
at 0.9 kV/mm itself (Fig. 3a) which is due to the consistency of polarization
direction and one-dimensional pore channel direction and the resultant easy
deflection of electric domains along the polarization direction.

Figure 3b shows the change in d33 and d31 constant with PZT volume fraction at
a poling voltage of 0.9 kV/mm. Both coefficients show an increase with PZT
concentration with a highest value at 0.57 vol.%. This is attributed to the weak
structural constitution of the composite above this particular filler volume fraction,
pointing toward the fact that the d33 and d31 coefficients depend on the piezoelectric
phase of the composite and interfacial connectivity. When the volume fraction
becomes 0.69, the unidirectional porous structure loses its directionality and
increases the disorder, thereby decreasing the piezoelectricity.

Figure 4 represents the influence of PZT volume fraction on the hydrostatic
strain coefficient (dh) and hydrostatic piezoelectric voltage coefficient (gh) of
epoxy/PZT composites. The dh is calculated from the d33 and d31 constants as
shown in Eq. 1.

dh ¼ d33 þ 2d31 ð1Þ

The dh value increased from 103 to 136 pC/N when PZT concentration was
increased to 0.69 from 0.36. At 0.57 vol.%, the dh is 184 pC/N, which is
approximately three times higher than the neat PZT (56 pC/N). This behavior is

Fig. 3 a Effect of poling voltage on longitudinal piezoelectric strain coefficient, d33 of 3-1 type
PZT/epoxy composites. b d33 and transverse piezoelectric strain coefficient (d31) of 3-1 type
PZT/epoxy composites as a function of PZT volume fraction
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mainly attributed to the greater decrease observed in d31 compared to d33 and the
porous structure of the particular sample containing 0.57 vol.% PZT. The hydro-
static piezoelectric voltage coefficient (gh) defined as the hydrophone sensitivity in
ultrasonic transducer application is calculated as

gh ¼ dh
e0er

ð2Þ

where er is the relative permittivity of the sample.
The gh changed from 13.6 to 8.2 � 10−3 V m/N in a similar way of dh with

increase in PZT volume fraction. Due to the high dh and reduced er, the gh is bigger
for the composite compared to the neat PZT (1.5 � 10−3 V m/N).

Jain et al. thoroughly investigated the correlation of dielectric properties with
piezoelectricity in their recent review of PVDF/PZT composites [42]. They have
done a good theoretical survey based on mathematical models and discussed the
two models—Yamada model and Furukawa model—to predict the piezoelectric
properties. According to Yamada model, the g33 can be explained by Eq. 3.

g33 ¼ Vfnad332=e0

e332 þðn� 1Þe331 1þ nVfðe332�e331Þ
ne331 þðe332�e331Þð1�Vf Þ

n o ð3Þ

where a is the poling ratio of ceramic inclusions, e33i is the dielectric constant of
the inclusion at the ith direction of poling, Vf is the filler volume fraction, and n is a
dimensionless parameter depending on the shape and orientation of ceramic
inclusions.

Fig. 4 Variation in hydrostatic strain coefficient (dh) and hydrostatic piezoelectric voltage
coefficient (gh) with volume fraction of PZT
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The Furukawa model can also be defined by Eqs. 4 and 5.

d ¼ VfLTLEd2 ð4Þ

and

g ¼ VfLTLDg2 ð5Þ

where d and g represent the piezoelectric coefficients of the composites, and d2 and
g2 denote the coefficients of the ceramic particles. LT, LD, and LE are the local field
coefficients with respect to the stress, electrical displacement, and electric field.

3.2 Ceramic Composites of Amorphous Polymers

The investigation on flexible piezoelectric materials based on polymer composites
has a long history starting from the reports of Kitayama and Sugawara in 1972 [43].
Piezoelectric flexible composites particularly applied in hydrophones are studied by
Banno and Saito in 1983 [44]. The composites were based on synthetic rubbers and
ceramic particles, lead titanate, and PZT. The rubber/ceramic composites made by
hot rolling were poled in silicone oil by applying 100 kV/cm at 60 °C for 1 h. Out
of all composites, the one made with pure lead titanate showed the best piezo-
properties and established its use in making hydrophones. The experimental results
were in good agreement with the theoretical ‘modified cubes model’ as well.

Mamada et al. investigated a set of pseudo-1-3 piezoelectric ceramic/polymer
composites consisting of linearly ordered piezoelectric ceramic particles filled sil-
icone gel, silicone rubber, urethane rubber, and poly-methyl-methacrylate, matrices
for their piezoelectric responses [45]. The polymer matrices were classified into two
sets—matrices Q and U not adhered to the electrodes (Q is the silicone rubber and
U is the urethane rubber) and matrices A and G adhered to the electrodes (A
represents PMMA and G represents silicone gel). Figure 5a shows the fabrication
steps followed for the two sets of ceramic/polymer composites and 6b their d33
constant with respect to the filler volume fraction. At the same PZT concentration,
the d33 values show a variation in the order of A < U < Q < G. When PZT con-
centration is 10 vol.%, the d33 for silicone gel composite was above 60 pC/N and at
40 vol.%, the value became 80 pC/N. However, for the PMMA composite, the d33
was 10 pC/N even at 40 vol.% PZT. This variation in piezoelectric coefficient is
due to the difference in relative permittivity and Young’s modulus of the samples.
The difference in dielectric constant is due to the different area of exposure of each
polymer matrix where PZT particle alignment is exposed out of the composite
surface. In addition, the d33 values increase with decrease in Young’s modulus of
the matrix. This is due to the increase in force applied on the aligned PZT particles
in the composites with lower Young’s modulus and the increased force with the
increased area of exposure.
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3.3 Miscellaneous

By the use of digital projection printing, Kim et al. [46] demonstrated the optical
printing of barium titanate (BTO)-mixed polyethylene glycol diacrylate (PEGDA)
polymer composite into three-dimensional microstructures. BTO particles of
85 ± 15 nm dimension were synthesized by hydrothermal method and the surface
is modified with 3-trimethoxysilylpropyl methacrylate (TMSPM) linker molecule to
enhance the C–C bond strength in BTO-PEGDA composite. A comparison of
various combinations including the reported modification of BTO with CNTs [47]
is represented in Fig. 6a. Under a constant load of 1.44 N, the piezoelectric output
of PEDGA-BTO grafted with TMSPM was twice compared to the CNT composites
and was 10 times higher than neat PEDGA-BTO composite. The unpolarized
samples of PEDGA with and without TMSPM showed no response. The variation

Fig. 5 a Fabrication process
of aligned-type piezoelectric
composite. (a) Matrices Q and
U, (b) Matrices A and G.
b Relationship between PZT
particle concentration and d33
for aligned-type piezoelectric
composite [45]
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in d33 constant with respect to the filler concentration (Fig. 6b) shows almost
39 pC/N for the TMSPM-grafted BTO. This is attributed to the BTO-PEDGA
mechanical interface, which allows an efficient mechanical to electrical energy
conversion through the stress transfer from the polymer to piezoelectric crystals. In
the case of CNT-modified composite, the mechanical response of the BTO
nanoparticles increases as the CNTs stiffen the polymer, when the chains are
strained.

4 Conclusion

The chapter reviewed the piezoelectric properties of ceramic polymer composites.
The polymers (semicrystalline and amorphous) were investigated for their piezo-
electric performance. In the beginning, a brief introduction of synthesis of ceramic
particles and ceramic polymer composites is discussed. It is found that the piezo-
electricity is influenced by the dielectric properties, Young’s modulus of the matrix,
poling conditions, filler orientation, etc.

Acknowledgment This chapter as well as the whole book was made possible by NPRP grant
6-282-2-119 from the Qatar National Research Fund (a member of Qatar Foundation). The
statements made herein are solely the responsibility of the authors.

Fig. 6 a Voltage response of various unpoled and poled composite materials (neat films) cycled
with a 1.44 N load applied perpendicular to the film surface. Cycling data were collected for a total
of 2 s for each film. b Plot showing the effective piezoelectric modulus (d33) of a grafted
PEGDA/BTO composite material as a function of BTO mass loading. The piezoelectric moduli for
the 10% loaded PEGDA/BTO with CNTs and PEGDA/BTO (no CNTs or TMSPM) composites
are also included for comparison [46]. Copyright 2014. Reproduced with the permission from
American Chemical Society
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as Energy Harvesting Materials
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Abstract The average temperature of the earth is rising at an alarming rate. The
rising symptoms of global warming led us to a situation where we have to find out an
alternative way for energy harvesting without disconcerting the homeostasis of nat-
ure. Therefore, finding renewable and clean energy sources has become one of the
foremost challenges of modern societies. Polymer composites have found consider-
able attention in energy harvesting, especially for but not limited to organic solar cells,
transducers and energy storage applications. For example, poly(3-hexylthiophene)
(P3HT) and [6,6]-phenyl C61 butyric acid methyl ester (PCBM) have proven among
the best combination for organic solar cell application and have persisted prominent
for a decade. Being a semicrystalline polymer, P3HT is well known as a donor
material with a wide absorption range of the solar spectrum and comparable high
conductivity. Similarly, poly(gamma-benzyl-L-glutamate) (PBLG) was found out to
be an excellent choice in flexible transducer applications because of its stability and
high piezoelectric coefficients. Finally, poly(methyl methacrylate) (PMMA) was
proved to be an ideal polymeric material for energy storage applications because of its
highly effective insulating properties. In this chapter, we review the recent progress in
the field of energy harvesting and storage materials such as P3HT, PBLG and PMMA
and their role in maximizing the efficiency of energy devices.
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1 Regioregular Poly(3-Hexylthiophene-2,5-Diyl) (P3HT)

There has been a great deal of attraction for the semiconducting polymers during
the last few decades mainly because of their exceptional optoelectric properties
together with economical and simple solution process ability [1–3]. One of the most
widely recognized conjugated polymers is poly(3-hexylthiophene) (P3HT), whose
optoelectronic properties and device performance have been explored broadly in
various reports. Akin to many other semiconductive polymers, P3HT is a poly-
morph which exhibit flexibility to form different crystal structures at varying pro-
cessing conditions. Dynamic of charge mobility in P3HT has been widely
investigated by means of adjusting its regioregularity, molecular weight and mor-
phology that often lead to enhance hole mobility and in turn the resultant efficiency
of P3HT:PCBM bulk heterojunction (BHJ) photovoltaic devices. For instance, in
2005, a research group has developed P3HT solar cells with power conversion
efficiency (PCE) as high as 4.4% [4].

Despite being soluble in many solvents, P3HT also possesses rather inferior
mechanical and electrical properties along with poor stability in extreme environ-
mental conditions. Therefore, the presence of alkyl group within its structure plays
somewhat a pivotal role in granting its applications in optoelectronic devices. P3HT is
mainly incorporated in thiophene ringwith two distinct regioregularities, head to head
(HH) and head to tail (HT). Nonetheless, the HT regioregularity is much preferred
over the HH one due to its better conductivity as well as magnetic properties and
optical nonlinearity. One of the components in developing P3HT, 3-hexylthiophene,
is an unsymmetrical monomer which contributes to regioregularities of its final
product. In general, synthesis of polythiophenes group involves a careful manage-
ment of its repeatingmonomers unit and especially the regioregularity behavior of the
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polymer. In addition, P3HT also commonly demonstrates decent photoluminescence
by virtue of its highly tunable properties under multiple conditions of synthesizing
[5–7].Molecular structure of regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT) is
given in Fig. 1.

The first part of this chapter will reveal recent reports on the process of morpho-
logical control and regioregular properties P3HT in thin films. Thin-film properties
and issues pertaining applications of P3HT-based solar cells are presented here.

1.1 P3HT-Based Thin-Film Devices

Due to its promising characteristics, P3HT has been widely investigated for organic
electronic devices such as organic photovoltaics (OPV) [4, 8, 9], organic field-effect
transistor (OFET) [10–12], mechanical and environmental organic sensors [13–15].
The significant effect of the morphological structure of P3HT on the resulting per-
formance of the electronic device has beenwell acknowledged. The ability of P3HT to
form a crystallized structure in thin-film form is very much favorable for its appli-
cations in organic electronic devices. The orderly intermolecular chains in P3HT thin
films have granted much effective passage to enhanced charge mobility and
strengthen its mechanical properties. In addition, by virtue of its highly conjugated
and rigid backbone structure, P3HT offers efficient light absorption in the visible
spectrum. Albeit, the presence of highly complex multi-phases structures has often
been regarded as one major feature of its morphology once produced as blended film.
This has been proven as one formidable challenge for researchers to gain deeper
understanding, especially on its charge transports dynamic and crystalline properties
in real applications. Likewise, the stringent requirement for highly efficient and
cost-effective technique in producing highly uniform active film layer in large-scale
applications has further slowed down progress in crystal formationmethods of P3HT.
Therefore, simple deposition techniques such as spin coating, dip coating, inject
printing and doctor blading have been widely adopted instead [16], where imperfect
crystal growth often occurs during the drying phase, right after the deposition process
takes place. Apart from the conditioning during the deposition process, proper choice
of solvents and substrates has been found to be another paramount factor that influ-
ences subsequent formation of the crystals structure to a certain extent.

Fig. 1 Chemical structure of
regioregular poly
(3-hexylthiophene-2,5-diyl)
(P3HT)
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Optical properties of P3HT in thin-film form can be observed by naked eyes
through shades of color appeared depending on its regioregularity and molecular
weight. Range of colors from as bright as orange to dark purple resembles degree of
the two chosen parameters in any given solutions used. For instance, study was
done by Zen et al. [17] to investigate the effect of molecular weight from annealing
of P3HT film. A potent change in color has been observed from red to yellow as the
film undergone annealing process at 210 °C which correlates with aggregation of its
backbone due to the applied heat energy. For comparison, only little changes were
noticed in P3HT films with either high or low molecular weight. Absorption
spectroscopy is another technique often used to find out inter- and intra-molecular
chain properties of P3HT layer. Low spectrum absorption energy can be attributed
to the crystalline phase of the layer, while the high energy absorption was mostly
correlated with the amorphous portion of the film [18].

In the next section, optimized parameters which mainly influence in the modi-
fication of morphological structure and alteration of molecular chains, for its
application in OPV, will be discussed much in details.

1.2 P3HT in Solar Cells

Organic materials have been investigated for the fabrication of solar cells since the
last few decades due to their flexibility and solution process-able nature. However,
the efficiency of the organic solar cells is still low due to limited absorption of the
solar spectrum and relatively poor charge mobility. Recent years have witnessed a
swift increase in the efficiency of OPV devices to over 10%, which has been
attained with a profound knowledge of the underlying photovoltaic mechanism and
the advancement of device architectures and tailored materials.

In OPV devices, conjugated polymer matrix works as an active layer. Initially,
among the major issues encountered by researchers was the fact that the organic
conjugated materials develop a tightly bound excited state. Frequently, even under
light illuminations, sufficient excitation does not occur to allow effective separation
of charges. The recombination phenomenon befalls as fast as few picoseconds. This
problem has been tentatively resolved through the introduction of the bulk
heterojunction (BHJ) model. The bulk BHJ concept has been well thought out as a
leading design for organic solar cells due to its better efficiency, tunable properties
and processing costs [19–22]. By this approach, the splitting of the photoinduced
excitons is significantly improved and the exciton diffusion length issue has been
resolved up to some extent. However, in BHJ solar cells, the optimum value of the
active layer is very crucial. Although the thicker active layer can increase the optical
absorption, the efficiency starts to decline after a critical thickness due to series
resistance and charge recombination effects. A number of BHJ composite-based
photovoltaic schemes have been proposed so far. P3HT (poly(3-hexylthiophene))
and PCBM (phenyl-C61-butyric acid methyl ester) have proven themselves among
the best combinations and persisted prominent for a decade [23]. P3HT exhibits a
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wide range of absorption in the visible region of the solar band. Figure 2a, b shows,
respectively, the schematic diagram of P3HT:PCBM-based BHJ solar cells and
optical absorption spectrum of the P3HT:PCBM BHJ film. The energy band dia-
gram of P3HT:PCBM-based solar cells is given in Fig. 3. Until 2003, improvement
had been reported by Padinger et al. [24], with new record of PCE at 3.5%, and they
have broken the previous record (PCE * 2.5%) for OPV devices [25]. Also,
morphological studies on the P3HT:PCBM film composite had been reported in
1993 by Ihn et al. [26] and by Bouman et al. in 1994 [27], just before the conceptual
idea of BHJ-based OPV devices [28].

PV devices are commonly made by using semiconductor materials of the dis-
tinctive values of the optical band gap (Eg). Eg represents the minimum amount of
electromagnetic energy needed to allow absorption of the light source within the
semiconductive materials that subsequently excites the electron from the valance
band up to the conduction band across the band gap. However, unlike the con-
ventional PV devices, the organic ones mainly consist of multiple molecular spe-
cies; thus, the term extended energy band does not apply. In this case, Eg simply
means minimum energy required to promote an electron from its highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO)

Fig. 2 a Typical device diagram of P3HT:PCBM-based BHJ solar cells, b optical absorption
spectrum of the P3HT:PCBM BHJ film

Fig. 3 Energy band diagram of a P3HT:PCBM-based BHJ solar cell
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within the polymer molecules. Thus, electromagnetic radiations with quite less
energy than the Eg can hardly contribute to any form of photocurrent generation.
Ideally, the photoconversion efficiency (PCE) of a PV cell can be improved by
harnessing more photons, thus increasing Jsc or by minimizing recombination of
charges hence raising Voc to approach Eg. The following formulas (here all the
symbols have conventional meaning) describe the relationship between these
parameters.

PCE ¼ Jmax � Vmax

Pin
¼ Jsc � Voc � FF

Pin
ð1Þ

While the fill factor (FF) can be given by;

FF ¼ Jmax � Vmax

Jsc � Voc
ð2Þ

In addition, the efficiency can also be measured through the measurement of
external quantum efficiency (EQE) of the fabricated device. This measurement
directly conveys the quantum production of photocurrent by photons with a specific
wavelength (k). The obtained value of EQE, however, depends on two main
components. The first step concerns the capacity of photonic absorption, and the
second relates to the probability of photocurrent induction at a certain applied bias.
Overall, EQE phenomenon can be expressed as;

EQE ¼ gabs � gel ð3Þ

where ηabs is the probability of photonic absorption and ηel represents the proba-
bility of photocurrent generation.

1.2.1 Effect of Molecular Weight and Ratio

Polymeric materials are made up of long-chain macro-molecules without a
well-determined value of molecular weight (Mw) [29]. Nonetheless, Mw often has
enormous influence on subsequent solubility and miscibility of a polymer. Polymer
with smaller Mw commonly is more readily soluble. However, the polymers with
low Mw have tendency to rapidly undergo de-wetting process, thus forming
undesirable surface voids, apart from the large-scale phase separations and inability
to produce highly viscous solutions [30]. Studies reported in Ref. [31] have shown
the influence of Mw on structure and crystallinity of P3HT, while Ref. [32]
describes the dependency of morphological and charge mobility of P3HT on Mw.
The former concluded that at lower values of Mw, pure P3HT tends to produce high
crystallinity, but with lesser connected strands allowing hence more effective charge
mobility. The latter, on the other hand, explained the adjoining crystalline domains
in the case of higher Mw. In solar cell applications, studies have shown that the
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addition of P3HT components with regioregularity value of Mw (ranging from 2000
up to 75,000 KD) is much favorable for enhanced efficiency [33, 34].

Likewise, the weight ratio between the blended acceptor and donor materials
film may also contribute enormously to the subsequent performances of the fab-
ricated devices. Therefore, the goal has always been to come up with the finest ratio
that would yield OPV devices with highest PCE. It follows that the studies have
been aimed to refine the ratio between the two distinctive components of P3HT:
PCBM BHJ. Moulé et al. have done an extensive study pertaining to the effects of
adding P3HT:PCBM as active components at multi-compositions [35]. The finding
revealed that in case of thicker active layer, higher amounts of PCBM are much
favorable, while with thinner film, lesser amounts of PCBM produced much effi-
cient charge motilities. In general, this study has suggested that the suitable com-
position ratio of the donor and acceptor materials is not necessarily fixed, but
predictably depends more on the composite film thickness. Varying amount of
PCBM composition in P3HT has made it possible the fabrication of well-functioned
OPV devices, even with thicker active film thicker than 200 nm. Table 1 shows the
photovoltaic performance of the fullerene multi-adduct acceptors in P3HT matrix.

1.2.2 Effect of Solvent

When it comes to solution preparation, often solvents that offer good solubility with
the materials of choice have always generally been regarded as the better option.
More soluble solutions can be made at much higher concentration. According to
Moulé et al. [30], a minimal concentration of 10 mg/ml of P3HT:PCBM solutions
is recommended to obtain highly planar defect-free spin-coated layer with thickness
above 80 nm. P3HT:PCBM has also shown better solubility when polar aromatic
solvents such as chlorobenzene are used. In addition, boiling points of the solvents
must be taken into consideration as it determines the rate of solvent evaporation and
thus affects subsequent formations of the polymer domains inside the film during
the deposition process. Solvent with higher boiling point, for instance, commonly

Table 1 Photovoltaic performance of the fullerene multi-adduct acceptors in P3HT matrix

Donor/acceptor (weight ratio) Jsc (mA/cm2) Voc (V) FF PCE (%) Reference

P3HT/PC60BM(1:0.8) 10.9 0.62 0.62 4.18 [36]

P3HT/bisThC60BM(1:1.2) 5.91 0.72 0.41 1.73 [36]

P3HT/triThC60BM(1:1.4) 1.88 0.64 0.28 0.34 [36]

P3HT/bisPC60BM(1:1.2) 9.14 0.724 0.68 4.5 [37]

P3HT/PC60BM(1:1) 8.94 0.61 0.60 2.4 [38]

P3HT/bisPC60BM(1:1.2) 7.30 0.73 0.63 2.4 [38]

P3HT/bisPC70BM(1:1.2) 7.03 0.75 0.62 2.3 [38]

P3HT/bisThC60BM(1:1.2) 7.31 0.72 0.66 2.5 [38]
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leaves more traces of crystalline structures as the polymer equilibrates at much
slower rates. On the other hand, solvents of lower boiling points tend to produce
polymer film of more amorphous in nature. A higher crystalline P3HT structure is
much favorable for OPV applications, as shown by Li et al. [4] in 2005 with their
record breaking 4% of PCE at that time. Nonetheless, the realization on the
importance of solvents has come about as early as 2001, through a study carried out
by Shaheen et al. [25]. In this study, a dramatic change in PCE (from 1.1% up to
2.5%) has been successfully achieved by MDMO-PPV:PCBM solar cell prepared
using chlorobenzene as solvent opposed to their previous choice, toluene. Few
other researches have also been performed to investigate the effect of OPV solar
cells fabricated using combinations of multiple solvents [39–41]. The mixed sol-
vents commonly consist of combination between one primary soluble carrier and a
nonsoluble additive, where the additive solvents often being the ones with higher
boiling point [30, 42]. Ideally, during active film deposition processes, the primary
solvents get evaporated, whereas the co-solvents remain, thereby changing the
morphology and structure of the coated film at nanoscale [43]. One of the most
commonly used solvent additives for OPV is 1,8-di-iodo-octane (DIO) [42, 44, 45].

1.2.3 Effect of Annealing

One of the most widely investigated OPV performance optimization techniques is
thermal annealing process. This is a common method employed to induce phase
separation between P3HT and PCBM domains within bounds of the active film
composite. Ma et al. [46] developed spin-coated P3HT:PCBM OPV devices which
thereafter thermally annealed at 150 °C for 5–30 min. Enhanced efficiency of up to
5% has been reported in regard to the annealing process at optimum temperature of
150 °C. However, the proper timing choice for heating must also be carefully
considered. At longer heating period, diffusions of PCBM into P3HT domains are
more likely to occur. The dominations of PCBM elements inside the film have been
proven detrimental for the fabricated OPV. As discussed in the prior section, the
need of maintaining compositional ratio for the two active elements is crucial in
order to maintain well-balanced charge mobility. The apparent changes in mor-
phological structure of P3HT:PCBM active film due to thermal annealing have been
attributed to enhanced optical properties of the fabricated OPV cells, as reported in
[47]. The samples have been annealed at higher temperatures, ranging from 50 to
180 °C for 10 min. Remarkably, enhanced Jsc, FF and spectral absorption at par-
ticularly red-shifted region have been observed from the samples annealed at higher
temperatures. Among widely adapted techniques in determining changes in mor-
phological structure due to annealing process is Raman spectroscopy analysis,
which has been frequently used by researchers to uncover degree of crystallinity of
developed P3HT:PCBM OPV active films [48–50]. Upon annealing, enlargements
of P3HT crystallites within the blends become more obvious, in addition to
improvements of intermolecular chains between the elemental domains.
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Unlike the former thermal annealing technique, solvent annealing is much
recently adopted as OPV performance optimizing method. This process allows the
newly deposited active film to be put under exposure of solvent-rich atmosphere. It
is commonly carried out by putting a cover on top of the film right after the
deposition to prevent further evaporation of solvents from within. Apparent changes
in samples’ morphology have been reported as a result of the film undergoing
solvent annealing [5, 51]. In the previous section, we have discussed that longer
relaxation times gained by the virtue of using higher boiling point solvents ulti-
mately produced much desirable crystalline P3HT films. Similarly, the process of
solvents annealing has afforded formation of crystalline P3HT within the composite
film. This further halts the emergence of much undesirable amorphous P3HT:
PCBM phase.

1.2.4 Effect of Active Layer Modification

The thickness of the active layer has undoubtedly huge effects on the subsequent
performance of the fabricated solar cells. While increasing the thickness of active
film further intensifies its light-absorbing capacity, alas the travel distance of mobile
charges in the active cell layer toward the electrode may be lengthened too.
Therefore, a higher BHJ film thickness is not necessary to produce a much efficient
OPV device. Furthermore, scholars have also noticed nonlinear photonic absorption
as a result of increased BHJ layer, due to the interference of incident and reflected
light source [9, 52]. For instance, only at optimized thickness layer, 70–100 nm,
does the capacity of photon captured maximize. For layers thicker than 120 nm, the
interference phenomenon permitted rather less photonic energy absorption.
A comparative study has been done by Moulé et al. [35] between layer thickness
and resulting Jsc of their fabricated P3HT:PCBM and OC1C10-PPV:PCBM OPV
solar cells. It was found that an optimized film thickness of 70 nm yielded higher
Jsc than its thicker counterpart, suggesting a drop in performance as thickness
increases above 70 nm. Interestingly, however, for the former sample with the
presence of P3HT, higher optimized thickness was observed particularly at 210 nm,
as opposed to its thinner equivalents. With enhanced Jsc, and thus PCE, the P3HT:
PCBM cells have been proven to be the better combination with much
well-matched electron and hole mobility. Apart from the thickness factor, the PCE
certainly depends heavily on the refractive index (n) and other properties of the
materials. Indeed, Peumans et al. [53] have outlined that in BHJ layer of
k/4n thickness, constructive interferences can be observed more frequently,
whereby at thickness k/2n, destructive interferences instead dominate. Also, pro-
cesses such as thermally annealing and solvent annealing have each been shown to
influence spectrum of light absorption for the fabricated P3HT:PCBM sample film
at 1:1 ratio, due to the apparent altered morphology [40, 52].

Another popular method involving physical modifications of the active film is
the addition of pre-formed polymer additives [54]. A BHJ layer made up from
P3HT nanofibers coated with PCBM layer has been developed by a research team
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with the motivation to reduce defects in P3HT domains, a well-known peculiarity
for OPV devices [55, 56]. The aim was well fulfilled, and P3HT fibers did exhibit
much vibronic behavior as compared to the one produced in thin-film form.
However, further investigations that were later done have shown a much poorer
performance of the nanofiber composite film in OPV applications. Enhanced acti-
vation barrier that impedes hole mobility in between the gap of unattached fibers
has been identified to be among contributing factors in this regard, whereas for-
mations of exciton between the unattached boundaries due to charge recombination
phenomena further reduced charge density. To overcome this, addition of amor-
phous P3HT additives among the fibers has been proposed [8]. As expected, the
newly fabricated device has shown enhanced FF and Jsc, mainly from the
re-established connection between the domains. Other researchers [57] have also
introduced the elements of nanoparticle additives to serve a similar purpose. In
order to overcome these apparent flaws encountered, the proposed counteract
mechanism has always been to create a more crystalline structure of P3HT domains,
proper control of their sizes and to provide connections among the entangled fibers.

1.2.5 Effect of Quantum Dots (QDs)

Ideal solar cells weremainlymade up of semiconducting organicmaterials as electron
donors, while fullerene derivatives that act as electron acceptors have reported to
achieve PCEs as high as 5 or 6% [58]. Similarly, inorganic semiconductive
nanocrystals along with the QDs like ZnSe, ZnSTe, CdSe and CdTe, have the
advantages of highly tunable band gaps along with excellent intrinsic charge carrier
mobility. Therefore, being potent electron acceptors QDs can also be incorporated
into conjugated polymers like P3HT to form BHJ hybrid PV devices [59]. Numerous
works have been carried out pertaining to the synthesis of various morphological
properties of QDs and their applications in the hybrid BHJ PV devices. Interestingly,
with the addition of the elongated QDs, more extended and directed electrical path-
ways are established within the OPV films, leading hence to dramatic reduction of the
interparticle hopping events, which is critically necessary for the extraction of elec-
trons toward the electrode. However, it is noteworthy that the subsequent device
efficiency does not solely depend on the shape of the QDs themselves, but also hang
on their solubility and surficial alteration. These combined factors indeed influence
the resultant charge transport behavior of the fabricated devices significantly. Mostly,
the surfactants are used to aim to avoid further aggregation during growth of the QDs
containing long alkyl chains. Therefore, to further improve chargemobility within the
QDs polymer film, proper modifications of its morphological surface structure have
been previously reported by employing the technique of ligand exchange using
various capping ligands. For instance, pyridine treatment of the QDs has been
commonly utilized as an effective procedure that leads to enhanced PCE for the
developedOPV devices. Recently, structural, morphological and optical properties of
the nanocomposite of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS), ZnSe and CdSe QDs have been investigated by Najeeb et al. [60, 61].
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The ZnSe and CdSe QDs have been synthesized, with the aid of mercaptoacetic acid
(MAA), by a colloidal method with an average size of 5–7 nm. QDs have been
embedded in PEDOT:PSS using a simple solution-processing approach and have
been deposited as thin films by spin-coating technique. The QDs have shown a
significant effect on the performance of the P3HT:PCBM BHJ solar cells. Figure 4
shows the AFM images of pristine P3HT and QD-embedded P3HT.

In addition, Olson et al. [62] reported a CdSe/P3HT-blended device with the best
efficiency of 1.77% using butylamine as a shorter capping ligand for CdSe QDs.
Investigations also revealed that the shortening of the insulating ligands has
improved the PCEs of CdSe/P3HT-based OPV devices. On the other hand, ZnSe
due to its wider band gap and hence poor absorption of sunlight within the visible
and infrared ranges poses several limitations toward its applications in OPV
devices. However, QDs have been found to play an important role in preventing
recombination of electrons. Regardless of many advantages offered by the
QD-sensitized organic solar cells, the efficiency of QD-sensitized solar cells is still
considered as low compared to state-of-the-art PV devices. Hence, more rigorous
efforts in carefully tailoring and exploiting state-of-the-art fabrication techniques
have to be adopted to bring them similar to current OPV devices standard.

2 Poly(Gamma-Benzyl-L-Glutamate) (PBLG)

2.1 Poly(Glutamate)s or Poly(a-Amino Acid)s

Poly(glutamate)s or poly(a-amino acid)s are one of the most investigated
biopolymers due to their polar helical structure and well-established chemical
composition [63]. They exhibit a strict a-helical structural arrangement in solution,
as well as in solid state [64]. Their axial rise per residue (amino acid) is estimated to
be 1.5 Å for 3.5 residues per turn helix. The internal hydrogen bonds in helical axis
direction between amide hydrogen donor and carbonyl oxygen acceptor stabilize
alpha-helix [63]. The identical orientation of all hydrogen bonds increases the

Fig. 4 3D AFM images of a P3HT, b QDs in P3HT
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permanent polarity of rod-like a-helix [65]. The amino acid residues can create
dipoles of high electric density on applying a permanent dipole force that changes
permanent polarity of fibers, exhibiting piezoelectric characteristics [66]. Poly
(gamma-benzyl-L-glutamate) (PBLG) is one of the well-known poly(a-amino acid)s
and a synthetic polymer with molecular weight of 237.2518 g/mol. Its molecular
formula is (C12H15NO4), and the chemical structure of PBLG is shown in Fig. 5.
PBLG is one of the most common poly(a-amino acid) which is utilized in many
biomedical applications [63] such as in tissue engineering [67, 68] and drug
delivery carrier [69, 70]. In order to improve their degradation property and to
control their hydrophobic nature, second components [71–74] and functional
groups [63, 75] are attached into PBLG, for increasing their applications in
biomedical engineering [63]. In addition, it is frequently used in energy harvesting
applications due to its tunable orientation and piezoelectric properties [76].

2.2 Energy Harvesting Applications of PBLG

The examination of piezoelectric property in organic materials such as woods and
bones was initiated in mid-1950s [77, 78]. Afterward, many researchers started to
investigate the piezoelectricity in proteins, polysaccharides and polynucleotides
biopolymers [79–81]. Later, synthetic polymers having piezoelectric property were
discovered and since then investigation was largely focused on the piezoelectricity
in poled polyvinylidene difluoride (PVDF) [82, 83].

However, in early 1970s, Fakuda and his group confirmed the piezoelectric
property in helical poly-a-amino acids such as poly-c-alkyl glutamate derivatives and
especially in PBLG [84–87]. They demonstrated that by applying mechanical force
or magnetic field in PBLG films, a strong piezoelectric property in shear mode can be

Fig. 5 Chemical structure of PBLG
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produced in uniaxial direction of the polymer chains, with piezoelectric coefficient
d14 in the range of 1–2 pC/N [84–87]. The piezoelectric coefficient d14 of PBLG can
be increased up to 26 pC/N [88], when polymers are allied by strong magnetic field.
The dipole density of PVDF is greater than PBLG; however, PVDF conformation in
solution is random coil, needing increased energy by an electric field for poling
compared to PBLG; thus, effectiveness of PBLG in energy harvesting applications is
more than PVDF [89]. The use of piezoelectric materials in energy harvesting
applications was investigated already by many researchers [65, 89–93].

2.3 Fabrication of PBLG with Piezoelectric Properties

In order to produce materials with piezoelectric properties, the molecular or atomic
arrangement within that material is extremely important which is achieved by
mechanical treatment such as mechanical drawing or by electrical treatment, e.g.,
poling under electrical field. According to the type of treatment, these piezoelectric
materials are divided into two classes [88]. The electrically treated materials are
known as class I material which normally show C ∞ v symmetry. PVDF is one of
the class I materials. The class II materials are macroscopically aligned biopolymers
which are treated by magnetic field or mechanical stretching. Their structure has
D ∞ symmetry. PBLG is one of the class II piezoelectric materials [88]. The dipole
orientation of the two classes of materials is shown schematically in Fig. 6.

Fukuda and coworkers determined the piezoelectricity only in the shear mode
(d14); many researchers tried to find the piezoelectric coefficients in d33 and d31
mode; however, due to problem in fabricating films having all helical dipoles poled in
one direction [88], it remained a challenge. The polymer main chain direction in a
crystalline lattice is required to be perpendicular to the dipole direction in order to
employ them for piezoelectric applications. Thus, electrospinning process has huge

Class I (C∞V) Class II (D∞)

Dipoles poled by electric field Dipoles aligned by mechanical 
stretching or by magnetic field

Fig. 6 Schematic description of class I and class II types of piezoelectric polymer system
associated with molecular dipole orientation (modified from [65])
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potential in arranging the diploes and the polymer chains parallel to each other by
creating electric field and shear force in the same direction. However, electrostatic
force in this process sometimes causes the fibers to bend due to stretching [89]. Ren
et al. [65] used the combined electrospinning and hot pressing in order to successfully
fabricate the PBLG film with stable and one-directional polarity having PBLG
helices poled in parallel mode with C ∞ v symmetry. Firstly, the electrospinning
was used to prepare polar nanofibers with all helical dipoles arranged in the same
direction of polymer fiber axis. Later, hot pressing was utilized in order to fuse
loosely adhered electrospun PBLG fibers together to form an adherent incessant film
without losing the polar alignment. With the help of this combined technique, Ren
et al. [65] were able to produce robust PBLG films with helical molecular structure
steady in solid state even up to 130 °C [94]. Their fabricated PBLG film showed
relatively high piezoelectric coefficient in d33 and d14 modes and was advantageous
in terms of ease of fabrication and showed good thermal stability.

Near-field electrospinning (NFES) as an alternative to conventional electro-
spinning technique has also been utilized to prepare highly arranged fibers [89, 95].
NFES is an economic technique, to produce micro- or nanometer-thick homoge-
neous polymer fibers, since it runs at a relatively low voltage. Pan et al. [89]
investigated the piezoelectric properties of PBLG, fabricated using cylindrical
NFES. They were able to produce piezoelectric PBLG fibers having increased
thermal stability, good flexibility and reasonable toughness.

2.4 Characterization of PBLG Films

Tinoco [96, 97] carried out a detailed investigation of electrical properties of PBLG
films. Magnetic orientation of PBLG was studied by Go et al. [87]. A solid liquid
crystal film of PBLG was firstly introduced by Samulski and Tobolsky in their
breakout work in 1967 published in Nature [98]. Later on many researchers focused
on the structural properties of cast films of PBLG [99–102]. Magnetic torque and
electric conduction of PBLG films were also measured in order to investigate their
applications in energy harvesting applications [103, 104].

Pan et al. [89] carried out an Fourier transform infrared (FTIR) spectroscopy of
PBLG fibers, presenting a strong peak at 1655 cm−1 of a-helical structure. They
examined the mechanical properties of the piezoelectric fibers of PBLG as well, and
60.54 MPa and 3.64 GPa values were calculated for the maximum ultimate tensile
stress and Young’s modulus, respectively. These values were very high when
compared to PVDF fibers of similar specifications [89]. Finally, they investigated
the potential of PBLG piezoelectric fiber for energy harvesting applications by
generating voltage throughput on applying these PBLG fibers on cicada (an insect)
wings.
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3 Poly(Methyl Methacrylate) (PMMA)

Poly(methyl methacrylate), (PMMA), is an unbreakable, transparent polymer. It is
commonly known as acrylates or acrylics [105]. PMMA is used in several applications
as a substitute to conventional glass. However, it is more advantageous over glass
especially when making thicker windows, because of its high-grade transparency
[106]. Polycarbonate (PC) is another polymer used as an indestructible substitute to
glass; however, PMMA is more economical. In addition to optical clarity PMMA has
numerous exceptional properties, including excellent insulating properties, reasonable
strength and stability. Besides, it provides comparatively better defense against
external atmosphere [105, 107, 108]. Thus, it presents promising appliance in various
fields, especially in biomedical and energy harvesting applications.

3.1 Synthesis of PMMA

PMMA is formed by solution [109], emulsion [110] and bulk [111] polymerizations
from the monomer methyl methacrylate. Generally, during the formation of
PMMA, living polymerization methods such as radical initiation [112] is used;
however, anionic polymerization [113] of PMMA can also be utilized, as shown in
below equation:

3.2 Applications of PMMA in Energy Devices

3.2.1 Acoustic Energy Harvesting

Wu et al. [114] used PMMA as acoustic band gap crystals (sonic crystal) in con-
junction with polyvinylidene fluoride (PVDF) piezoelectric material for energy
harvesting application. Many researchers worked for some years on the transmis-
sion of acoustic waves in sonic crystals [115, 116]. The sonic crystals have shown
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their potential usage in various applications including transducers and acoustic
filters. For acoustic energy harvesting, a resonant cavity is created by rod removal
in sonic crystal in order to investigate the localized wave mechanism of sonic
crystal in point defect mode [114–116]. By doing so, when the incident acoustic
wave reached at the significant frequency, it was contained in the cavity of the sonic
crystal and by placing the right piezoelectric material inside the cavity of the sonic
crystal; Wu et al. were able to convert the acoustic energy into electric energy at the
cavity’s resonant frequency. A maximum power was generated at 4.2 kHz fre-
quency of the incident acoustic wave under 3.9 kΩ load resistance. Similarly,
Mikoshiba et al. [117] used PMMA by exploiting a collection of multi-functional
resonators based upon on the theory of locally resonant materials from structural
vibrations in energy harvesting application.

3.2.2 Nanogenerator

The first nanogenerator (NG) was prepared by Wang et al. [118]. They were able to
successfully generate current/voltage by sweeping an AFM tip on ZnO nanowires
which were vertically grown. The generation of power was due to the combined
effect of semiconducting and piezoelectric properties of the ZnO nanowires. From
first NG to date there is a great improvement in the performance of NGs as shown
in Fig. 7. A big jump in the produced voltage was observed in 2011 and 2012 when

Fig. 7 A summary on the development of high-output piezoelectric nanogenerators ever since it
was invented in 2006. Inset the schematic of the mostly recently developed integrated
nanogenerator based on vertically aligned ZnO arrays [120] Copyright 2012. Reproduced with
permission from Elsevier Ltd.
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PMMA was used as the substrates. Zhu et al. used PMMA and Kapton (polyimide)
together as contact materials to produce triboelectric nanogenerator (TENG) [119].

Lee et al. [121] prepared a low-cost superflexible nanogenerator (NG) by using
very economical aluminum foil electrodes. Nanowire (NW) of ZnO was homoge-
neously deposited on Al electrodes, and a PMMA coating was applied on the Al
electrodes as an insulation layer prior to the deposition of ZnO for the prevention of
short circuits between the ZnO NWs (due to n-type semiconductivity of ZnO) and
Al electrode. The spin-coated layer of PMMA applied on the Al electrode not only
assists ZnO NWs to grow homogeneously along c-axis by reducing the process of
chemical growth of Al into hydrated aluminum oxide due to boehmite phase effect,
but also provides increased output of the process by fully insulation of Al electrode
and ZnO NWs with no diminution in performance and flexibility of NG. In addi-
tion, due to its extreme sensitivity towards motion, Lee et al. [121] suggested a
potential application of superflexible NG as a dynamic sensor to detect even minor
movements of skin. In addition, the superflexible NG illustrates probable appliance
as a dynamic sensor due to its extremely low resistance to motion that can detect
even minor movements of skin. Gao et al. [122] applied 200-nm-thick PMMA
coating on the plastic substrate after depositing ZnO NWs, in order to improve the
adhesive properties of substrate and ZnO wires, in the fabrication of flexible
nanogenerators.

Wang’s group used PMMA as a substrate for applying Cu thin films in the
fabrication of TENG for harvesting liquid wave energy [123]. They also used
PMMA as a substrate in large-scale energy harvesting by preparing
nanoparticulate-enhanced TENG and rotational mechanical energy harvesting by
fabricating disk TENG [124]. PMMA is chosen as the substrate due to its high
strength, flat surface and light weight properties.

3.2.3 Other Energy Harvesting Applications of PMMA

Bouendeu et al. [125] used PMMA for the encapsulation of electromagnetic generator
prepared for micro-energy harvesting applications. Jo et al. [126] utilized PMMA as a
mold for preparing polydimethylsiloxane (PDMS) film for body heat energy har-
vesting of human beings in construction offlexible thermoelectric generator. Al-Haik
et al. [127] used PMMA as an insulating layer in the preparation of miniature turbine
for harvesting energy produced from original organic capacitor. Meng et al. [128]
utilized PMMA in PVDF solution to improve PVDF’s energy storage and dielectric
properties. The optimized film of mixing 40 wt% of PMMA and PVDF demonstrated
a reduction in energy loss with energy storage density increased.

Phase change material (PCM) has attracted widespread attention for storing
thermal energy since they have capability to alter their state during phase change
process within a definite temperature range and can accumulate and discharge
energy, when needed. PMMA has been used in PCM applications in different
capacities [105, 107, 108]. Sari et al. [105] utilized PMMA as shell material in
the preparation of micro-PCM materials by emulsion polymerization having
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n-heptadecane as a core material. They were able to synthesize microcapsules of
PMMA/heptadecane for thermal energy storage because of their improved thermal
properties, excellent thermal reliability and large surface area.

4 Conclusion

In this chapter, state-of-the-art synthesis methods for P3HT, PBLG and PMMA and
their application in energy harvesters, transducers and energy storage devices have
been described. Further, device fabrication for the above-mentioned applications
that developed over the years by many of esteemed fellow researchers with an aim
to further increase their efficiency and reliability has also been discussed thor-
oughly. Till to date, many of the past shortcomings of these devices have been
resolved by the collective efforts of the researchers. These findings have highlighted
the importance of the fabrication parameters that often lead to new discoveries and
better understanding of the mechanism behind such devices. Challenges have
always been there, and of course over the years, it would be certainly possible for
organic-based energy devices to find their room in commercial applications if the
current trends are continued.
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Self-healing Polymer Composites Based
on Graphene and Carbon Nanotubes

Santwana Pati, Bhanu Pratap Singh and S.R. Dhakate

Abstract Self-healing is a bioinspired concept as nature itself is filled with
self-healable composites. For the last 15 years, immense curiosity has been devel-
oped in materials that can self-heal for real engineering applications such as aero-
space and sporting goods, electronics, and robotics, as this property can improve the
longevity of the materials, diminish replacement costs, and improve safety. In
materials technology, structural polymer composites are vulnerable to damage,
failure, and degradation. Cracks are formed deep within the structure, and hence, it is
not easy to detect such cracks and their repair is unfeasible. Self-healing is a
microscale bottom-up approach which provides the ability to repair degradation and
heal these cracks while still achieving the structural strength requirement. All types
of polymers, from thermosetting polymers to thermoplastics, have the potential for
self-healing. Self-healing approach can be successfully applied using various
approaches such as microencapsulation of the healing agent and vascular impreg-
nation of self-healing materials in tubular networks, but all these extrinsic approa-
ches result in a considerable loss of mechanical strength, while in intrinsic approach,
the healing capability is latent in the material itself. The healing is achieved by
reversible bonding in the matrix polymer. Carbon nanotubes (CNTs) and graphene
have immense hope in this world of smart and multifunctional materials and can be
used as nanofillers to obtain nanocomposites of extraordinary mechanical, electrical,
thermal, and self-healing properties with the added advantage of lower weight. Their
good compatibility with polymer resulting after surface modification of CNTs and
graphene, achieving the desirable chemical stability added with outstanding thermal
and electrical properties place them as the appropriate and the nascent research topic
for self-healing polymer nanocomposites. This chapter initially gives a brief idea
about the basic concepts and then examines the different approaches to self-healing
techniques along with the various self-healing assessment terms and concepts.
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This chapter then revolves around the different self-healing nanocomposites based
on graphene using various polymers such as polyurethane and epoxy and even
hydrogel composites. The characterization of the self-healing systems and analysis
of the exact mechanism taking place using different triggering mechanisms is dis-
cussed. Then, the various CNT-based self-healing nanocomposites are encom-
passed. The efficient utilization of CNTs as reinforcement filler and as the healing
agent in extrinsic approach is discussed. Then, the utilization of CNTs to fabricate
self-healing nanocomposites for a variety of end applications is discussed. The
various results on healable multifunctional CNTs and graphene-based polymer
nanocomposites are summarized in a tabular form. Finally, the challenges and future
research opportunities are highlighted in this chapter.

Keywords Self-healing � Polymer composites � Graphene � Carbon nanotubes �
Polyurethanes � Epoxy � Multifunctional materials
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1 Fundamentals and Basic Concept of Self-healing

1.1 Background

New age has come up with different kinds of smart and intelligent materials, but
degradation and damage are inescapable. Every material in this universe is sus-
ceptible to natural or artificial degradation and has therefore limited lifetime. For
example, muscles and bones can be damaged by excessive mechanical loading, but
only the biological systems have the ability to self-repair. Biologic system can sense
external stimuli, respond to it, redevelop, and heal in case of damage. Having
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inspired from the natural systems, human race is trying to imitate the healing
process into the man-made materials. In 1969, Malinskii et al. [1] presented the
detailed analysis of the self-healing of the crack in polyvinyl alcohol
(PVA) specimens and that marked the beginning of self-healing concept. Following
that, self-healing became an attractive topic, and research began on self-healing in
thermoplastic and cross-linked polymer systems [2, 3]. And in 1990s, Dry [4] also
reported about self-healing concrete. In 2001, White et al. [5] published his work on
the observation of self-healing behavior in polymer-based materials and that led to
the beginning of the era of smart healable materials. Thereafter, self-healing
materials became a huge focus worldwide.

1.2 Assessing the Self-healing Behavior

For the successful study of the performance of a material for self-healing applica-
tions, we need to quantify this characteristic. Therefore, healing efficiency calcula-
tions are done to estimate the behavior of the material. Healing efficiency is
calculated based on various ratios of the physical properties of the material after
healing and before damage [6]. The different parameters considered in calculating the
mechanical healing efficiency are fracture toughness, fatigue life, tensile strength,
etc., summarized in Fig. 1. Apart from mechanical efficiency, self-healing behavior
in polymer composites is also analyzed based on electrical properties. The electrical
self-healing is assessed by a simple circuit arrangement. A lamp is connected across
the material using a circuit. After creating an artificial damage, the lamp extinguishes.
But the healable material gains back its lost conductivity, and lamp glows again.

The various terms in Fig. 1 are as follows: Khealed
IC is the mode 1 fracture

toughness of a healed specimen, and Kvirgin
IC is that of a virgin specimen. Phealed

C and

Pvirgin
C are the critical loads at fracture for the healed and virgin specimens, respec-

tively. Gvirgin
IC and Ghealed

IC are the critical energy release rate from testing the virgin
and then the healed specimens, respectively. Uhealed and Uvirgin are the strain energy.
bn is the width of the crack surface created.W is the distance from the loading line to
the end of the specimen. aohealed and aovirgin are the initial precrack lengths for the

healed and virgin cases, respectively. rvirginC and rhealedC are the tensile strengths of the
virgin and the healed specimens, respectively. rhealedCflexural

is the residual flexural strength

of the material after it has been damaged and then allowed to heal, rdamaged
Cflexural

is the

residual flexural strength of the damaged specimen, and rvirginCflexural
is that of the virgin

specimen. Nhealed is the total number of cycles to failure for a self-healing sample,
and Ncontrol is that of a similar sample without healing. Therefore, the self-healing
mechanism is assessed using the various physical properties and comparing their
values before and after healing. This assessment gives a quantitative measure to the
process, and hence, it becomes more convenient to further modify the conditions to
obtain the maximum healing.
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1.3 Different Mechanisms of Self-healing

Basically, there are three different categories of self-healable materials depending
on the healing mechanism: capsule-based, vascular, and intrinsic [6–8].

1.3.1 Capsule Mechanism

Capsule-based mechanism basically works by the encapsulation of the healing
agent inside capsules. A crack in the system triggers the bursting of the capsules
and thereby causes the outward flow of the healing agent. The healing mechanism is
explained by 4 steps: storage of the healing agent inside the capsules, outflow of the
healing agent triggered by damage, transport of the healing agent to the site of the
crack, and restoration. In the storage step, the healing agent is microencapsulated,
and then, capsules are uniformly dispersed throughout the matrix of the material.
The healing agent does not react during the storage process. The crack breaks the
wall of the capsule that results in the release and hence sealing of the crack by the
healing agent. This whole procedure is illustrated in Fig. 2a.

Fig. 1 The various modes of calculating healing efficiency
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1.3.2 Vascular Mechanism

This mechanism is the closest replica of the biologic systems. In this approach, the
material is designed with organized series of network channels as in the vascular
network of plants and animals that circulates the required chemicals and healing
substances in the body to the site of damage. Here, hollow tubes or systems with
fiber-like structures are used to carry the healing agent as shown in Fig. 2b. This
approach is better than the aforementioned capsule mechanism as it gives contin-
uous supply of the healing agent at a particular place even for multiple damages.
A much higher amount of the healing agent is transferred to the crack area using
this technique as compared to the capsule mechanism. Although capsule-based
approaches are easy to impregnate into any system, their functionality can be used
just for a single damage event, but this vascular mechanism can be used multiple
times.

1.3.3 Intrinsic Mechanism

Intrinsic technique is based on the specific property of the polymer or polymer
composites that facilitates crack healing under certain conditions and application of
a particular stimuli (like sunlight). This mechanism is much better than the

Fig. 2 Various approaches of crack healing: a capsule-based, b vascular, and c intrinsic
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above-mentioned approaches as intrinsic self-healing polymers do not have
impregnated capsules or vascular systems (hollow fibers). Therefore, the mechan-
ical properties are not compromised in order to make the specimen self-healing.
Figure 2c gives a brief illustration about the intrinsic mechanism.

Although all the three different mechanisms of healing have shown their own
advantages for enhancing the self-healing behavior, this chapter basically discusses
the self-healing polymers and polymer composite systems and most of them work
on intrinsic mechanism.

Various polymer composites have shown self-healing property on the exposure to
a particular stimulus like UV exposure and self-healing behavior in polydimethyl-
siloxane—PU cross-linked networks by repairing mechanical damage has been seen
[9, 10]. Similarly, specific kinds of polymers with ligands attached via metal ion
binding have shown healing property through exposure to light [11]. Another
composite material consisting of an organic polymer group and nickel nanostruc-
tured microparticles shows self-healing properties at ambient conditions [12].
Therefore, various such polymers with ligands attached by hydrogen bonding, π–π
interactions, ionomers, and coordinative bonds have been realized for self-healing
applications [13]. Various ionomers have also shown self-healing property like
Surlyn 8940 [14]. These ionomers have ionic cross-linkings which show response to
thermal energy, and hence, Surlyn polymers [15, 16] show self-healing behavior.
Carbon nanotubes (CNTs) and graphene with its high thermal and electrical con-
ductivity [17, 18] can also impart self-healing property in polymers and can also
contribute to additional mechanical properties in the polymer system, and hence, the
material can be used in high end applications such as aerospace, body armor, and
military equipments. Hence, this chapter further discusses CNTs and
graphene-based self-healing polymer composites using various approaches.

2 Carbon Nanotubes and Graphene: A Brief Idea

Carbon has always been the most flexible and all fields applicable element that has
various allotropes and forms which have enormous applications in materials world.
There are different forms of carbon that exist, and out of them, CNTs and graphene
have become the most interesting materials and have unlimited scope for research in
every field of science and technology.

CNT has been the well-known term in science and technology since its dis-
covery in 1991 by Iijima [19]. CNT can be envisioned as a rolled-up sheet of
single-layer carbon atoms and can be formed in two different basic forms:
single-walled and multiwalled (Fig. 3). The single-walled carbon nanotubes
(SWCNTs) are formed by a single sheet of monolayered carbon atoms rolled up,
while multiwalled carbon nanotubes (MWCNTs) have multiple walls. The diameter
of CNTs is in the range of a few nanometers in the case of SWCNTs, and
MWCNTs have in the range of tens of nanometers. CNTs generally have lengths in
the range of micrometers.
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CNTs show three different chiralities: armchair, zigzag, and chiral depending on
the different lattice vectors and chiral angles [20]. CNTs with lattice vectors (m,
m) and (m, 0) types are termed as “armchair” and “zigzag,” respectively, else they
are termed as “chiral.” Based on the chirality, SWCNTs can be metallic or semi-
conducting. CNTs with its widespread applications from industry to nanoscale
starting with modular electronics, energy storage to structural composites and
conductive plastics has become the most awaited material in the society to be
viewed as a trendsetter for transforming every technology to an advanced form.

Another form of carbon that has been recently explored for various applications
is graphene, although graphene is very new in the world of materials but has shown
extraordinary mechanical, thermal, and electronic properties owing to its unique
structure. Graphene is the allotrope of carbon, consisting of a hexagonal arrange-
ment of carbon atoms on a single plane giving it a two-dimensional structure.
Although graphene is the building block of the other forms of carbon nanomaterials
such as CNT and fullerene, graphene was practically realized most recently in 2004.
After that, a sudden surge of research into the structure and properties of graphene
started, and graphene did not disappoint. Detailed characterization of graphene
yielded high values for the different properties, such as carrier mobility and tensile
strength. With these groundbreaking properties, graphene is a potential candidate in
various areas of applications such as thin and flexible displays, solar cells, elec-
tronics, medical, chemical, and industrial processes [17, 22, 23].

CNTs and graphene have been well explored in the various polymer systems
including both thermoplastic and thermosetting in order to improve the electrical
and mechanical properties of the polymer systems. Several researchers have pre-
sented various works by using different polymers such as polyurethane [24–26],
polystyrene [27–30], polycarbonate [31–35], ABS [36–38], PMMA [27, 39–41],
polyethylene [42–44], epoxy [45–48], and phenolic systems [49–51]. With high
thermal conductivity and stability, CNT and graphene have also been used with

Fig. 3 Illustration of the structure of a graphene, b SWCNT, and c MWCNT [21]. Copyright
2005. Reprinted with the permission from Springer
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polymers to develop self-healing nanocomposites. The following sections discuss
briefly the self-healing effect achieved using graphene along with the polymers
subsequently using CNTs in a similar manner.

3 Graphene-Based Self-healing Polymer Composites

3.1 Intrinsic Defect Healing using Graphene

Graphene shows intrinsic defects’ healing property. The healing effect consists of
the reconstruction (knitting) of the graphene structure [52, 53]. In the event of a
vacancy defect, carbon atoms jump out from the external regions and fill up the
vacancies [53, 54]. Generally, impurities like hydrocarbon impurities serve as the
source of these extra carbon atoms.

When graphene is etched out in the presence of metals, the carbon atoms are
supplied from the nearby hydrocarbon impurities and fill up the hole created and
hence show this peculiar reknitting of the holes of graphene process [55]. This is an
intrinsic self-healing property seen in graphene, and this opens up possibilities for
various applications of graphene using different techniques such as e-beam tech-
nique and etching process.

A molecular dynamics simulation analysis by creating a nanodamage in sus-
pended graphene monolayer by a rigid C60 molecule shows the efficient self-healing
procedure by appropriate heat treatment [56, 57]. The self-healing mechanism is
explained as a two-step procedure:

(a) formation of local curvature around the defects created by the damage and
(b) defect reconstruction leading to smoothening of the curved surface created by

the damage finally leading to the shrinking of the damage.

Effectively, the self-healing ability of the graphene depends on two factors:

1. Size of the damage created and
2. Thermal fluctuation.

Therefore, it is noteworthy that graphene being a monoatomic layer can retain
the energy from the passing electrons and hence can heal the damage. In a similar
way, graphene when incorporated with polymer composites can easily heal the
damage in the microstructures. The main focus of this chapter is the self-healing in
polymer composites by utilizing graphene and CNTs.

Another interesting application of graphene-based polymer composites is
high-performance thermal interface materials owing to its planar structure and
hence better thermal contraction. Many studies have reported that addition of
graphene has resulted in enhanced thermal conductivity. This shall improve the heat
transfer capability in the polymer matrix and hence improved self-healing with
thermal or any other external stimuli. Various studies have been conducted on the
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self-healing property analysis of the various polymers such as polyurethane and
epoxy by incorporating graphene in it.

3.2 Polyurethane–Graphene Self-healing Systems

Most of the man-made materials are vulnerable to environmental impact, and hence,
safety and lifetime are important aspects. Among all the polymers in the world,
polyurethanes (PU) are the most versatile family. They are widely applied in every
sector from industrial, transportation, and building to packaging, electronics,
machine, and foundry. PU is the building block of most of the materials around us:
coatings, adhesives, elastomers, insulation foam, footwear sole and flexible plastics.
They form the inevitable choice in polymer materials. Researchers all around the
world are working on healable PU polymer networks that can increase the lifetime of
the materials, and also, incorporating healing property can widen the applications of
the PU. Although researchers have reported various self-healing polymeric systems
with embedded microcontainers or microvascular arrangements containing the
healing agent, that results in poor mechanical strength as compared to the original
polymer system. Graphene has been a well-utilized material for fabrication of
polymer nanocomposites because of its compatibility with the polymer systems,
easy availability of its precursor graphite, and dramatic enhancement of the various
mechanical, electrical, physical, and barrier properties of polymer composites even
at addition of quite lower amount of graphene [58]. Further, they possess excellent
thermal conductivity [59] and IR response [60] due to the perfect sp2 carbon network
structures of the graphene materials. In this regard, graphene can be the promising
candidate for absorbing energy from IR radiation [60] and transferring it to the
damage site and healing the defect. Similarly, graphene has also shown good thermal
and electrical conductivities [61] and microwave-absorbing capability. Therefore,
efficient and repeatable self-healing can be obtained from graphene-based polymer
materials using IR [62], microwave [63], and electrical energy [64] as the stimulus.
Various researchers have reported graphene-based polyurethane nanocomposites
with enhanced self-healing capabilities. Huang et al. [65] fabricated a nanocom-
posite of graphene and polyurethane using few-layer graphene (FG) and thermo-
plastic polyurethane (TPU), and this FG-TPU system could be healed. FG-TPU
self-healing material was highly responsive toward all three different kinds of
stimuli: infrared (IR) light, electricity, and electromagnetic wave, and they showed
above 98% healing efficiency in all the three cases as shown in Fig. 4.

The actual mechanism of self-healing capability of graphene can be attributed to
its energy-absorbing capability and very good thermal conductivity. Hence, it could
transfer the absorbed energy from all the three sources into the TPU matrix, and this
energy could help the interface TPU chains to diffuse and re-entangle and build
back the TPU structure.

The different healing efficiency obtained with different loadings of graphene is
shown in Fig. 5.
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The above section showed the graphene-based PU composites showing excellent
self-healing behavior. Similarly, other forms of graphene such as modified graphene
(MG) and reduced graphene oxide (GO) have also been explored with polymers to
obtain self-healing behavior.

Modified graphene (MG) has also similar self-healing properties, and hence,
incorporating MG into PU leads to self-healing polymer composites. Chemically
modified PU/MG nanocomposites have shown light-induced self-healing capability
[66]. For quantitative healing test, the nanocomposite film was scratched to a depth of
50–60% or cut using a razor blade and healing was done by NIR absorption.

Fig. 4 The healing concept. The FG-TPU composites were healed by IR light, electricity, and
electromagnetic wave with high healing efficiencies [65]. Copyright 2013. Reprinted with the
permission from John Wiley and Sons

Fig. 5 The healing performances of the FG-TPU samples with different FG loadings under the
three healing processes. a The IR light healing efficiencies. b The electrical healing efficiencies.
c The electromagnetic wave healing efficiencies [65]. Copyright 2013. Reprinted with the
permission from John Wiley and Sons
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The healing efficiency was calculated using the modulus of toughness which is a
measure of the strain energy required to break the material and corresponds to the area
under the stress–strain curve [11, 67, 68]. Themain contribution ofMGwas improving
the NIR absorbance that increased the self-healing property of the PU/MG
nanocomposite. And this effect is more pronounced on using MG075 (the sample
with an optimized intermediate amount of MG added). However, at highMG content,
interchain diffusion is disturbed which leads to the decrease of self-healing efficiency.

Similarly, reduced GO has also shown excellent sunlight-absorbing capacity like
graphene and hence can be a self-healing material [69]. An elastomeric
nanocomposite of hyperbranched polyurethane (HPU), iron oxide
(IO) nanoparticles decorated reduced graphene oxide (RGO) nanohybrid has shown
self-healing behavior [70]. IO nanoparticles are also known to possess good
microwave-absorbing capacity and excellent thermal conductivity [71]. Hence,
combining IO and RGO could enhance the self-healing effect in the polymer sys-
tem. The nanocomposites were efficiently healed with 20–30 s of microwave power
input (180–360 W) and by exposure to direct sunlight for 5–7.5 min, and the
healing efficiency is demonstrated in Fig. 6 for both the stimuli [70].

Similarly, another nanocomposite of HPU with TiO2 and RGO was synthesized
which were effectively healed within 7.5–10 min under direct sunlight [72]. TiO2

being a semiconductor photocatalyst, the TiO2-RGO nanohybrid exhibited superior
photocatalytic activity under visible light or sunlight [73]. TiO2-RGO absorbed the
solar energy, and with the help of this energy, the HPU matrix soft segment repairs
the crack by molecular diffusion.

Therefore, graphene has been successfully used along with polyurethane to
prepare self-healing composites that have shown nearly 100% healing efficiency.
Graphene has become an efficient healable composite not only because of the
intrinsic healing property but also because of the good dispersion, as well as the

Fig. 6 Healing efficiency of
HPU–IO–RGO (2 wt% of
IO-RGO) nanocomposite for
repeated cycles under MW (at
360 W) and sunlight stimuli
[70]. Copyright 2015.
Reprinted with the permission
from Royal Society of
Chemistry
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effective interfacial interaction between the graphene and host PU polymer, which
strengthens the polymer chains and is more resistant toward the external force [74].

PU is the widely used polymer in daily life. Therefore, the graphene-based
self-healing PU composites have shown enhanced stability, flexibility, and lifetime
and hence can be soon realized in practical appliances.

3.3 Epoxy–Graphene Healable Composites

The impressive mechanical, electrical, and thermal properties of epoxy make it
suitable for various applications such as structural composites in aerospace and
automobile, electrical and electronic laminates, and marine coating. The whole
research world is searching for low-weight high-performance material particularly
in automotive and aerospace sectors, and owing to this surge, the market demand of
epoxy has taken an exponential increment and the global epoxy resin market is
expected to reach USD 12.10 billion by 2022, according to the recent report by
Grand View Research [75].

Although epoxy is a widely used polymer for various applications, it is vul-
nerable to damage. The high-end applications that are being envisioned today are in
aerospace and automotives. Here, even a scratch can lead to damage. Hence, one
important solution is to improve the crack resistance of the epoxy system by
integrating the self-healing property in it. Various researchers have reported suc-
cessful fabrication of self-healing epoxy composites with healing agents embedded
inside the microcapsules [76, 77], but these systems lead to severe degradation of
the mechanical strength of the system. Hence, for high-tech applications, no
compromise can be made with the mechanical properties of the polymer. Therefore,
intrinsic approach of self-healing is a more practical solution for crack-free epoxy
systems.

Graphene is the most promising and most utilized reinforcing filler for imparting
self-healing behavior and has already shown to be the successful self-healing
imparting filler in PU-based systems. Therefore, graphene/epoxy composites are
also the most ideal materials for self-healing analysis. A graphene-based epoxy
composite using nanolayer graphene (NLG) was fabricated, and its self-healing
behavior was tested using scratch test [78]. Addition of NLG (as shown in Fig. 7) in
the epoxy system led to the improvement of fracture toughness of the system. G0,
G1, and G2 were the samples with 0, 0.0025, and 0.0125 vol.% of NLG loaded in
the epoxy, respectively. As very well demonstrated in Fig. 8, the unfilled epoxy
(G0) developed many large cracks, whereas G1 showed no large cracks and G2
showed no visible cracks (neither large nor small).

The drastic enhancement in scratch resistance (thus the thermal healing capa-
bility) of the composites can be attributed to the exceptional in-plane fracture
strength of the individual graphene sheets. The interlayer movements due to the
NLG serve as a highly effective energy dissipation mechanism that reduces crack
formation/propagation.
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Hence, graphene-based epoxy nanocomposites have shown immense crack
resistance as analyzed from the above tests.

Graphene/epoxy nanocomposites have already shown advanced properties such
as very high mechanical strength, improved electrical conductivity, and shielding
effectiveness, and now, graphene has also imparted crack resistance leading to the
fabrication of self-healing epoxy composites. Hence, from all these above findings,
it can be concluded that graphene-based epoxy nanocomposites with intrinsic
self-healing behavior can be realized in the near future which shall widen the

Fig. 8 The surface images of the as-scratched, recovered, and fractured polymer surfaces. The
optical images in the left two columns represent samples after scratch testing. The optical images in
the third column are the recovered samples after heating. The fourth column shows the SEM
images of the fractured surfaces [78]. Copyright 2010. Reprinted with the permission from the
Royal Society of Chemistry

Fig. 7 SEM images of the NLG synthesized at different magnification [78]. Copyright 2010.
Reprinted with the permission from the Royal Society of Chemistry
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applications of epoxy and it can be used in various high-stress environments such as
space missions and military applications.

3.4 Graphene-Based Healable Composites with Other
Polymers

Apart from these well-known polymer systems such as PU and epoxy, graphene has
also been utilized along with other polymer systems. An amine-terminated oligomer
(HBN) incorporated with GO as both cross-linkers and fillers was developed as an
efficient and rapid self-healing thermoreversible elastomer which self-healed
without any external stimuli [79]. This healable elastomer can be used as a pro-
tecting barrier for electronic wires and devices, and when incorporated with addi-
tional electrical fillers, this elastomer can be a successful material for stretchable
self-healing conducting wires.

Two common polymers poly(acrylamide) (PAM) and poly(acrylic acid)
(PAA) were used to develop a graphene–poly(acrylamide-co-acrylic acid) hybrid
material through hydrogen bonds [80]. The graphene-based composite showed
impressive self-healing property with just 10% incorporated graphene. The cut
samples healed in 20 min just by heating the sample to 37 °C. This property could
be attributed to the enhanced π-interactions due to abundant π-electrons in
graphene.

Multilayer polyelectrolyte film has also been explored to analyze self-healing
behavior [81]. Polyelectrolyte film was incorporated with graphene to fabricate a
hybrid using poly(acrylic acid) and branched poly(ethyleneimine) based on
layer-by-layer self-assembly technique. This hybrid multilayer polyelectrolyte film
shows impressive self-healing behavior as can be visualized in Fig. 9. The film was
cut into a cross using a scalpel as in Fig. 9a which healed by injecting a drop of
water on the cut surface. The process of the film rapidly absorbing water and
swelling, and obvious healing process in 3 min are well demonstrated in Fig. 9.

Hence, various works have been reported on graphene-based polymer
nanocomposites showing intrinsic self-healing behavior using various stimuli-like
sunlight and heat energy.

3.5 Graphene-Based Healable Hydrogel Composites

Hydrogels are the most recent class of materials that are fabricated for specific end
applications such as actuators, sustained drug release, biosensors, and drug delivery
systems [82–84]. Hydrogels can be envisioned as a 3D network of polymer chains
swollen with water. Silica, clay, and CNTs have already been used as nanofillers to
improve the mechanical strength and toughness of the hydrogel. Graphene, having
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inbuilt self-healing properties, can be used along with hydrogels to impart
self-healing properties to the materials along with increasing the toughness of the
hydrogel. Graphene was incorporated as a reinforcing filler in polyacrylamide
(PAM) hydrogels that imparted successful self-healing properties as clearly
demonstrated in Fig. 10 [85]. Similarly, a graphene–poly(N,N-dimethylacrylamide)
(PDMAA) hydrogel that showed efficient near-infrared-triggered photothermal
self-healing behavior due to the cross-linking structure was developed. This arti-
ficial self-healing material that is electroactive and bioapplicable can be used as an
artificial tissue [86].

Fig. 10 Graphene-incorporated PAM hydrogel exhibiting self-healing property [85]. Copyright
2013. Reprinted with the permission from the American Chemical Society

Fig. 9 Visual observation of the healing process of multilayer polyelectrolyte hybrid film using
poly(acrylic acid), graphene, and branched poly(ethyleneimine) [81]. Copyright 2015. Reprinted
with the permission from Elsevier

Self-healing Polymer Composites Based … 133



Graphene oxide (GO)-based hydrogels have shown impressive self-healing
properties. Graphene oxide (GO)/poly(acryloyl-6-aminocaproic acid) (PAACA)
composite hydrogels have shown interesting self-healing capability to pH stimulus
[87]. Similarly, GO composite hydrogel fabricated by using graphene peroxide has
shown 88% of mechanical healing efficiency [88]. GO was also utilized along with
poly(N,N-dimethylacrylamide) (PDMAA) synthesizing a hybrid hydrogel [89] that
showed fast self-healing by near-infrared (NIR) irradiation.

Graphene has been successfully tested as reinforcing filler imparting intrinsic
self-healing property in polymer composites as well as in hydrogels as summarized
in Table 1. Owing to the high thermal conductivity and appropriate availability of
π-electrons along with the good-quality heat transfer ability, graphene has been
reported to impart self-healing behavior. But at the same time, graphene has also
shown to degrade the self-healing ability of the polymers. Incorporation of GO in
PU composites has declined the healing efficiency of pristine PU composites
developed by Diels–Alder technique [90]. Similarly, graphene oxide (GO)/poly-
acrylamide(PAM) composite hydrogels have lower healing efficiency as compared
to the pure PAM hydrogels as GO confines the movability of the polymer chains
[91]. Therefore, it cannot be taken for sure that graphene always significantly
improves the healing capability. But it always depends on various factors such as
(i) the matrix in which it is incorporated, (ii) the amount of graphene that is being
incorporated, and (iii) the form of graphene being integrated into the polymer
system. Apart from these, more intense work needs to be done on the synthesis of
graphene-based polymer composites showing intrinsic self-healing behavior. Apart
from graphene, various other forms of carbon can also be used to prepare
nanocomposites with polymers, thereby producing self-healing materials. Among
all the other carbon nanomaterials, CNTs are the superior nanofillers to modify the
polymer materials due to extraordinary properties such as electrical conductivity,
mechanical strength, and low density.

4 Carbon Nanotube-Based Self-healing Polymer
Nanocomposites

CNTs have been the focus of material research since its discovery as they can
impart high mechanical properties when used as a structural reinforcement and
improve the electrical conductivity when used as fillers in polymers. These
CNT-reinforced materials have wide applications in every sector. Apart from these
mentioned applications, CNT has also been extensively studied to analyze the
self-healing behavior of CNT-based polymer composites. Owing to its 1D tubular
structure and high reinforcement qualities on one side and impressive thermal
conductivity and heat transfer capability on the other side, CNT can be used in both
extrinsic and intrinsic approaches of self-healing materials.
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4.1 CNTs in Extrinsic Self-healing Polymers

Extrinsic self-healing approach can be realized in two different ways: capsule-based
and vascular-based. CNTs with its effective 1D nanotubular structure can be used as
a nanoreservoir for the healing agent. Secondly, due to its structural enhancement
property, it can be used as a healing agent along with other polymers in
vascular-based self-healing. Thirdly, in microcapsule-based healable polymers,
CNTs can be reinforced to regain the lost mechanical strength.

4.1.1 CNTs as Nanoreservoirs

Single-walled CNTs with its highly stable tube-like structure can be applied for
microvascular self-healing approach in which SWCNTs can be used as
nanoreservoirs of healing agents as shown briefly in Fig. 11 [92]. The detailed
investigation of dynamics of fluid flow from the ruptured SWCNT upon damage
where the fluid resembles a healing agent is done. The dynamics analysis concludes
that the healing agent molecules and the catalytic trigger molecules chemically react
to seal the crack. The use of SWCNTs as self-healing container provides
mechanical reinforcement to the entire system. The following are the major factors
which affect the amount of healing agent that needs to be stored in SWCNT
reservoir for the efficient self-healing process:

(a) Diameter of the CNT being incorporated,
(b) Length of the CNT used,
(c) Type of the healing agent that is being used,
(d) The material that incorporates these healing agent-filled SWCNTs,
(e) Density of the CNTs in the hosting material and its distribution, and
(f) Orientation and the dispersion of the CNTs used.

While designing a practical CNT-based self-healing system, these factors will
depend on the end applications of the material. Based on such theoretical

Fig. 11 Concept of the self-healing process using carbon nanotubes as nanoreservoirs [92].
Copyright 2009. Reprinted with the permission from IOP
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investigations, encapsulation of the healing agents inside the CNTs is also being
achieved practically. Liquid monomers used as healing agents were intercalated
into the CNTs using the self-sustained diffusion technique [93]. Empty CNTs were
first blended with a semisolid solution of the healing agent (dicyclopentadiene
(DCPD) or isophorone diisocyanate) in benzene. Then, the solution was sonicated,
and the benzene was evaporated out that resulted in the diffusion of the solutes into
the CNTs. After the intercalation was over, fresh benzene was added and sonicated
for 3–4 min to clean the outside of the CNTs. If such filling up of the CNTs with
self-healing agents can be achieved practically in more convenient ways, then this
can be the beginning of the production of smart composites with embedded
self-healing agents on a mass scale.

4.1.2 CNTs as Reinforcing Filler in Capsule-Based Healable Polymers

Various capsule- and vascular-based self-healing polymer systems face three major
limitations:

1. Degradation of the mechanical strength of the materials due to embedding of
capsules and vascular.

2. Difficulty in embedding the capsules with healing agents inside the polymer
systems.

3. Depletion of the healing agent after singular cracks.

CNTs are ideal as reinforcing conductive fillers due to their tremendous elec-
trical conductivity and excellent mechanical properties as compared to pristine
polymers.

Therefore, CNT reinforcement can gain back the strength lost due to capsule
embedment. An electrically conducting self-healing epoxy-based coating reinforced
with CNT fillers was developed in which the healing agent was microencapsulated
within the polymer system [94, 95]. Although it is widely known that the use of
microcapsules inside the polymer system degrades its mechanical strength, the
degraded mechanical strength was regained by incorporating SWCNTs into the
polymer system. Nanoindentation tests showed that elastic modulus and hardness of
the samples were significantly improved by adding SWCNTs into the system.
Hence, CNTs can easily enhance the physical properties of the composites that shall
not only widen its applications but also help regain the lost mechanical properties
due to capsule embedment.

4.1.3 CNTs as Efficient Healing Agents

Apart from capsule based mechanism, CNTs have also been used in vascular-based
self-healing polymer systems as healing agents. A nanocomposite consisting of
SWCNTs was prepared along with 5-ethylidene-2-norbornene (5E2N), reacted with
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ruthenium Grubbs catalyst (RGC) [96] was injected inside the empty channels of
the epoxy resin system to be used as healing agent. This is basically a kind of
microvascular self-healing approach. In order to test the self-healing behavior, the
damage in the form of an impact hole was created by dropping a mass. Then, the
damaged sample was thermally healed by heating at 60 °C for 15 min, and the hole
was filled by the 5E2N/SWCNT nanocomposite healing agent. Although
mechanical healing efficiency was not quantifiably stated, the epoxy system
regained its structure in 30 min. Similarly, in a capsule-based approach, 2.5% of
CNT was mixed with ethyl phenylacetate (EPA) and used as a healing agent [94].
CNTs used along with the healing agents improve not only the mechanical healing
efficiency but also electrical healing efficiency.

Hence, CNTs have been well explored in extrinsic self-healing materials in
various methods. CNTs with its tubular structure can be used as a nanoreservoir of
the healing agents, as a healing agent itself, and also in microcapsule-based healable
polymers to regain the degraded mechanical properties. Apart from these studies,
CNTs have also been used to prepare CNT-based polymer composites with intrinsic
healing capability which is discussed in the following section.

4.2 CNTs in Intrinsic Self-healing Polymer Composites

CNTs are incorporated into the polymers to fabricate healable composites that can
be used in various major applications which require enhanced crack resistance,
longevity, and flexibility of the material. Some of the major applications are con-
ductive healable polymers for new generation electronic skin to be used in robotics,
shear stiffening (S-ST) materials for body armors, transparent electronics for
smartwatches, supramolecular hydrogels for crack-free lenses and actuators,
superhydrophobic surfaces for water proof electronics, syntactic foam structures for
shock absorbing structures in military and submarines. All these various applica-
tions of CNT-based polymers with intrinsic healing capacity are discussed below.

4.2.1 Multifunctional Healable Conductive Polymer Composites

Multifunctional self-healing conductive materials can be effectively used in electric
and electronic appliances to recover the conductivity of circuits, prevent fatal
damage, and extend lifetime. Electrically conductive and healable materials are the
class of functional materials that could be applied in many advanced electronics
such as electronic skin and batteries and thereby improve the lifetime of these
devices. CNTs have very high electrical conductivity and mechanical properties.
Incorporation of CNTs into the elastomer system can create composites with good
electrical conductivity, proximity sensitivity, humidity sensitivity, and intrinsic
self-healing ability. A nanocomposite of poly(2-hydroxyethyl methacrylate)
(PHEMA) and SWCNTs combined through host–guest interactions was prepared
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that is found to be a conductive elastomer with autonomic healing ability [97]. Both
electrical and mechanical healing efficiencies were calculated in the sample. The
nanocomposite sample was connected in a circuit with a power source and LED
lamp. The intensity of the light in the LED lamp varied with the amount of
SWCNTs in the PHEMA–SWCNT composite (7 wt%). The LED went off
immediately as the sample was cut into two pieces due to loss of connectivity. But
the sample pieces when kept close to each other healed in 5 min under the ambient
conditions and the LED lamp turned on again. The electrical healing efficiency was
calculated for all the different kinds of samples, and it was nearly 95% with various
amounts of SWCNTs. The mechanical healing efficiency increased with the
increase in the mass fraction of SWCNTs. Hence, an electrically conducting and
mechanically stronger elastomer was synthesized using SWCNTs that could be a
potential material for building advanced sensing electronics. Another nanocom-
posite using hyperbranched poly(amido amine)s (HPAMAM) polymers layered
with CNT films and rolled up in a sushi-like structure has also shown self-healing
property with 100% recovery of electrical conductivity in nearly 18 min without
any external stimuli as shown in Fig. 12 [98].

Fig. 12 a The light is on when the original sample was connected in circuit; b the light is off
when being severed; c the light turned on again after recombined; d measured resistance before
and after disconnection [98]. Copyright 2015. Reprinted with the permission from the Royal
Society of Chemistry
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The self-healing conductive composite restored its structural integrity and con-
ductivity due to the sushi-like assembly structure as shown in Fig. 13. The layers of
CNT are spirally coiled, and hence, at the site of damage, the surfaces touch
together and the conduction paths are reconnected.

The polymer matrix and the assembly structure are two very important factors to
decide the healing capability of the multifunctional conductive CNT-based polymer
composites. Further research can optimize the assembly structure and the polymer
to synthesize the CNT-based healable smart materials for practical applications.

4.2.2 Shear Stiffening Self-healing Polymer Composites

Shear thickening (ST) material falls in the category of smart materials. The vis-
cosity of these materials shows an interesting property that it sharply increases
when the stress applied is more than the critical shear rate. S-ST polymer com-
posites have recently become the major research area owing to their highly critical
applications in military for body armors. The combination of S-ST with other
functionalities together shall produce the most appropriate composites for
high-performance body armors. MWCNTs, with excellent electrical conductivity,
mechanical properties, and low density, are ideal nanofillers to reinforce the
polymer materials. Owing to its better dispersity than SWCNTs, the MWCNTs can
be easily mixed into the polymer matrix to form multifunctional nanocomposites.
Several researchers have already reported on the improvement of the mechanical
properties of the polymers by incorporating MWCNTs in them. The
MWCNT-based S-ST polymer composite may be an interesting body armor
material that can show high protective performance and compression
rate-dependent conductivity. A MWCNT/S-ST polymer composite based on a
derivative of polyborondimethylsiloxane (PBDMS) has shown impressive electrical
self-healing capability [99]. An LED bulb was connected in a circuit using the
MWCNT/S-ST-polymer composite on the other side. The LED shined with a power
source of 9 V and suddenly extinguished when the composite was broken into two
pieces. The broken pieces rejoined when brought in contact and the LED shone
brightly again. This shows the self-healing property of the material and negligible

Fig. 13 Schematic structure
of the sushi-like conductive
HPAMAM/CNT composite
disconnection [98]. Copyright
2015. Reprinted with the
permission from the Royal
Society of Chemistry
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loss of conductivity of the healed specimen. Hence, the MWCNT/S-ST polymer
composite exhibits impressive self-healing at room temperature.

4.2.3 Damage-Free Transparent Electronics

Self-healing concept has been a hot topic not only in body armors and protective
coverings, but also in transparent electronics. The transparent electronic devices
like transparent displays, touch screens, ultrasensitive sensors, and supercapacitors
are incorporated with a self-healing coating that makes them highly resistant to
mechanical degradations like fracture due to bending or mechanical degradation of
the device over time. Ultimately this can help in reducing the consumption of raw
materials and lead to sharp decrease in the electronic waste. Healable transparent
chemical gas sensor device can be integrated into optoelectronic devices, such as
transparent displays, touch screens, smart windows, and portable watches that can
sense the chemical vapor analytes in room temperature operations. Polyelectrolyte
multilayer (PEM) films could be the potential substrate for transparent chemical gas
sensor device. A healable transparent chemical gas sensor device consisting of PEM
with transparent CNT networks assembled from layer-by-layer method was
developed as shown in Fig. 14 [100]. The as-produced material demonstrates
impressive chemical sensing capability, vigorous healability, flexibility due to the
1D confined network structure, higher carrier mobility, and huge surface-to-volume
ratio of the tubular structure of CNTs.

It is difficult to disperse the CNTs into a polymer matrix due to strong van der
Waal force in CNTs, due to which they agglomerate. For the efficient reinforcement
of the CNTs in the polymer, it is necessary to incorporate surface interactions
between the CNTs and the polymer matrix. Then, the load can be efficiently
transferred from the matrix to the CNTs. Intense studies on reinforcement have
concluded that the chemically modified CNTs have shown better dispersion in the
polymer matrix, and hence, it shall help to improve the physical properties of the
nanocomposites [101]. Hence, MWCNTs attached with functional groups were
used along with PEM to fabricate the FMWCNT/PEM films. A cut was created on
the FMWCNT/PEM film which completely healed by dropping deionized water as
illustrated in Fig. 15.

Fig. 14 Schematic illustration of the fabrication of CNT network-coated LbL-assembled
transparent healable PEM films [100]. Copyright 2015. Reprinted with the permission from
John Wiley and Sons
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Therefore, CNT-based PEM films show healability and therefore soon can be
implemented in practical devices such as touch screens and damage-free
electronics.

4.2.4 Supramolecular Healable Hydrogels

Hydrogels are a specialized class of polymers that have recently become a very
attractive research topic due to its wide range of applications from biology to
sensors and contact lenses. A supramolecular system consists of two or more
molecular bodies held together by means of intermolecular non-covalent binding
interactions [102]. Supramolecular hydrogels with healing capability have wide
applications such as contact lenses, sensors, actuators, and various biomaterials.
A healable supramolecular hydrogel/CNT hybrid is prepared by adding poly-
ethylene polyamine (PPA) into oxidized CNTs aqueous [103]. The oxidized CNTs
and PPA molecules develop strong hydrogen bonds from the interactions and show
impressive self-healing ability even without any external stimuli due to these
hydrogen bonds. The hybrid hydrogel healed within 2 min without any external
stimuli. This successfully proved the instantaneous self-healing in the material. The
detailed rheological test done to study the self-healing behavior also showed that
when a deformation shear stress of 200 Pa was applied to the material through

Fig. 15 Illustration of the fabrication of a healable transparent chemical gas sensor device
assembled from CNT network-coated transparent healable PEM films. a The effective sensing
from the assembled healable transparent chemical gas sensor; b cut the assembled sensor;
c water-enabled healing; and d after healing [100]. Copyright 2015. Reprinted with the permission
from John Wiley and Sons
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continuous deformations and recovery cycles, the shear modulus of the hydrogel
could be efficiently restored to 90% of its initial value in 90 s. And with extremely
large stress of about 800 Pa, most of the mechanical properties could be recovered
in extended time duration (35 min) to 80%. These PPA/CNT hydrogels maintained
its self-repairing property even after being dried. Therefore, as-prepared physically
cross-linked self-healing PPA/CNT hydrogels could be used as a kind of
temperature-dependent, removable, and low-cost adhesives and have immense
applications in sensors, biomaterials, and actuators. And like graphene, CNTs can
also be used to prepare healable hydrogels for various applications.

4.2.5 Healable Superhydrophobic Surfaces

As technology and electronics have become more integrated with life, the need for
protecting the electronic items from liquid hazards has become necessary.
Therefore, the superhydrophobic coatings have become a focus of modern-day
materials research. Surfaces with high water contact angle (CA ≥ 150°) and low
sliding angle (SA) are called superhydrophobic surfaces. A superhydrophobic
surface with self-healing properties can be prepared by combining organosilanes
and MWCNTs by a spray-coating approach [104]. The polysiloxane/MWCNT
nanocomposites produced by hydrolytic condensation were thoroughly tested for
self-healing properties. Damage was created by water jetting and sand abrasion, and
healing was done by cleaning the damaged surface by nitrogen flow and
spray-coating with toluene and then drying. After repeated abrasion and healing
cycles, the CA was stable, but the SA rose up to 10–13°. The sample was then
soaked in toluene and then cured at 240 °C for 10 min to regain the original SA.
The actual mechanism behind toluene directed healing is that by spraying toluene
on the damaged surface the hydrophobic free polysiloxane remaining within the
coating gets dissolved and the polysiloxane-modified MWCNTs were exposed to
the solid/vapor surface. As a result, the damaged flattened polysiloxane/MWCNTs
surface renovated its microstructure. Therefore, these durable, stable, and healable
superhydrophobic surfaces using CNT-based polymer composites could be used in
many areas such as maritime industries, vehicle windshields, and critical electronics
as it shall be stable toward corrosive liquids, organic solvents, and UV irradiation
also.

4.2.6 Self-healing Syntactic Foam

Syntactic foam is another class of structural materials in which microballoons are
dispersed into a polymeric or metallic matrix. Recently, they are growing expo-
nentially in composite sandwich structure studies and are basically used in sub-
marines as thermoinsulation materials. Syntactic foams have wide applications in
civil and military sectors. Syntactic foam based on CNTs can be fabricated by
dispersing glass microballoons and MWCNTs into a shape memory polymer matrix
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[105]. Not only the incorporation of MWCNTs increased the mechanical properties,
but also due to its good conductivity, it can serve as a medium for heating and
triggering self-healing from stimuli-like IR radiation or electricity. Self-healing
analysis shows that the impact damage was healable even after multiple damages.
The residual strength and the tolerance to damage are recovered after healing the
composites. In fact, after the 7th impact and healing cycle (heating at 100 °C for
3 h), the residual strength was more than the original yield strength.

Therefore, CNTs have been widely studied in self-healing polymer systems. For
extrinsic self-healing materials, CNT has been visualized as a nanoreservoir of
healing agent for a self-healing polymer system. In fact, practically successful
intercalation of the healing agent inside the CNTs has been reported. CNTs have
also been used as a healing agent itself and also as structural reinforcing fillers in
capsule-based healable systems. As far as extrinsic approach is concerned, more
detailed characterization has to be done to analyze the amount of healing agent
inside the CNT and then practically visualize the crack healing process. Intrinsic
self-healing behavior has also been realized by incorporating CNTs along with
various kinds of polymers which has resulted in the fabrication of specific multi-
functional smart materials for high-end applications. CNTs need to be vigorously
tested in various other polymer systems to practically realize CNT-based intrinsic
self-healing polymer composites. Hence, like graphene, CNTs also have equal
contribution for imparting self-healing behavior in polymers.

CNTs have been found as a promising future self-healing material, and its
contribution has been summarized in Table 2.

5 Conclusion and Future Scope

In this age of plastics and indispensible flexible electronics, the society is waiting
for crack- and damage-free materials. Practically, industry-scale fabrication of
self-healing materials shall take the technology era to a different advanced age, and
especially, aerospace and military sector will be completely reformed. This shall
enhance the lifetime of all the man-made materials and also reduce the maintenance
cost and increase the flexibility. Incorporation of graphene and CNTs into the
polymer systems has led to the production of healable composites with enhanced
healing efficiency. Although graphene seems like a promising self-healing material,
incorporating graphene in all the polymer systems is still a big challenge.
Restacking of the graphene is a major limitation for production of graphene-based
polymer composites at an industry scale. Similarly, CNT has very good conduc-
tivity and healing properties, but CNT shows agglomeration effect when mixed
with the polymers. Therefore, both graphene and CNTs face major limitation while
synthesizing polymer nanocomposites using various techniques. However, a hybrid
of CNT and graphene can possibly solve these issues: graphene with better dis-
persibility than CNTs can help decrease the agglomeration effect, and CNTs with
flexible, resilient tubular structure can help diminish the restacking effect of
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graphene. Therefore, a hybrid of CNT and graphene incorporated into the polymer
can have higher healing efficiency and healable by multiple stimuli such as IR,
thermal, microwave, electrical, and pH. The effect of both CNTs and graphene in a
polymer composite was analyzed for enhancing the intrinsic self-healing behavior.
An amino acid-based hydrogel was incorporated with SWCNTs, graphene, and
both pristine SWCNTs and graphene. The resulting hybrid hydrogel showed
enhanced self-healing properties which can be attributed to the π–π interfacial
interactions between the gelator and the graphene and/or Pr SWCNTs [106]. In
another extrinsic approach, the use of CNT as a nanoreservoir should be applied
practically and detailed self-healing tests should be conducted. Self-healing is still
no more than an illusion, but we are not much far from the day when man-made
materials can restore their structural integrity in case of a failure.
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Self-healed Materials from Thermoplastic
Polymer Composites

Venkatavijayan Subramanian and Dharmesh Varade

Abstract The self-healing materials from thermoplastic polymer composites reveal
outstanding properties. They impart distinctive advantages over traditional poly-
mers with monotonous chain structures, and cure damage by itself (without human
intervention) prompted by thermal (fatigue) and mechanical (fracture, corrosion)
means with its intrinsic character of self-healing from injury as inspired from
nature. This increases the lifetime and safety of materials with less maintenance.
Moreover, it could be an interesting field of research for developing competitive
materials with biomimetic properties whose opportunities include electronics,
energy, armor, and space applications. This chapter addresses the various approa-
ches of healing mechanism, brief discussion about critical issues and challenges
during autonomic self-repair process and concludes with some significant work
undergone in various thermoplastic polymer composites.
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Autonomic self-healing mechanism
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1 Introduction

The dramatic escalation of growth rate, economic progress, and technological
advancement contributes to the development of fascinating new generation of
stimuli-responsive materials with wide range of functionalities which will foster the
evolution of human welfare and security. One can adopt this stimuli-responsive
behavior to different kinds of applications perhaps the most vital characteristics are
to self-heal themselves in an autonomic way [1]. These are new classes of smart
materials which have the ability to heal themselves through autonomic/
non-autonomic way by imitating the spontaneous mode of self-healing from the
biological systems to increase lifetime and also for its survival [1, 2]. The images of
self-healing mechanism observed in plant stem and polymer composite materials
with incorporated healing agent and krubb’s catalyst are shown in Fig. 1.

Fig. 1 Self-healing by a coagulation of latex after wound is created in plant stem [3]. Copyright
2010. Reproduced with permission from WIT press b polymer composites with microencapsulated
healing agent along with catalyst in an autonomic way [4]. Copyright 2001. Reproduced with
permission from Nature Publishing group

154 V. Subramanian and D. Varade



The polymer-based materials attracted great attention in large number of
applications because of its intrinsic properties such as flexibility, ease of processing,
and light weight, available from both fossil fuels and renewable resources such as
starch, lignin, and cellulose, and able to customize according to the demand in the
market [5]. The derivatives of thermoset, thermoplastic, polymer composites,
polymer nanocomposites, supramolecular polymers, shape memory polymers, and
elastomers can be used to make synthetic self-healing materials with multifunc-
tional properties which is capable of recuperating its original properties such as
conductivity, corrosion resistance, mechanical strength adhesion, color, hardness,
and fracture toughness from failure [6–8]. However, the pristine polymer possesses
poor mechanical properties (modulus, strength) as compared with ceramics and
metals. These properties can be improved by making composites with other
materials or adding nanomaterials to form nanocomposites. The interaction of
nanomaterials with polymer in nanorange on account of incorporating nanomate-
rials in the host polymer matrix evolves novel homogeneous materials with
exceptional properties. The damages in the form of cracks or failure caused by
various impacts on material are depicted in Fig. 2. The formation of
cracks/microcracks is common in polymer nanocomposites due to repeated impacts
when it is used in application such as aerospace, armor, or ballistic protection. The
self-healing of mesoscopic damages (cracks/microcracks and cavitation), surface
scratches, and degradation associated with polymer nanocomposites was found to
be the critical concern which obstructing its usage in large scale [5, 9, 10].

On broad classification, the healing mechanism was based on various stimulus
such as mechanical (microencapsulation, hollow glass fiber, supramolecular,

Fig. 2 Failure/crack types by different impacts [11]. Copyright 2015. Reproduced with
permission from Elsevier Ltd.
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microvascular networks), thermal (Diels-Alder, solid-state particles), electrical
(carbon fiber, shape memory alloy, organometallic polymer), electromagnetic
(ferrite particles), photo (cycloaddition), and ballistic (ionomer) [12]. The healing
process of polymer and polymer composite materials can be understood by theo-
retical modeling and use of computational design tools. Currently, the techniques
available for the polymer nanocomposites are very less. The understanding of
self-healing in polymer nanocomposites needs great insights in terms of experi-
mental and theoretical aspects. The use of skills in the form of computer (mi-
cromechanics) simulation and theoretical modeling provides substantial information
about healing mechanisms which could easily validate the incorporation of
nanoparticles in micro-/nanoscale cracks of polymer nanocomposites. This could
possibly open the avenue for developing multifunctional materials with high per-
formance. The composite materials possess good thermal stability, strength, stiff-
ness, light weight, and low cost over pristine polymer materials, which clearly
shows that it is capable of becoming an ideal and efficient candidate for sustainable
potential applications. Moreover, the introduction of self-healing mechanism in
polymer composites paves the way of research toward safer, long-lasting, and
sustainable materials with wide range of properties and functionalities in the field of
energy, transportation, armor, electronics, textiles, and coatings [5, 13].

2 Role of Polymer Architecture on Self-healing
of Polymers/Polymer Composites

The development of present research toward healing based on damage types and
sizes slightly varies from its earlier stages of research which mainly targets on
recovery from drastic mechanical failure. The performance of a wide range of
materials such as corrosion resistance, adhesion, wear resistance, electrical or
thermal conductivity, hardness, color, hydrophobicity, liquid or gas barrier, and ion
selection can be healable through restoring its original property (performance),
thereby extending the lifetime of the system [6].

Figure 3 explains the performance of the material by the application of healing
concepts. A traditional polymer can be made by interchanging the polymer archi-
tecture (e.g., crystallinity, cross-linking density, aromatic chains) or by adding
external agents (e.g., graphene plates, exfoliated clays). The age of the traditional
material shows a good improvement but very small developments from the original
materials with less resistance and compatibility. But, the healing strategy provides
an alternative path to overcome the damage or failure occurred in the materials. The
curve a in Fig. 3 indicates virgin or original material and shows a very less service
lifetime after damage occurs. The curve b represents traditionally improved material
having extended lifetime than original materials. The curve c depicts self-healing
material shows a significant service lifetime even after failure when it compared
with original and traditional counterparts. The curve d corresponds to ideal
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self-healing material has the capability to heal multiple times whose performance
and lifetime remains extended when exposed to fracture. There is a possibility of
healing the material on account of multiple failure events which improves the age in
drastic manner as mentioned as curve d, but its primary mechanical property seems
to be not enough for making potential applications. The development of materials
having high mechanical performance with multiple healing capabilities was found
to be interesting and challenging one for future in this field of research. Certainly,
the ideal characteristics of typical self-healing materials for potential applications
are as follows: The healing process should be autonomic, restore its original
properties by multiple times, cure themselves for cracks/failure of any size, low
maintenance cost, able to reveal good performance as compared to traditionally
improved materials and feasible than the current materials which is commercially
used in applications [6].

3 Healing Mechanisms

3.1 Autonomic and Non-autonomic Way

The polymer–polymer composites can be classified into two categories on the basis
of chemistry of materials which is autonomic (the chemical potential discharged
and immediately heal the rupture) and non-autonomic (heal with manual inter-
vention) self-healing materials. The stability and durability of the final material can

Fig. 3 Graph shows the extension of material age by adopting self-healing technique [6].
Copyright 2014. Reproduced with permission from Elsevier Ltd.
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be increased by repairing the damage in autonomic way. The healing agent is
incorporated or phase-separated by mending with bulk polymer materials so that the
healing of cracks/failure takes place without external intervention at ambient tem-
perature. When the crack is initiated and tries to propagate, the healing agent
discharged instantaneously into the planes due to capillary effect and reassemble to
restore the damaged space. The self-healing process should take place in a rapid
manner in order to achieve the required healing effectiveness. Generally, for high
healing efficiency, the healing agent forms a homogeneous mixture as it is difficult
to process in terms of large-scale production in industries [5].

3.2 Intrinsic/Extrinsic Approach

Depending on the chemistry and its applications, the materials are categorized into
either intrinsic or extrinsic self-healing systems. The materials which have the
ability to heal themselves through the sudden interchain mobility of polymer chains
for molecular and macroscopic level of damages promoted by the driving force in
the form of energy, i.e., heat or light (temperature, static load or UV), are known as
intrinsic self-healing polymers. This is followed by the repairing of bond strength
(either physical or chemical) even after removing the stimulus from the system. The
ability to heal multiple times is possible in intrinsic healing process holds great
advantage over extrinsic process.

The intrinsic self-healing properties of polymer materials inspired from bio-
logical systems from humans, animals, or plants entail identifying damages, time
for rest, reunion of chain arrangements, integration of polymer materials during
healing process, and critical size of impairment. As in the case of plants, the local
impairment can be healed by flooding of liquid followed by hardening, together
forms two-step repair process. For intrinsic healing process, the first step is the
softening and movement of healing substance toward the damage and the second
step found to be hardening process which restores its original properties through
recovery of local viscosity by removing healing mode of trigger, e.g., temperature
as described in Fig. 5. The intrinsic self-healing approach provides feasible solution
to multiple healing concepts. Generally, the healing process occurred by the
sequence of steps. First, the mobility of healing matters toward the cracks/failure
followed by interaction and precipitation stimulated by varying ambient humidity
[6, 11, 14] (Fig. 4).

Intrinsic process, a macroscale healing mechanism classified based on molecular
principle, it can be either reversible covalent bonds, supramolecular interactions on
the basis of chemistry and shape memory polymers or polymer blends on the basis
of physical and chemical approaches. Based on the chemistry, the intrinsic
self-healing materials can be classified into non-covalent (hydrogen bonding, Π–Π
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stacking, host–guest interaction stacking, or ligand–metal bonding) and dynamic
covalent (Diels-Alder reaction, dynamic urea bond, trans-esterification, and radical
exchange). In extrinsic healing process, the two ideal steps which are mentioned in
intrinsic approach also form a root cause for developing extrinsic self-healing
approaches. Here, the healing agent is incorporated as discrete units in the polymer
matrix in the form of capsules/microcapsules or vascular networks [6, 15–17].

The autonomic materials are designed in such a way that catalyst also embedded
in a discrete manner along with healing agent in the polymer matrix. The extrinsic
healing process can be performed by two approaches, namely microencapsulation
and microvascular network. Then, the healing process is stimulated by internal or
external rupture in capsules and vascular networks. The capsule shells were made up
of polyurethane, poly (urea–formaldehyde), poly (melamine–formaldehyde), or poly
(melamine–urea–formaldehyde) using different polymerization methods [5]. This is
a catalyst-driven process, and its efficiency can be increased by encapsulating in wax
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Fig. 4 Flowchart representing self-healing approach
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and recrystallized [18]. The limitations of microencapsulation techniques were as
follows: Cost of catalyst (Grubbs Catalyst) is very high and healing can be done only
once due to depletion of healing agents [5]. In addition, compatibility of healing
agents with catalyst, stability and lifetime of the catalyst and healing agent for
fabricating composite materials, viscous nature (preferably low), and wetting
property of the healing agent to fill the cracks, dissolution of catalyst in healing
agents, and kinetics were the critical issues concerned with
microencapsulation-based repairing mechanism [19]. The intrinsic approach can be
well applied in thermoplastic, thermoset, and elastomers materials provided that the
perfect healing of the new interface may be possible only if the properties of new
interface are identical with the bulk material. The damage can be eventually van-
ished by healing process due to chain entanglements through molecular interdiffu-
sion and also chemical or physical cross-links as compared with the characteristics of
bulk material [6]. The self-healing mechanisms based on the organizational structure
of polymers were crack filling (healing agents in microencapsulation, in
phase-separated, in hollow fibers, microvascular networks), diffusion (viscoelastic,
dangling chain, thermoplastic or thermoset blends), reformation of chemical bonds
(UV, heat, supramolecular arrangement, metal–ligand association or dissociation),
strengthening of original properties (mechanophores) as shown in Fig. 6 [11, 19,
20]. For thermoplastic polymers, the type of healing may be either molecular
(molecular interdiffusion—thermal or solvent, reversible bond formation, recombi-
nation of chain ends, photo-induced healing or living polymer) or structural (healing
by nanoparticle) [21].

Fig. 5 Illustration of concepts behind intrinsic self-healing approach [6]. Copyright 2015.
Reproduced with permission from Elsevier Ltd.
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4 Self-healing—Concepts, Controlling Factors,
and Performance

Glass transition temperature, Tg, is the temperature at which the polymer transits
from hard, glassy substance to soft, rubbery material and specifically for ther-
mosets, and the intrinsic process occurs above this temperature. For thermoplastics,
intrinsic healing process was found to be above the melting point stimulated by
external trigger such as temperature or solvent. The gradient of glass transition
temperature, Tg, between the bulk and the new interface (below glass transition
temperature, Tg) stimulates the healing process through interdiffusion of chains [6].
The highly flexible polymer materials can be prepared by amalgamation of poly-
mers with high glass transition temperature (less chain flexibility) and low glass
transition temperature (high flexible) [22]. The prerequisite investigations to be
enquired for intrinsic self-healing materials were the chemical reactions involved,
the physical properties of the networks for those chemical reactions, the repairing
mechanism from dislocated macromolecular segments. The detail analysis could
give the clear picture for basic understanding of the concepts concealed behind the
self-healing mechanisms. The two macroscopic concepts, thermodynamics and
reaction kinetics which govern the chemical reactions (like other chemical

Fig. 6 Representation of various self-healing mechanisms [11]. Copyright 2015. Reproduced
with permission from Elsevier Ltd.
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processes), were responsible for the establishment of physical networks to restore
the original properties. For a chemical process to be proceed in spontaneous way,
the total energy in terms of Gibbs free energy (ΔG = ΔH − TΔS) should be less
than zero (<0). The formation of reactive groups due to chain cleavage and con-
formational changes due to slippage are the two consequences as a result of
mechanical failure of a material. The interface of both chemical (chemical reac-
tions) and physical (segmental/chain rearrangements) aspects is crucial to restore
the ruptured networks in an autonomic way. The mechanisms of self-repair com-
prise five steps namely chain rearrangements, mobility of reactive surface, wetting,
diffusion, and reestablishment of networks/bonds. The diffusion of chain segments
was responsible for (acts as driving force) healing mechanism to occur and
repairing to be accomplish only if the chain disengagement from the tube try to
attain equilibrium within a certain time, Tr (Time for complete separation of chain
from tube). The dependence of molecular weight to repair time is correlated as Tr α
M3, which explains that the polymers with high molecular weight (long chains) take
more time for self-repair, but lower chain polymers favor repairing mechanism. It is
difficult for the intrinsic polymers system to heal by itself unless the physical and
chemical compositions are changed. The ability of a polymer system to heal
themselves is based on the intrinsic properties such as concentrations, elasticity,
physical/chemical compositions, density, and specific energy and also it determines
whether the healing agent is attached to polymer backbone (chemical way) or
embedded in matrix (physical way). The reactive groups can be either cleaved chain
ends or pendant groups such as formation of cyclic structures, –NH2, –C=C–, –OH,
–COOH, S–S, –C=O, –SH, –Si–O or free radicals which helps to make bonds
(rebonding) again for self-healing. As previously mentioned, the self-healing pro-
cess can be through either chemical way (hydrogen bonding, supramolecular
chemistry, covalent bonding, Π–Π stacking, ionic interactions) or physical means
(chemo-mechanical repair in terms of remote self-healing, encapsulation, and shape
memory polymers) which targets to fabricate autonomic self-repair materials [1].

The process of self-healing and regeneration imitates from nature which is a
systematic assembly of heterogeneous anatomy composed of complex metabolic,
highly synchronized defense systems. The designing of self-healing process is
highly challenging and even side reactions also happen, as it could possibly affect the
main reaction. The sequence of repair mechanism by polymer chain due to failure
caused by mechanical means is clearly depicted in Fig. 7. Due to damage, the
networks got broken and subsequently the slippage of polymer chains happens. This
leads to the formation of reactive groups and decides whether the reactive chain ends
to restore itself without external intervention or react to form oxidative products with
surrounding. As soon as the cleavage, the movement of segments due to confor-
mational changes and diffusion of low molecular weight networks correlate to the
reformation of bond due to chemical reactions, as it paves the way to self-healing
which is also pertinent for physical approach. The healing efficiency, R(σ) [ratio of
initial fracture stress (before repair) to the healed fracture stress (after repair)], was
found to be the extent of recovery from its failure state by assuming bond cleavage is
not there during damage. Also, the relation between fracture stress with molecular
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Fig. 7 Schematic representation shows the sequence of ideal self-healing process [1]. Copyright
2013. Reproduced with permission from Royal Society of Chemistry

Fig. 8 Evaluation of healing
efficiency [23]. Copyright
2015. Reproduced with
permission from John Wiley
& Sons, Inc

weight of the polymer,M, and repairing time, t, is generally described as σ α (t/M)1/4

and considering t = Tr (happens when chain escapes at Tr during t) leads to rear-
rangements of conformation of chain proceeds to self-healing [1] (Figs. 7, 8).

R rð Þ ¼ rhealed

rinitial
ð1Þ

5 Self-healing Approach in Selected Thermoplastic
Polymer Composites

5.1 Poly(Methyl Methacrylate)–Glycidyl Methacrylate
Composites (Through ATRP) Based

The polymers and composites repair themselves from cracks/failure independently
by encapsulating healing agents in the matrix. Generally, the fluidic healant-loaded
vessels for autonomic self-healing are not applicable to thermoplastic polymers, as
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the polymerization of healant is unable to form covalent bond with polymer matrix
[24]. The formation of covalent bond is highly desirable for crack healing which
helps to make high-strength materials suitable for applications. The healing of
polymers due to secondary forces (hydrogen, electrostatic, and van der Waals) is
always weaker than the chemical bonds formed between the separated parts. The
drawbacks for the existing approach are solved by living polymerization technique
known as atom transfer radical polymerization (ATRP), in which polymers can be
made with well-controlled molecular weight and distribution so that the polymer-
ization (chain growth) continues till the monomers emptied out. Here [24], the
healing happens as a result of chemical reaction between poly(methyl methacrylate)
—PMMA matrix (crack surface)—and microencapsulated spheres of glycidyl
methacrylate—GMA (healing agent). As soon as the crack initiation and propa-
gation happens, polymerization reaction takes place once the healant (monomer)
meets the PMMA matrix and blends completely to form covalent bond which helps
to fill the interstitial fissures. However, this is not a catalyst-driven process, as it
eventually quits the deactivation of catalyst. By using this living polymerization
technique, i.e., ATRP, highly chain end-functionalized polymers adapting modifi-
cation in post-polymerization stages can be obtained and also different kinds of
monomers such as glycidyl methacrylate (GMA), benzyl methacrylate (BMA), and
methyl methacrylate (MMA) were homopolymerized at room temperature.

GMA is less soluble, nonvolatile with high boiling point, and ease of wetting on
the surface of PMMA matrix due to similarity in polar groups for the copolymer-
ization to occur. Here, the polymer PMMA synthesized at ambient temperature by
using initiator as ethyl 2-bromoisobutyrate and catalyst as cuprous bromide (CuBr)/
N,N,N′,N′,N′′-pentamethyldiethylenetriamine (PMDETA)/tetrabutylammonium
bromide (Bu4NBr). Bu4NBr is added because of the low solubility of catalyst
complex [Cu(II)/PMDETA] in MMA. The kinetic plot shows dependence of
ln ½M�o= M½ �� �

over time is linear (as shown in Fig. 9a) which clearly states that the
disappearance of MMA monomer and constant increase in concentration of radicals
seem to be first-order polymerization reaction.

The variations of polydispersity index (Mw/Mn) were observed to be very less in
the range of 1.08–1.15. Also, there is a linear relationship between number average
molecular weight (Mn) and monomer conversion using ATRP approach which is
depicted in Fig. 9b clearly states that this polymerization reaction is a controlled or
living process. A typical experiment was carried out by pouring ethyl methacrylate
(EMA) with yellow dye, MMA, GMA with carbon black and then finally MMA
monomers in a random manner after preparing PMMA from ATRP approach. An
interesting multilayer sandwich structure in the shape of rod which is shown in
Fig. 10 is due to polymerization reaction of healing monomers with matrix (by
keeping PMMA as a base polymer). The copolymerization followed by monomer
diffusion makes the polymer interface between layers in ambiguity.

The polymerization process continues to occur again and again once the
monomer repeatedly contacts with PMMA from ATRP approach, and finally, the
self-repairing PMMA composites embedded with GMA capsules were prepared
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(wall material—polymelamine formaldehyde (PMF); diameter—283 μm; core
content—94.6%). The healing efficiency increases with increase in repairing time,
and it is the ratio of the measure of impact strengths (based on Izod impact testing
method which shows the resistance of materials when exposed to impact) of healed
specimen to the pristine specimen. Here, the efficiency of the fabricated polymer
composites reaches 89% after 12 h and attains 100% of healing (considered as
equilibrium state) after 21 h as shown in Fig. 11.

The adhesion of microcapsules in the fractured surfaces of polymer matrix by
viewing through scanning electron microscope (SEM) was shown in Fig. 12a.
When the specimen is subjected to fracture, the microcapsules become cleaved and
enclosed GMA was released to form a solid structure on the failure surface

Fig. 9 a Polymerization kinetics of MMA monomer. b Number average molecular weight and
polydispersity index against conversion of MMA monomer [24]. Copyright 2009. Reproduced
with permission from American Chemical Society

Fig. 10 Multilayer sandwich
structure as a result of
polymerization of monomer
with matrix [24]. Copyright
2009. Reproduced with
permission from American
Chemical Society
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(Fig. 12b). The evidence of surface polymerization reaction can be proved by
Raman spectroscopy. From the graph (Fig. 13a), the intensity of peak for C=C at
1638 cm−1 decreases with time which represents the methacrylate group as the
measure of kinetics of self-healing mechanism which states that GMA from cap-
sules tries to heal the fractured surface through polymerization reaction.

By using solvent, chain entanglement can be possible to heal cracks in ther-
moplastics. The procedure was withdrawn because of the drawbacks associated
with it, in which the healing efficiency is not as expected, the absorption of solvent
leads to plasticization by thermoplastics, and possibly damage of property of the
materials if desorption of solvent not takes place. In this, GMA acts as a solvent at

Fig. 11 Healing efficiency of PMMA with 15 wt% GMA-loaded microcapsules versus healing
time at 25 °C [24]. Copyright 2009. Reproduced with permission from American Chemical
Society

Fig. 12 SEM images of PMMA composites with 15 wt% GMA-loaded microcapsules (inset)
a sample undergone first impact test and immediately solvent is used to remove released GMA.
b After repairing for 24 h due to first impact test, sample is subjected to second impact test [24].
Copyright 2009. Reproduced with permission from American Chemical Society
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initial states and polymerization happens immediately. The living polymerization
approaches have the ability to heal the thermoplastic polymer composites through
chemical bonding without external intervention and addition of catalyst at ambient
temperature itself. The specimen healed through this approach remains unchanged
and has the ability to recover its full strength. This matrix can self-heal by
recombining itself through macromolecular and new free radicals on the chain ends
when it is exposed to degradation induced by radiation (electromagnetic radiation,
UV etc.).

Limitations of ATRP process

1. Although the complete recovery of impact strength of the material is achieved
by this process, there is a need for huge catalyst for the reaction to occur.

2. Even after reaction, it is very difficult to remove the remaining catalyst from the
polymer matrix.

3. ATRP catalysts are made up of transition metal ions that are unstable when
exposed to atmospheric air leads to aging of the polymer.

4. Polymerization process ceases due to oxidation of Cu(I) to Cu(II) in ATRP
catalysts as the polymer matrix exposed to air even in short time. So, the
repairing process stops when cracked surface contacts with air.

5. The catalysts used in ATRP are toxic, as it affects the fabrication and feasible
usage of resultant polymers.

5.2 Poly(Methyl Methacrylate)–Glycidyl Methacrylate
Composites (Through RAFT) Based

Reversible addition–fragmentation chain transfer (RAFT) reaction is an alternative
and more versatile approach, in which thioester is used to perform living radical

Fig. 13 a Raman spectra of fractured surface of the specimen. b Dependency of Raman peak area
ratio over time [24]. Copyright 2009. Reproduced with permission from American Chemical
Society
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polymerization to achieve resistance to aging of the end polymer matrix [25, 26].
Oxygen perhaps does not affect the polymer reactivity as it only inhibits the
reaction. Polymerization continues to happen once oxygen is removed from the
system. Eventually, the air only affects the top cracked surface of the monomer, but
remending remains unaffected inside the fractured surface. The self-healing ther-
moplastics PMMA with GMA-loaded microcapsules through living polymerization
RAFT expands its potential applications and can be thermally initiated through
gamma, UV, or oxygen.

The PMMA matrix was prepared by mixing MMA, 2,2′-azoisobutyronitrile
(AIBN), and cumylphenyldithioacetate (CPDA) through magnetic stirrer and the
resulting solution purged with inert gas argon for 30 min to remove oxygen [25]. The
experiment was carried out between 25 and 45 °C. The rate of polymerization is high
such that the process was conducted at higher temperature, i.e., 45 °C. Then, the
polymer was dissolved in tetrahydrofuran (THF) for three times and precipitates as
yellow powderwithmethanol. The resultant polymerwas subjected to drying at 40 °C
for 24 h in vacuum oven. The GMA-loaded microcapsules were added into living
polymer matrix PMMA in argon atmosphere under stirring for 22–24 h. The C=C
bonds in GMA intrinsically react with PMMA matrix and carry the properties asso-
ciated with both monomer and solvent. Then, the final specimen can be obtained by
placing the GMA-incorporated PMMAmixture in closedmoulds of silicone rubber at
atmospheric temperature for 96 h. The sequential steps for repairing in thermoplastic
polymer composites by living polymerization technique are shown in Fig. 14.

Fig. 14 Sequence of self-healing mechanism in thermoplastic polymer prepared from living
polymerization [25]. Copyright 2011. Reproduced with permission from Royal Society of
Chemistry
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The GMA-loaded microcapsules should be well dispersed in polymer matrix in
order to achieve high efficiency. The images taken from optical microscopy show
that the aggregation of microcapsules is not there, which ease the mobility of
healing agent to the fractured surface. Also, the SEM images (Fig. 15a, b) show the
adhesion of microcapsules due to the interaction between the matrix and capsules is
strong enough for making composite materials. The amount of healing agent
released from the microcapsules forms copolymerization reaction on the cracked
surface to restore the full strength of the fractured materials.

The control tests were performed to find the sensitive nature of PMMA with
GMA-loaded microcapsules specimen on exposure to air. The specimen undergoes
impact test to form broken pieces followed by exposure to air for certain time
period. Then, the broken pieces were sent to healing in the presence of argon for
72 h at 25 °C. The broken pieces interact with each other to heal themselves. The
specimen was subjected to second impact tests to determine the efficiency of
healing. It is found that chemical bonding due to living polymerization was
responsible to repair cracks in PMMA composites instead of solvent effects. The
healing efficiency (Fig. 16) initially increases by rise in healing time and attains the
equilibrium, i.e., recovery of full (100%) impact strength after 72 h.

Fig. 15 a Images of PMMA specimen taken from optical microscope. SEM micrograph.
b Cracked surface of pristine PMMA specimen after first impact test (GMA—10 wt% released was
removed by using solvent). c Image of the specimen after 72 h from first impact test. d Cracked
specimen after second impact test [25]. Copyright 2011. Reproduced with permission from Royal
Society of Chemistry
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5.3 Polystyrene–Glycidyl Methacrylate Composites Based

The polymer composite material is prepared by keeping polystyrene (PS) as living
polymer matrix in which the sphere-shaped multilayer microreactors containing
GMA-loaded microcapsules are incorporated in well-distributed manner [27]. The
healant initially acts as a solvent and tries to polymerize with the matrix for the
healing process to occur, thereby retaining the mechanical strength with the help of
both physical and chemical interactions. The polymerization reaction happens when
the healant in the interior portion contacts with the catalyst in microreactors as a
result of matrix damage. The mobility and reformation of chain networks found to
be primary cause for healing of fractures. The assimilation of plasticizers or
encapsulated solvents in thermoplastic polymer helps to avoid external intervention.
The microreactors (Fig. 17) can be prepared by three steps, which are (i) synthesis
of GMA-loaded poly(melamine formaldehyde) (PMF) microcapsules, (ii) fabrica-
tion of second shell of microreactors, and (iii) incorporation of catalyst and for-
mation of protection layer.

The PMF prepolymer can be prepared by missing melamine with formaldehyde
and maintaining the pH of the solution at 8–9 with the help of triethanolamine. The
emulsion of glycidyl methacrylate (GMA) along with surfactant solutions (sodium
dodecyl benzene sulfonate and poly vinyl alcohol) was prepared, and the pH of the

Fig. 16 Time dependence of
healing efficiency for PMMA
specimen with 15 wt%
GMA-loaded microcapsules
[25]. Copyright 2011.
Reproduced with permission
from Royal Society of
Chemistry

Fig. 17 Microreactor loaded
with GMA microcapsules
[27]. Copyright 2013.
Reproduced with permission
from Royal Society of
Chemistry
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emulsion was maintained at 3.5 by means of acetic acid solution. The prepolymer
mixture along with emulsion was subjected to agitation at 65 °C for 3 h to obtain
microcapsule deposits. Finally, GMA-loaded PMF microcapsules in the form of
white powder were prepared by washing with water and drying the microcapsule
deposit at ambient temperature. The microinitiator PMMA-Br prepared by adding
MMA, tetrabutyl ammonium bromide (Bu4NBr), cuprous bromide (CuBr), N,N,N′,
N′,N′′-pentamethyl diethylene triamine (PMDETA), and dichloromethane to
undergoes atom transfer radical polymerization (ATRP) reaction for 4 h at 25 °C.
The mixture was diluted with chloroform, and copper was removed by filtration in
neutral alumina column. The microinitiator was obtained as white solid after drying
in vacuum.

The second shell was made by means of emulsion solvent evaporation by dis-
solving living PMMA for 15 min in solution containing microcapsules with
dichloromethane. The mixture was agitated for 6 h to remove dichloromethane by
evaporation. Then, the mixture was washed, filtered, and dried at room temperature
to fabricate double-walled microcapsules. The CuBr/PMDETA was added in sec-
ond shell and also coating was done with paraffin wax in outer layer.

The microcapsules prepared were well dispersed in CuBr/PMDETA solution at
ambient temperature in ethanol for 3 h and sent to filtration for removing volatile
ethanol. At this point, the microcapsules in paraffin wax of cyclohexane were
agitated and microreactors were prepared by drying followed by filtration under
vacuum. The composite material can be prepared by dry blending of microreactors
and PS at 150 °C though compression moulding process. The 3D image (Fig. 18)
taken from microcomputed tomography (mCT scan) shows the proper dispersion of
spherical-shaped microreactors in the polymer matrix. Due to plastification of
healant, the glass transition temperature, Tg, becomes low with samples containing
larger microreactors as compared with specimen with only PS or with smaller
microreactors. The healing efficiency of composite specimen shows 86% in 12 h,

Fig. 18 Three-dimensional
image taken from mCT
showing arrangement of
microreactors over PS
polymer matrix [27].
Copyright 2013. Reproduced
with permission from Royal
Society of Chemistry
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when it subjected to impact test at 25 °C. After 24 h, the curve progresses very
slightly, and at the end of 48 h, it attains 95% recovery of original strength, which is
an equilibrium stage. From this, it is confirmed that minimum 48 h is required for
the PS-GMA-loaded microcapsules composite to recover its maximum impact
strength. The average healing efficiency (Fig. 19) of 95% can be increased by
maintaining 20 wt% of microreactors content in polymer matrix, which shows the
dependency of microreactors content over healing efficiency.

5.4 Chitosan–Cerium Nitrate Composite Based

The protection of aluminum alloys in aeronautical industries against corrosion
remains a critical issue. Due to environmental regulations, the usage of chromium
for surface coatings was reduced. Cerium salts can be alternative one, when doped
in chitosan derivatives yields a significant result against corrosion. Chitosan, a
biopolymer, possess distinct characteristics such as formation of film over surfaces,
biodegradable, compatible, and antimicrobial activity [28]. The cerium nitrate was
doped in chitosan derivatives, which were prepared from three different systems
such as one unmodified (pure chitosan) and two functionalized chitosan (chitosan–
glycidyl tetrafluoropropyl ether (GTFE), chitosan–vanillin). By subjecting chitosan
to alkylation reaction using GTFE, the hydrophobic nature of chitosan increases. To
examine the effect of large substituent on its surface characteristics, the chitosan
was functionalized with vanillin. The behavior of corrosion on aluminum alloys by
chitosan-based coatings doped with cerium nitrate was studied and characterized by
FTIR and 1H-NMR analyses [28].

Fig. 19 Healing efficiency and impact strength versus time graph for composite specimen
containing PS with 20 wt% GMA-loaded microreactors [27]. Copyright 2013. Reproduced with
permission from Royal Society of Chemistry
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The FTIR spectrum (Fig. 20) shows OH, NH2 groups at 3500 and 3150 cm−1 for
pure chitosan, respectively. For chitosan–GTFE, due to alkylation reaction, the ali-
phatic ether at 830 cm−1, C-F bonds at 1202 and 1230 cm−1, primary amine at
1590 cm−1, and secondary amine at 1640 cm−1 were found. Regarding the FTIR
characteristic band for chitosan–vanillin, the peaks at 1635, 1593, and 1515 cm−1

represents benzene ring and at 1283 cm−1 represents phenolic hydroxyl group. The
protons of chitosan pyranoside ring at resonances between δ 3.3 and 4.6 ppm, triplet
of H-5′′ proton coupled with fluorine atoms, represent the 1H-NMR spectrum of
chitosan–GTFE as shown in Fig. 21. The intensity of proton was compared with pure
chitosan and chitosan–GTFE known to be degree of substation as 30%. The reso-
nance of chitosan between δ 2.5–5.0 ppm, methoxy protons of vanillin at δ 3.7 ppm,
aromatic protons at δ 6.8 and 7.3 ppm, imine protons at δ 9.5 ppm, and degree of
substation of protons (H-3′ and H-1) as 30% for chitosan–vanillin were depicted.

The hydrophobic nature of surfaces for three samples was analyzed through
water contact angle measurements, in which chitosan derivatives show contact
angle of about 55° while chitosan doped with cationic inhibitor was increased to
90°. The reduction in migration of NH2 and OH moieties on the surface is due to
the addition of cerium salts on chitosan derivatives. Due to intramolecular com-
plexation of cerium nitrate with amine groups, the viscosity of the solutions
decreases. The anticorrosion properties in the presence of sodium chloride solutions
were tested using the electrochemical impedance spectroscopy (EIS) technique. The
chitosan derivatives with corrosion inhibitors show better impedance results over
time compared with the undoped chitosan derivatives due to its strong hydrophobic
nature and barrier toward the ingress of water molecules. The chitosan with 10 wt%

Fig. 20 FTIR image for pure chitosan, chitosan–GTFE, and chitosan–vanillin samples [28].
Copyright 2012. Reproduced with permissions from Elsevier Ltd.
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of cerium nitrate found to be best as compared with the remaining three chitosan
systems because of its fast self-recovery and stability against detrimental effect of
corrosion of longer immersion duration (1 week). The reasons for the reduction in
corrosion were the interchain interaction between cerium salts–chitosan derivative
matrix and the dispersion level of corrosion inhibitors in matrix.

5.5 Polyurethane–Graphene Composite Based

The self-healing ability by integrating thermoplastic polyurethane (TPU) with
few-layer graphene (FG) to form a composite material under infra red light (IR),
electromagnetic wave, and electricity was described [29]. The П-conjugated elec-
trons of graphene facilitate compatible with different polymers and also acts as
fillers in making composite materials with high strength, chemically stable and
possess thermal and electrical conductivity.

Fig. 21 1H-NMR images for chitosan–vanillin and chitosan–GTFE [28]. Copyright 2012.
Reproduced with permissions from Elsevier Ltd.
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FG-TPU composite strips were prepared by mixing FG and pristine TPU fol-
lowed by the removal of solvent. A fracture was created in the middle of strips and
it is subjected to healing process under electricity, IR light, and electromagnetic
waves. The time of optimal healing (less time duration for achieving maximum
efficiency), efficiency (ratio of tensile strength of the healed sample to the pristine
sample), and the voltage required (lowest voltage to achieve high efficiency in
180 s) were used to evaluate the performance of healing process. First, the fractured
sample is kept under IR light with power density less than 0.2 W/cm2. The effi-
ciency of healing for FG-TPU composites is almost same as 99%, but the pristine
sample shows zero efficiency, which causes breaking down of samples even after
extending the healing time. The doping of FG on TPU enhances the performances
of healing. Also, graphene absorbs IR light and is a good conductor of heat, as it
transfers energy throughout the TPU matrix. FG acts as nanoheater, heats the entire
composite matrix evenly which could diffuse the TPU chains and joins together to
repair the fractured parts. As shown in Fig. 22, the matrix composite with 5 wt%
FG provides less time for healing. This composition provides optimum healing
time, as the movement of matrix can possibly blocked by addition of graphene layer
above 5 wt% of FG (Fig. 23).

The increase in FG concentration in composite matrix increases the electrical
conductivity with less voltage in 3 min which helps to attain maximum healing
efficiency. The concentration of FG up to 4 wt% shows zero efficiency even though
the voltage of 220 V was given for an hour. The good efficiency is obtained at 175,
115, and 75 V in 3 min for respective samples with concentrations of 5, 6, and 8 wt%
of FG. The wide range of samples require 8 wt% of FG for achieving complete
healing. The sample has the ability to heal very efficiently at 75 V in 3 min for 8 wt%
of FG concentration. The same sample took only 15 s to attain the maximum effi-
ciency, when it is subjected to 110 V. For most samples, at the voltage of about 100
and 110 V, the better healing efficiency can be obtained. The fractured FG-TPU

Fig. 22 a Healing efficiency by IR light versus weight fraction of samples. b Healing time versus
weight fraction of pristine TPU and different compositions of FG-TPU composite [29]. Copyright
2013. Reprinted with permissions from John Wiley & Sons
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composite is exposed to electromagnetic wave from 800-W microwave oven at
2.45 GHz. The healing efficiency of about 98% can be obtained by varying the FG
concentration in matrix. Due to high absorbing capacity of microwave radiation and
thermal conductivity possessed by FG, the sample with 8 wt% FG took shortest time
to attain the best healing efficiency (Fig. 24).

The healing behavior can be observed by using optical and SEM images before
and after healing process taken place, when the composite sample is subjected to
fracture. The healing process can be done using IR light, electricity and electro-
magnetic waves. The images in Fig. 25d–f show a clear evidence for repairing
through three different healing processes by disappearance of fracture.

Fig. 23 a Healing efficiency by electricity versus weight fraction of samples. b Voltage versus
healing time different compositions of FG-TPU composite [29]. Copyright 2013. Reprinted with
permissions from John Wiley & Sons

Fig. 24 a Healing efficiency by electromagnetic waves versus weight fraction of samples.
b Optimal healing time versus weight fraction for different compositions of FG-TPU composite
[29]. Copyright 2013. Reprinted with permissions from John Wiley & Sons
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The self-healing of fractured surface by multiple times can be performed by
using FG-TPU composites. The FG-TPU composite with 5 wt% FG composition is
taken for this cycling test, due to its best healing performance through all three
healing processes. The composite was subjected to fracture. The healing of sample
can be achieved multiple times of about more than 20 times in terms of IR light, 2
times for electricity and 5 times through electromagnetic waves. In all three healing
processes, the healing efficiency of about 99% can be observed. This clearly states
that the materials possess long service life and reliable one for applications such as
aerospace and microelectronics.

6 Challenges and Future Trends

The development and consumption of polymer and its composites materials
acquired significant place in present technology such as automobiles, aerospace,
textiles, electronics, and surface coatings [5, 30, 31]. The mechanical properties,
thermal stress or impact as a consequence of continuous usage of materials, resulted
in degradation of physical property. The emerging technique, self-healing, is an
approach used to repair themselves which not only enhance the lifetime of the
product but also it reduces the environmental impact. There are several critical
issues faced by the current researchers for incorporating this technology to fabricate
materials in bulk through industries. Even though nature is the benchmark for

Fig. 25 Optical images a 6 wt% FG-doped FG-TPU fractured surface b composite surface after
healing by IR light; SEM images c fractured surface d after healing by IR light e after healing by
electricity f after healing by electromagnetic waves [29]. Copyright 2013. Reproduced with
permissions from John Wiley & Sons
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developing self-healing mechanism, all the functional properties of the materials
cannot be restored in an autonomic way. The existing process has the ability to
recover only single functional property from damage can be replaced with advanced
technique to restore multifunctional properties. The external intervention in the
form of electricity and pumps to heat and circulate chemical for the fractured space
was found in the current studies to be replaced by trying chemistry at ambient
temperature. The healing should not be size centric, not only in the range of micro-/
nanorange, but also strive to develop the concepts for large cracks. Due to mobility
of polymer chains, the healing of soft materials is possible but for hard materials
such as composites or metals, the healant reacts on surface of the specimen possibly
produces a weak interface. The solution for strong adhesion to be found through
various chemical healing process. The problem of fast ingress of water by damaged
composite specimens can be solved by compartmentalization technique, which fills
the gap exists between self-repairing and tolerance to failure possessed by tradi-
tional engineering design [32, 33]. Further, the time taken for chemical process is
very high as the repairing process requires fast and efficient enough to restore the
damage of the materials [1, 23]. Currently, the casting method using solvent is
widely used to fabricate composite self-healing materials. But, living polymeriza-
tion technique opens wide range of opportunities yet to be commercialized espe-
cially thermoplastic polymer and its composites [27].

7 Conclusion

The ability of the thermoplastic polymers and its composites to response upon
internal or external stimulus was found to be one of the fascinating and emerging
paths of the present research which is still unexplored. There are few challenges and
risks, one can cross over to reveal the undisclosed notes concealed in nature, which
serves as the inspiration for infinite discoveries. The objective of this present
chapter is to discuss about the structure, architecture, functional properties, and
performance required by the thermoplastic polymer composites to repair themselves
without outside intervention in order to increase the lifetime as it exposed to
physical damage. The polymer composites possess superior properties as it could
possibly fill the limitations set by pristine/virgin polymer materials. The production
of self-healing thermoplastic composites through living polymerization technique is
yet to be commercialized on large scale. The new materials with high glass tran-
sition temperature (Tg), intrinsic autonomic approach with multiple times
self-healing, serves as an better one for wide range of present commercial
applications.
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Molecular Design Approaches
to Self-healing Materials from Polymer
and its Nanocomposites

Jojo P. Joseph, Ashmeet Singh and Asish Pal

Abstract Recent years have seen an exponential growth in research activities on
self-healing materials, with increasing number of research group being involved
and new concepts being explored. These mendable materials belong to a class of
stimuli-responsive materials that are designed to regain the functionality of the
material once it is lost. In this chapter, we stress on the systematic understanding of
these functional materials with respect to their mode of interactions, both covalent
and non-covalent. We summarize the latest approaches to design self-healing
systems, gathering different synthetic strategies and concepts and analyzing the
main mechanisms for their functional behaviors. Based on the structural and
functional units, we relate to variable healing properties of the materials and potent
wider range of applications in designing protective coating, shape memory poly-
mer, adhesives and self-healing for engineering and medical aspects.

Keywords Autonomic � Dynamic covalent chemistry � Graphene �
Photodimerization � Nanoclay � Shape memory � Adhesion
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1 Introduction

Smart materials with the capability to repair mechanical damage over its duration are
called self-healing materials [1]. The innate ability of living systems to self-rectify the
damage caused by injuries inspires the concept of the aforementioned materials.
Self-healing ability is highly desired for improving reliability for synthetic materials in
view of lifetime and safety [2]. With many interesting examples of self-healing phe-
nomenon in nature, translation of the living self-healing mechanism to engineered
synthetic materials emerges as a greatest challenge for the material and organic che-
mists [3–5]. Fractures due tomechanical distortion, chemical corrosion and irradiation
effects cause chemical bond dissociation and damages at the micro- and mesoscale
structure of materials [6]. This normally leads to the formation of microcracks or
microcavities which eventually can cause macroscale damage. Self-healing processes
at the molecular dimension can suppress the escalation of further bond dissociation.
Hence, the recently developed self-healing systems involve interactions at the
molecular level with knowledge about the chemistry of the processes involving
covalent (irreversible), non-covalent (reversible) bond formation, etc. Reversible
covalent and non-covalent interactions are becoming increasingly significant due to
their capability to heal damage repeatedly at the same spot (e.g., metal–ligand inter-
actions, π–π interactions, ionic interactions, multiple hydrogen bonding interactions
and dynamic covalent interactions). Thus, the current emphasis of self-healingmaterial
research dwells on the design of multifunctional materials that have the inherent
capability to restore properties such as mechanical strength, fracture, conductivity and
toughness that were disrupted due to damages caused by aforesaid effects [7].

2 Classifications

2.1 Autonomic and Non-autonomic Self-healing Systems

Generally, the self-healing materials are categorized as autonomic and
non-autonomic on the basis of the essential chemistry of action. In autonomic
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self-healing systems, automatic release of the harnessed chemical potential results
in the healing of the damage whereas involvement of external stimuli heals the
damage in non-autonomic self-healing systems. Heat [8], chemical environment
[9], light [10] and mechanical forces [11] are common stimuli used in
non-autonomic self-healing. In a detailed review, the mechanism behind autonomic
and non-autonomic self-healing has been discussed by Williams et al. [12]. The
autonomic self-healing system utilizes a microencapsulated healing agent and
catalyst that are disseminated within a polymer matrix. The mechanism includes the
rupture of the embedded microcapsules mediated by the propagation of the crack to
eventually release the healing agent that is subsequently polymerized with or
without the aid of catalyst [13, 14]. In some cases, dynamic supramolecular system
shows autonomic self-healing action without external stimuli (Fig. 1). The
non-autonomic self-healing exploits external stimuli-mediated chemistry based on
either dynamic covalent bond or non-covalent interactions [15–17].

2.2 Extrinsic and Intrinsic Self-healing Systems

The self-healing material can also be classified into extrinsic and intrinsic based on
the mechanism employed in the repair of the damage. Table 1 illustrates the key
differences between them. Extrinsic self-healing system requires external healing
agents, either encapsulated in microcapsule or embedded in matrix network, and the
healing process is initiated in autonomic manner by the damage caused to the
microcapsule or vascular network. The capsules or networks are made of polymer
such as polyurethane (PU), poly(urea-formaldehyde) (PUF). However, there are
also some shortcomings of the microcapsule-mediated extrinsic self-healing

Fig. 1 Classification of self-healing materials on the basis of the chemistry involved in
self-healing action [1]. Copyright 2015. Reproduced with permission from Elsevier Ltd
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approach as multiple times healing is not possible and catalysts are usually
expensive. On the contrary, intrinsic self-healing system utilizes non-covalent
interactions or dynamic covalent chemistry. The non-covalent interactions
employed are hydrogen bonding, host–guest complex, metal–ligand interaction, etc.
The reversible dynamic covalent chemistry (DCC) involve Diels–Alder reaction,
imine chemistry, radical exchange and transesterification, etc. The healing mech-
anism may be triggered by some external stimuli. Due to the reversible nature of the
supramolecular interactions or DCC employed in the intrinsic self-healing system,
healing of damaged area is possible multiple times. Thus, the current research goal
is focused toward designing next-generation materials capable of exhibiting
intrinsic self-healing behavior.

2.3 Dynamic Polymer and Polymer Composite-Based
Self-healing Systems

In the last decade, the science community has observed several publications in the
self-healing field, showcasing synthesis, chemistry and applications of self-healing
materials from polymers. Polymers gained significant attraction, due to the large
variety of chemistry and healing mechanism available as compared to other group
of materials. The development of novel self-healing polymers in the recent years
has significantly improved the lifespan, efficiency and environmental influence of
synthetic materials. Generally, self-healing systems are categorized into dynamic
polymer and polymer composite on the basis of the type of constituents (Table 2)

Table 2 Salient features of dynamic polymer and polymer composite-based self-healing

Parameters Dynamic polymer Polymer composite

Mechanism Reactive groups to expedite
self-healing

Embedded healing microcapsule or
nanomaterial-based composites

Polymer fate after
self-healing

Change in original chemical
structure

No change in original chemical structure

Efficiency Can heal small volume cracks Can heal large volume cracks

Table 1 Salient features of extrinsic and intrinsic self-healing materials

Parameters Extrinsic Intrinsic

Healing
system

An external healing agent dispersed
in capsules or vascular networks

Non-covalent chemistry or dynamic
covalent chemistry

Mechanism Healing agent and a catalyst Reformation of chemical bonds

Initiation Triggered by external/internal
damage/rupture

Triggered by external stimuli, e.g., pH
change, light, temperature, pressure

Drawbacks Expensive catalysts
Multiple healing is not possible

Multiple healing is possible
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[18]. Dynamic polymer system employs the thermodynamics of self-healing reac-
tion such as covalent bond formation, supramolecular chemistry, while self-healing
polymer composite approach involves reactive embedded healing agents in
microcapsules and incorporation of nanomaterials such as nanoclays, nanotubes and
nanoparticles in the polymer matrices.

3 Designing Strategies for Self-healing Based
on Interaction

In this section, we will discuss different strategies to design self-healing materials.
We have categorized and discussed the strategies into different sections under the
heading of non-covalent interaction, covalent interaction, dynamic covalent inter-
actions and polymer nanocomposites.

3.1 Self-healing via Non-covalent Interactions

The design of self-healing polymers via non-covalent interactions is an interesting
concept as it renders thermodynamically stable polymers with reversibility and
tunability. The supramolecular system can be tuned by changing reaction condi-
tions (e.g., temperature, polarity of solvent, concentration and pH) or by external
stimulations. It utilizes reversible cooperative non-covalent interactions to generate
novel materials with distinctive properties and functionalities. These interactions
include hydrogen bonding, host–guest complex, metal–ligand complex,
hydrophobic, π–π and ionic interactions.

3.1.1 Hydrogen Bonding Interactions

In natural plant and animal systems, hydrogen bonding interaction forms an important
part of self-repair and inspires the material chemist to mimic this mechanism of
self-healing in synthetic materials. Recently, the strategy to incorporate strong and
reversible hydrogen bonding motifs into the polymeric structure to generate
self-healing polymer has gained a lot of significance. Several studies have been
reported demonstrating the design of self-healing materials exploiting some of the
hydrogen bond-forming functionalities like ureido-pyrimidine [19], catechol-quinone
moiety [20]. As shown in Fig. 2, a series of random copolymers were synthesized by
Zeng et al. employing n-butyl acrylate (BA) backbones containing hydrogen bonding
units of 2-ureido-4[1H]-pyrimidinone (UPy) by means of living polymerization
method such as atom transfer radical polymerization (ATRP) [19].
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Sijbesma et al. showed formation of UPy dimer mediated by strong quadruple
hydrogen bonding for designing highly thermally responsive supramolecular
polymers [21]. The poly(n-butyl acrylate) polymer with UPy units (PBA-UPy) was
spin-coated on mica substrates to produce a uniform smooth polymer film with
thickness of 100 nm. The surface energies of the UPy-grafted copolymers was
studied using contact angle measurements and was found to be 45–56 mJ m−2,
which indicates a higher surface energy than that of poly(n-butyl-acrylate) (31–
34 mJ m−2). This is due to the strong intermolecular interaction among the strong
hydrogen bonding UPy dimers. The adhesion properties of PBA-UPy copolymers
were contributed by the surface density of the polymer chains that can traverse
across the topological interface and the bulk viscoelasticity of the polymers and
were sensitive to humidity and temperature. The UPy functional groups could
significantly increase the polymer adhesion property due to multiple hydrogen
bonding interaction at the interface. Thus, fractured PBA-UPy copolymer films can
fully recover to 100% of their self-adhesion strength in about 2 days under almost
zero external load.

3.1.2 Host–Guest Chemistry

Some highly non-specific interactions such as hydrogen bonding, ionic interactions
may lead to passivized self-healing. This disadvantage prompted improvised
strategy to design highly distinct and dynamic host–guest interactions that involve

(a) (b)

(c) (d)

Fig. 2 a Hydrogen bonding interaction in UPy dimers and catechol dimers, b chemical structure
of poly(BA-UPy) copolymer, c interchain hydrogen bonding among UPy groups and
d self-healing mechanisms mediated by multiple hydrogen bonding polymers coated on mica
surface [19]. Copyright 2014. Reproduced with permission from WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim
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binding of different guest molecules with cyclic macromolecules such as
cyclodextrins (CD), crown ethers, calix[n]arenes, pillar[n]arenes and cucurbit[n]
urils [22]. Consequently, these interactions have a significant role in the design of
self-healing polymers through the interplay of supramolecular chemistry with a
polymer. This chemistry has been utilized for designing self-healing materials
employing various host–guest moieties, e.g., cyclodextrin-ferrocene [23],
cyclodextrin-adamantane [24], crown ether-based cryptands [25], cucurbit[n]urils
[26], calix[n]arenes [27] and pillar[n]arenes [28], grafted on polymer chains.
Reversible electrochemically controlled formation of the inclusion complex of
ferrocene (Fc) with the hydrophobic cavities of cyclodextrins is a unique example
of this type (Fig. 3a).

The oxidation of ferrocene to charged group (Fc+) causes the dissociation of
CD-Fc complexes rapidly, while reduction to neutral Fc species results reformation
of the complex. Chuo et al. reported an electrically driven self-healing polymeric
material based on ferrocene-grafted poly(glycidyl methacrylate) (PGMA-Fc) and a
bifunctional β-cyclodextrin derivative (bis-CD) (Fig. 3b) [23]. Crosslinked
PGMA-Fc/CD network was coated on a copper surface and was cut with a sharp
knife to give a knife print of 80 µm in width which got reduced to 40 µm with an
electrical treatment of 1.5 V × 6 for 24 h. Restricted chain mobility reduced the
efficiency of healing process, that was further improved with thermal treatment at
85 °C for 24 h to the sample after electrochemical healing procedure (Fig. 4). Also,
only annealing the sample without the redox stimuli did not show any healing

Fig. 3 a Redox-mediated reversible host–guest complex formation between β-cyclodextrins
(CD) with ferrocene (Fc), b copolymer of Fc-grafted PGMA chains (PGMA-Fc) and difunctional
β-cyclodextrins compound (bis-CD) for the construction of redox-responsive intrinsic self-healing
material network [23]. Copyright 2013. Reproduced with permission from Wiley Periodicals, Inc
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behavior with the sample. Thus, redox-triggered decomplexation reaction of the
Fc/CD complexes was inevitable for the efficiency of self-healing behavior.
Moreover, sample wetting along with increased electrical conductivity led to further
improvement in the efficiency. Potentially, this type of material could serve as an
excellent healing agent for commercial painting products.

3.2 Self-healing via Covalent Interactions

3.2.1 Thermosetting Polymers

Preparation of endurable microcapsules filled with a reactive material as part of a
thermosetting polymeric matrix is an interesting approach explored in self-healing
technology. A thermosetting polymer (also known as a thermoset) is a prepolymer
material, which on curing with external stimuli, get transformed from soft malleable
state to hardened polymeric network. The preparations of microcapsules are real-
ized by employing different methods that adopts self-assembly, polymerization
process, templated synthesis and phase separation. These different methods are
specific and possess several advantages according to the intended applications.
Thermosetting polymeric matrix, in which the microencapsulated reactive chemi-
cals and catalysts are embedded, remains a very common strategy for several
self-healing applications like polymeric coatings, adhesives. The healing process is

Fig. 4 SEM images demonstrating the self-healing behavior for crosslinked polymer of
PGMA-Fc/CD. a Original sample surface before damage, b sample surface after cutting with knife,
c–f electrochemically driven self-healed sample surface with different treatments: c 1.5 V × 6 for
24 h and at room temperature for 24 h, d 9 V × 1 for 24 h and at room temperature for 24 h,
e 9 V × 1 for 24 h and at 85 °C for 24 h, and f 9 V × 1 for 24 h and at 85 °C for 24 h on wetted
sample [23]. Copyright 2013. Reproduced with Permission from Wiley Periodicals, Inc
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initiated by stimulation by an external agent and assisted by a catalyst. However,
high cost of catalytic systems restricts the strategy within small-scale self-healing
applications. Thus, recent research is driven toward introducing strategies to
employ autonomic self-healing in thermosetting systems by removing the catalyst.
Several thermosetting polymeric formulations had been realized for self-healing
applications activated via mechanical, heat, electrical, light or other external stimuli
rather than using catalytic systems [29, 30]. Recently, a concept of self-healing in
an aqueous or moisture sensitive environment was reported by Barbara Di Credico
et al. They demonstrated a catalyst-free thermosetting self-healing systems con-
sisting of microcapsules filled with isocyanides [31]. They designed microcapsules
incorporating liquid isophorone diisocyanate (IPDI) with different polymeric shells,
i.e., polyurethane (PUT), poly(urea-formaldehyde (PUF) and bilayer
polyurethane/poly(urea-formaldehyde) (PU/PUF) using oil-in-water emulsion and
distributed in epoxy matrices.

The liquid IPDI was preserved within the double-walled shell that consists of a
durable protection layer of PUF around the soft sticky surface layer of PU.
Desmodur L-75 prepolymer was reacted with 1,4-butan-diol to create PU shell
(Fig. 5a) with Gum Arabic as emulsifier in the encapsulation process followed by
interfacial polymerization with formaldehyde to produce PU/PUF capsules. The
microcapsules were chemically characterized by FTIR spectroscopy which showed
the characterized bands of the corresponding chemical constituents. The TGA and
DSC curves of the microcapsules confirmed their excellent thermal stability that is
crucial for further applications in functional coating. The self-healing study was
conducted on glass panel coated with epoxy resin matrix that is loaded with 15 wt%
of microencapsulated catalyst-free healing agent (Fig. 5b). A scratch-induced crack
in the coated panel led to rupture of the microcapsule and release of IPDI. Complete
disappearance of the scratched area after 48 h immersion in aqueous solution
confirmed self-healing ability by comparing damaged and healed coated glass
samples. This precise and versatile method of preparation microcapsules can pro-
vide promising applications in storage and coating.

3.2.2 Thermoplastic Polymers

Nearly all strategies toward self-healing materials demand stimuli such as heat,
light, healing agents, plasticizer or solvent for initiating the process. Nowadays, an
increasing number of research are being directed toward designing thermoplastic
polymer materials that show intrinsic self-healing capability. Thermoplastic elas-
tomer consists of a soft rubbery matrix embedded with block or brush copolymers
as hard crystalline domain. Thus, combination of high elastic modulus and
toughness with spontaneous healing capability is a unique feature for
supramolecular thermoplastic elastomers (TPEs). Utilizing a multiphase morphol-
ogy that encompasses the elasticity of rubbers with stiffness of thermoplastic
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polymers widens its scope to engineering applications. Till date the multiphase
morphology has been recognized through employment of various strategies for
fusion of thermoplastic component into thermoset background with supramolecular
brush polymers [32], diblock copolymers [33], etc. Zhibin Guan et al. demonstrated
a novel multiphase design of a thermoplastic elastomer system that incorporates
rigidity and spontaneous healing [32]. As shown in Fig. 6, a dynamic healing motif
was integrated into the hard–soft multiphase thermoplastic elastomer. Self-healing

(a)

(b)

Fig. 5 a Reactions to synthesize PU and PU/PUF polymer for microcapsule shell formation,
b demonstration of autonomic self-healing process mediated by the microcapsules [31]. Copyright
2013. Reproduced with permission from Elsevier Ltd
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for TPEs was mediated by non-covalent supramolecular matrix in the soft segments
at temperatures below the glass transition (Tg) of the hard phase. Polystyrene
backbone (hard phase) and polyacrylate amide (PA-amide) (soft phase) were used
to synthesize the multiphasic brush polymers via living polymerization such as
atom transfer radical polymerization (ATRP). Polymers had varied polystyrene
weight fraction, the brush length and functional brush density. They collapsed to
form a core–shell nanostructure having a hard polystyrene core and a soft PA-amide
shell on treatment with a polar solvent. Reversible hydrogen bonding interaction
among the PA-amide brushes results in dynamic microphase-separated nanostruc-
ture with reduced glass transition temperature (Tg). The mechanical stability of the
brush polymers was at par with the classical elastomers which was confirmed
through static stress–strain and creep recovery test which displayed self-healing
behavior at room temperature in the absence of any external agents or stimuli. Thus,
a multiphase design integrates the mechanical properties of thermoplastic polymer
(polystyrene) with thermoset (epoxy) and facilitates autonomic self-healing.

In another multiphase TPE design by Guan’s group, a covalent block copolymer
system of poly(n-butyl acrylate) and polystyrene was compared to supramolecular
triblock copolymer with partial grafting of 2-ureido-4-pyrimidinone (UPy) as
hydrogen bonding group (Fig. 7) [33]. While for the covalent TPE, mechanical
breakage results in irreversible damage due to breakage of covalent bond, the com-
bination of thermoplastic phase with supramolecular motif endows the polymer with
interesting dynamics and self-healing capability as evident on stress–strain analysis.

Fig. 6 Design of multiphase thermoplastic elastomeric self-healing brush polymer system.
Polymer with polystyrene backbone and polyacrylate amide brush collapses into core-shell
nanostructures that self-assemble into a biphasic morphology of thermoplastic elastomer. The
dynamic hydrogen bonds among the amides form cluster of hydrogen bonding interactions to
result in a molecular velcro [32]. Copyright 2012. Reproduced with permission from Nature
Publishing Group
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3.2.3 Metallopolymer

Inspired from the natural healing processes that take place within mussel byssus
threads, metal complexation is explored as a prominent crosslinking approach for
the assembly of polymeric materials. Owing to the reversibility, high stability and
rates of formation of the coordination complexes, this strategy can be used to
synthesize polymeric structures accustomed with stimulated self-assembly,
self-healing capacity and mechanical tunability. Some of the metal–ligand com-
plexes used for designing self-healing materials include catechol-iron [34],
terpyridine-iron complexes [35]. Schubert’s group demonstrated a crosslinked
metallopolymeric system based on iron–bis-terpyridine (metal–ligand) complex
chemistry [35]. The authors synthesized different polymers from terpyridine
methacrylate monomers (6-(2, 2′:6′, 2″-terpyridin-4′-yloxy)-hexyl methacrylate)
copolymerized with three different methacrylate monomers (i.e., methyl
methacrylate, butyl methacrylate and lauryl methacrylate) via living polymerization
technique. This approach renders control over the loading of crosslinking units and
the resulting thermal, mechanical behavior of the networks. As shown in Fig. 8, the
authors crosslinked the copolymers containing the terpyridine moiety with iron
(II) sulfate resulting in the metallopolymers. The crosslinking mediated by metal–
ligand interactions resulted in gel formation which on drying led to the formation of
a polymer film. Differential scanning calorimetry (DSC) study showed melting
temperature of 250 °C. The healing behavior was examined after making a small
cut into the polymer film followed by performing heating cycle.

Based on the nature of copolymer present, the polymers showed different
self-healing ability (Table 3). Thus, it was revealed that the polymer (CP1) having
methyl methacrylate as comonomer manifested no healing behavior at 100 °C,
while the copolymer network (CP2) having butyl methacrylate as comonomer
repaired smaller scratches (length 180 μm; width 10 μm) over a short time period

(a)

(b)

Fig. 7 Design of a conventional PS-PBA block copolymers and b supramolecular block
copolymers PS-PBA-UPy to form a microphase-separated thermoplastic elastomer [33]. Copyright
2012. Reproduced with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of 40 min at 100 °C. Furthermore, the copolymer (CP3) showed healing of larger
and wider scratches that was attributed to the superior pliability of the polymer
backbone due to the presence of lauryl methacrylate as comonomer.

The sustainability of the dark violet color of iron(II)-bis-terpyridine complex
even during heating at 100 °C proved that metal–ligand complexation may not have
significant impact on the self-healing behavior. Owing to this high stability of the
ionic metal complexes, endorsed by Raman spectroscopic studies, the self-healing
behavior was ascribed to generation of ionic clusters. From certain previous studies
on ionomers by SAXS (small-angle X-ray scattering), it was confirmed that certain
energy was required for attaining sufficient mobility/flexibility leading to refor-
mation of ionic clusters. Thus, crosslinked metallopolymer networks with high-
lighted self-healing behavior were delineated by the authors and the mechanism
behind the direct correlation of the self-repair with mobility/flexibility of the
copolymer backbone was also unveiled.

3.3 Self-healing via Dynamic Covalent Chemistry

For organic and polymer chemists, dynamic covalent chemistry (DCC) is an
increasingly interesting approach for synthesizing novel polymer materials eliciting

Table 3 Summary of the self-healing behavior exhibited by the metallopolymer

Polymers Alkyl
groups

Glass transition temperature of
non-crosslinked polymer (°C)

Healing
temperature
(°C)

Healed crack
width (μm)

Healed crack
length (μm)

CP1 Methyl 74 No healing No healing No healing

CP2 Butyl −2 80 50 180

CP3 Lauryl −65 80 35 250

Reproduced with permission from Ref. [35]. Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim

(a) (b)

Fig. 8 a Chemical structure of copolymer having terpyridine moiety, a potential binding site of
the Fe(II) ion, b metal ion-mediated formation of crosslinked polymer network [35]. Copyright
2012. Reproduced with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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self-healing behavior. Dynamic covalent bond retains the intrinsic fundamental
covalent nature and is capable of dissociating and reforming in the presence of
external stimuli like pH, temperature, light, chemical agents. Flexible polymeric
architectures synthesized through dynamic covalent chemistry provides an
approach that is thermodynamically controlled and is different from kinetically
controlled merely covalent approach. The following section describes the utilization
of various dynamic covalent strategies in the synthesis of polymeric architectures
that exhibit self-healing behavior.

3.3.1 Diels–Alder Reaction

One of the very adaptable and flexible [4+2]-cycloadditions is Diels–Alder
(DA) reaction, which has characteristic dynamic equilibrium between the Diels–
Alder and the retro Diels–Alder reaction. The equilibrium constant of this reaction
between a diene and dienophile can be controlled thermally, which is applicable in
material and polymer science to achieve novel polymeric architectures with intrinsic
self-healing behavior. Diene-dienophile combinations, e.g., furan-maleimide [36],
anthracene-maleimide [37] and cyclopentadiene-dicyclopentadiene moieties [38],
have been employed in designing self-healing materials. Schubert et al. synthesized
terpolymers functionalized with furan and maleimide groups and observed the
effect of different polar and nonpolar comonomers on self-healing performance on
the basis of DA reversible crosslinking reaction [36]. Terpolymers from maleimide
methacrylates (MIMA1 and MIMA2), furan methacrylate (FMA) and different
polar and nonpolar comonomers were designed (Fig. 9), which were capable of
forming DA crosslinking via [4+2]-cycloaddition between furan and maleimide
units. Hydroxyethyl methacrylate (HEMA), dimethylaminoethyl methacrylate
(DMAEMA) and 2-(hydroxyethoxy) ethyl methacrylate (DEGMA) were used as
polar comonomers, and butyl methacrylate (BMA) was employed as nonpolar
comonomers. Synthesis of several terpolymers (P1–P4) was conducted by living

(a) (b)

Fig. 9 a Classical DA and retro DA reactions between furan and maleimide moieties and
b chemical structure of the terpolymers derived from maleimide methacrylate monomers
copolymerized with different polar and nonpolar comonomers [36]. Copyright 2015. Reproduced
with permission from Elsevier Ltd
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ATRP with CuBr (catalyst), HMTETA-1,1,4,7,10,10-hexamethyltriethylene tetra-
mine (ligand) and ethyl-2-bromoisobutyrate (initiator). The terpolymers with dif-
ferent maleimide methacrylate monomers, polar and nonpolar comonomers,
molecular weight obtained from SEC measurements, are shown in Table 4.

The DA reactions between furan and maleimide suffer from a drawback of using
high temperature (120–180 °C) for retro DA. The authors tried different chain
lengths, polar comonomers for decreasing the temperature of the reaction along
with the variation of the maleimide methacrylate copolymer that enhanced the
flexibility of the system to exhibit self-healing behavior at room temperature. With
the information from DSC and TGA studies, self-healing behavior of the polymers
was investigated by annealing process monitored with a microscope fitted with a
camera. Copolymers P1 and P2 having BMA as comonomer and MIMA1, MIMA2
with the longer linker exhibited good self-healing behaviors.

Copolymer P1 showed complete healing of scratch in a millimeter range at 140 °C
after 3 min and also at 110 °C after 3 h. The self-healing studies of copolymer P2
exhibited complete healing of the scratch at 80 °C after 48 h and at 140 °C after
5 min. P2 and P3 showed good self-healing properties compared on the basis of the
healed scratch size and healing temperature. P4 was displayed complete healing at
100 °C after 2 h for smaller scratches and after 4 h for the larger ones. Among all
the synthesized polymers, the copolymer P4 exhibited best self-healing behavior
due to higher flexibility of the linker unit in addition to DEGMA as the comonomer
leading to reduction of healing temperature. This self-healing system demonstrates
the challenges for healing mechanism due to mechanical stiffness and film defects
which hindered reflow of damaged parts for reversible reaction. Enhanced flexi-
bility, nature of the linker unit had shown a profound impact on healing behavior as
compared to polarity of the comonomer used in the polymer chain.

3.3.2 Thiol–Disulfide Chemistry

Thiol–disulfide exchange chemistry is one of the most significantly studied and
utilized reactions in the area of dynamic covalent applications. In nature, this
chemistry is utilized for making covalent connections in many biomolecules,
especially proteins and small peptides. Therefore, researcher started utilizing this
chemistry for the design and synthesis of novel self-healing materials.

Table 4 Composition, reaction conditions, SEC calculations, glass transition temperature and
temperature of the retro DA for P1–P4 polymers [36]

Polymer Comonomer Diene-MA Dienophile-MA Mn (SEC) [g/mol] Tg (°C) TrDA (°C)

P1 BMA FMA MIMA1 4910 50 125–180

P2 BMA FMA MIMA2 4330 40 115–180

P3 DMAEMA FMA MIMA3 4440 35 120–180

P4 DEGMA FMA MIMA3 3100 −10 115–160

Copyright 2015. Reproduced with permission from Elsevier Ltd
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Matyjaszewski et al. demonstrated controlled synthesis of star polymers containing
reversible covalent disulfide bond through living ATRP [39]. As shown in Fig. 10a,
poly(n-butyl acrylate)-anchored star polymers were synthesized from crosslinked
cores made of poly(ethylene glycol acrylate) by chain extension ATRP and in
the following step, the peripheral branch was further crosslinked with bis
(2-methacryloyloxyethyl disulfide) (DSDMA) introducing disulfide reversible
linkages at the branch peripheries to form crosslinked networks of star polymers.
The peripheral SS linkages can be employed to introduce self-healing behavior
utilizing reversible, dynamic covalent crosslinking mediated by thiol–disulfide
redox exchange reactions (Fig. 10b). Crosslinked star polymer with disulfide was
reduced to solutions of SH-functionalized polymers, and films were prepared by
depositing it onto silicon wafers. Oxidative crosslinking of the films in the presence
of an oxidant (e.g., I2 or FeCl3) made it insoluble in organic solvents such as CHCl3
or THF, resulting in the crosslinked polymer gel. AFM tip was used for inducing
scratches of millimeter to nanometer range on the film and also for simple char-
acterization of topomechanical properties that help in assessing the degree of
healing in the film.

Surface scratches range from nanometers to micrometers micromachined by
commercial silicon probes in two different modes, i.e., tapping mode scanning and
contact mode scanning. Scratch (0.4 μm wide and 17 nm deep) was formed by
negative lift interleave tapping mode scanning on a 50-nm-thick crosslinked film
with employed lift height and scan rate at 300 nm and 80 μm/s, respectively, and
was monitored for healing by utilizing continuous tapping mode AFM imaging.
The accessibility of the cut surfaces and bond reformation initiated the healing
response and subsequently decreased the size of the cut area.

Oxidized crosslinked networkReduced star shaped polymer

(a)

(b)

Fig. 10 a Strategy to design S–S-functionalized multi-arm polymer by living chain extension
ATRP and b reduction to SH-functionalized star polymer and further oxidation to form
permanently crosslinked polymer gel [39]. Copyright 2012. Reproduced with permission from
American Chemical Society
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A gentle stroke was applied with the AFM tip under contact scanning mode in
perpendicular direction to bring the two cut surfaces access each other. The results
obtained as shown in Fig. 11 indicated that only stroked areas recovered the
original smoothness of the original film following two series of AFM tip strokes,
with deflections equal to +0.5 and 0 V respectively, HarmoniX tapping mode
modulus mapping determines the extent of healing through effective monitoring of
the mechanical properties of the resulting film. The moduli of repaired damaged
areas were comparable with the intact area, indicating effective healing of the
surfaces. Thus, the study envisaged the importance of grafted multi-arm polymeric
architectures as a promising strategy for self-healing materials, highlighting the
significance of low intrinsic viscosity and easy contact to functional groups.

3.3.3 Acylhydrazone Chemistry

The integration of acylhydrazones into polymeric materials can be envisaged as a
bridge from supramolecular chemistry to adaptive chemistry that represents con-
stitutional dynamic chemistry. This is because the acylhydrazone functionality
combines both the supramolecular hydrogen bonding ability through the amide
moiety and the molecular linkage ability as a result of the dynamic character of the
imine bond. The overall imine chemistry approaches that attracted the attention of
the scientific community for self-healing include motifs such as iminocarbohy-
drazides [40] and acylhydrazones [41]. Schubert’s group reported self-healing
behavior of a linear polymer covalently crosslinked with acylhydrazone moiety
[41]. Acylhydrazone crosslinked copolymers were synthesized by copolymerization
of acylhydrazone containing dimethacrylate monomer with triethyleneglycolmethyl
ether methacrylate (TEGMEMA), 2-hydroxyethyl methacrylate (HEMA) and a 1:1
mixture of both (HEMA and TEGMEMA) as shown in Fig. 12 employing a radical
polymerization procedure. The possibility to adjust the flexibility of the polymer
backbone and the glass transition temperature (Tg) was studied by using different
methacrylates as comonomer. Thus, the copolymer with TEGMEMA exhibited the

Fig. 11 Healing of the polymer film enhanced by AFM tip stroke with contact scanning mode:
a original scratch, b after the first series of AFM tip strokes at the position indicated by a red arrow
(+0.5 V), c after the second series of strokes at two positions indicated by blue arrows (0 V) and
d HarmoniX tapping mode modulus map in a logarithmic scale [39]. Copyright 2012. Reprinted
with permission from American Chemical Society
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lowest Tg (−33 °C) and the one with HEMA had shown the highest one (101 °C) as
obtained from differential scanning calorimetry data (Table 5). Polymer films AP1–
AP3 obtained by performing polymerizations in bulk were investigated for their
potential self-healing properties. Cut was made by a scalpel, and the damaged area
was exposed to heating at a certain temperature to generate sufficient mobility for
self-healing. The process was observed with an optical microscope. Copolymer
AP1 with TEGMEMA as comonomer and 5 mol% acylhydrazone content did not
any self-healing. This can be ascribed to low acylhydrazone content in polymer film
AP1. However, the expansion of the crack occurred on thermal treatment due to
release of intrinsic stress of the polymer film. As delineated in Fig. 13a, the
copolymer AP2 with equal mixture of TEGMEMA and HEMA as comonomers and
10 mol% acylhydrazone content showed repair of cut as large as one centimeter
length. The HEMA-based copolymer (AP3) on thermal process at 125 °C had
shown repair of scratches of only smaller dimensions which was attributed to high
Tg of the polymer.

The persistence of original structure of the polymer upon thermal treatment
proved by temperature-dependent FTIR spectra and solid-state NMR experiments
was an indication of exchange reaction as shown in Fig. 13b involved in the
self-healing mechanism. Thus, the employment of methacrylate monomers along
with other acylhydrazones may facilitate the refinement of self-healing properties
such as the control of healing temperature, overseeing healing kinetics to the
desired extent.

Fig. 12 Synthetic strategy
toward acyl hydrazone
crosslinked polymer via free
radical polymerization [41].
Copyright 2015. Reproduced
with permission from
WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim

Table 5 Composition and thermal properties of the crosslinked acylhydrazone polymers [41]

Crosslinked
polymer

Acylhydrazone
monomer

Comonomer Acylhydrazone
content (mol%)

Glass
transition
temperature
(°C)

Decomposition
temperature (°
C)

AP1 M1 TEGMEMA 5 −33 289

AP2 M1 TEGMEMA/HEMA 10 45 303

AP3 M1 HEMA 10 101 321

Copyright 2015. Reproduced with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3.3.4 Photodimerization

Photostimulated reversible cycloaddition is the most common type of dimerization
reaction explored in the area of dynamic covalent chemistry. The molecules con-
taining olefinic moieties, e.g., cinnamic acid, anthracene, thymine, coumarin,
undergo dimerization reactions upon irradiation with longer ultraviolet (UV) light
(λ > 300 nm) to produce cyclobutane adducts. However, reversibility of the
adducts to the former monomer on exposure to shorter wavelength UV light makes
this class of photosensitive polymers excellent candidate for designing self-healing
materials with the advantages of reproducibility, affordability and environmental
compatibility. Rudolf Faust et al. designed polyisobutylene (PIB)-based polymer
network containing reversibly photocrosslinkable coumarin moieties and explored
them for smart photovoltaic device coatings applications (Fig. 14) [42].

The photodimerization reaction of polymer films were performed by irradiating
the samples with UVA (λmax = 365 nm), while irradiation with UVC
(λmax = 254 nm) had resulted in the photocleavage. The change in the absorbance
of the reactive coumarin moiety at 320 nm was monitored by UV-Vis spectroscopy.
AFM was utilized for the study of self-healing behavior of photocrosslinked triarm
star PIB network films. A range of cuts (from nm to μm) was micromachined using
commercial AFM silica tips. Initial cut of 74 nm depth made in the crosslinked thin
film of polymer was subjected to consecutive UVC and UVA irradiation for 5 min,
which led to *86% of healing as the depth of the cut diminished to 10 nm
(Fig. 14iv). The depth of the cut again diminished to 5 nm on further exposure to
UVC and UVA irradiation for 25 min. Further exploration of the sunlight-induced
self-healing behavior of polymer film had given a healing efficiency that complied
with the reported experiments with low-intensity UV lamp. Detailed examination of

Fig. 13 Self-healing study of crosslinked polymer AP2: a polymer film, b scratch before heating
and c healed scratch after annealing at 100 °C. d Schematic representation of self-healing mediated
by reversible exchange reactions in acylhydrazones polymer [41]. Copyright 2015. Reproduced
with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the healing response had shown that the healing response was driven by initial
photocleavage of the cyclobutane ring by UVC irradiation giving the polymer
sufficient viscoelastic mobility. Thus, the PIB polymer with low glass transition
temperature acquires sufficient mobility to flow at room temperature and facilitated
the dimerization of the coumarin functionalities. The reformation of the cyclobutane
ring via UVA-induced photodimerization at this stage led to the formation of the
crosslinked network which eventually healed the damage. Complete macroscopic
healing in the bulk state was obstructed due to the restricted chain mobility. The
permeability analysis study of the films revealed that the crosslinked polymers had
excellent barrier protection against oxygen and moisture which made them suitable
as photovoltaic device coatings.

4 Polymer Nanocomposites

Polymeric self-healing materials have profound applications in various fields of
material science due to their innate attributes like easy availability, pliability, easy
processing, light weight and provision for tailor-made architecture. However, they
are very poor in mechanical performance in comparison with metals and ceramics.
The integration of nanomaterials into polymer network renders desired modifica-
tions in the properties of the polymer nanocomposites material and paves way for
the design of novel polymeric self-healing materials with outstanding properties.
A number of polymer nanocomposites doped with carbon nanomaterials, e.g.,
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Fig. 14 i Reversible [2+2] photodimerization of coumarin moieties, ii triarm star coumarin-
functionalized PIB polymer, iii reversible cyclodimerization of coumarin-functionalized triarm star
PIB polymer leading to crosslinked network formation. iv AFM image for the time-dependent
change for the scratch on the surface of the crosslinked PIB polymer film using an UV lamp,
time = (A) 0, (B) 5, and (C) 30 min. (Aa–Cc) Corresponding depth profiles reveal the evolution of
the damage depth [42]. Copyright 2015. Reprinted with Permission from American Chemical
Society
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graphene, silica nanoparticles, gold nanoparticles, silver nanoparticles and
nanocellulose, have been studied.

4.1 Polymer Nanocomposites from Nanoparticles

G. Kickelbick et al. reported self-healing polymer nanocomposites with varying
thermal properties by doping surface-functionalized silica nanoparticles into poly-
mers networks [43]. The diene or dienophile derivatives as the capping ligand on
silica nanoparticles were crosslinked with functional poly(butyl methacrylates) or
structurally diversified polysiloxane matrices via Diels–Alder reaction (Fig. 15).
Spherical amorphous silica nanoparticles (*6 nm) with the surface derivatization
of 2-furyl-(undecenyl)-11-triethoxysilane (FUTES) and N-((3-triethoxysilyl)
propyl)maleimide (MPTES) were synthesized by modified Stöber process to pro-
duce FUTES@SiO2 or MPTES@SiO2. The cofunctionalized polybutylmethacry-
lates or polysiloxane polymers with maleimide and furan moieties and
surface-modified silica nanoparticles were mixed with a molar ratio of 5:1 in
terms of reactive groups and were crosslinked via DA reaction. Rheological mea-
surements had shown that there was an increase in viscosity of polysiloxanes after
incorporation of the nanoparticles which of 5:1 in terms of reactive groups and were
crosslinked via DA reaction.
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Fig. 15 a Poly(butyl methacrylate) and polysiloxane polymers with maleimide and furan moieties
as the functional groups, b silica nanoparticles with maleimide and furan moieties for DA reactions
[43]. Copyright 2015. Reproduced with permission from Elsevier Ltd
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Rheological measurements had shown that there was an increase in viscosity of
polysiloxanes after incorporation of the nanoparticles which was attributed to a
filler effect and crosslinking of polymer chain with nanoparticles. The differential
scanning calorimetry study shows that the spacer length between the functional
groups had a significant impact on the DA/reverse DA reaction in the polymer
nanocomposites. However, the extent of flexibility and mobility of the polymers in
the nanocomposites plays important role in determining the self-healing ability. In
comparison with the nanocomposites from butylmethacrylate system, self-healing
was more efficient in the nanocomposites from polysiloxanes which was attributed
to the deficient mobility of the polymer chain. Further explorations are needed in
designing tailor-made self-healing nanocomposite with exploitation of their prop-
erties (e.g., magnetism, conductivity) as an integral part of stimuli-responsive
system.

4.2 Polymer Nanocomposites from Carbon Nanotubes

Carbon nanotubes have been envisaged as one of the hardest synthetic materials
known to scientific community till date. They also exhibit high electrical conduc-
tivity that makes it useful for applications in the electrical and communication field.
The excellent properties of these materials were explored by dispersing them in soft
polymer matrices. Non-covalent interactions to improve their chemical affinity
toward the polymeric matrix introduce self-healing behavior with promising appli-
cations. Recently, Guo et al. reported such type of conducting nanocomposite with
self-healing capability by conjoining poly(2-hydroxyethyl methacrylate) (PHEMA)
and single-walled carbon nanotubes (SWCNTs) via β-cyclodextrin-adamantane
host–guest chemistry [44]. β-Cyclodextrin-grafted pyrene stacked onto SWCNTs
via non-covalent interaction and simultaneous host–guest chemistry-mediated
crosslinking with adamantane-grafted 2-hydroxyethylmethacrylate resulted a tern-
ary inclusion complex.

The subsequent free radical polymerization of the acrylate resulted in the desired
polymer composites (Fig. 16). All the nanocomposites with variable doping of
CNT showed rubber-like behavior with glass transition temperature (Tg) below
room temperature. The presence of a large number of host–guest groups in the
material ensured excellent self-healing properties as demonstrated in the electrical
healing experiments. The nanocomposite sample was connected to a circuit with a
LED lamp. Remarkably, the LED was shining for the circuit with nanocomposite
doped with more than 7 wt% SWCNTs. The cut species of the sample turned the
LED off; however, the cut pieces in contact for 5 min at room temperature showed
recovery of electrical conductivity with glowing LED. Unlike hydrogen
bonding-mediated self-healing, where the presence of moisture affects the healing
efficiency during the waiting time with cut samples in contact, host–guest
complexation-mediated self-healing benefits from humidity due to absorption of
moisture by the PHEMA polymers. These materials showed change in resistance
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with relative humidity and human skin touch and can be used as humidity and
proximity sensor. Wang et al. reported a strain-stiffening polymer nanocomposite
with multiwalled CNTs by dispersing the nanotubes into polyborondimethyl-
siloxanes (PBDMS) polymer matrix via solvent etching method [45]. This material
showed self-healing behavior via recovery of mechanical and electrical properties
on damage and subsequent healing experiment and can have for potential appli-
cation as force-sensitive body armor. However, further study on the properties of
polymer composites containing CNTs as fillers with promising self-healing
chemistry is necessary which can eventually pave way for smart robotics.

4.3 Polymer Nanocomposites from Graphene

Graphene is considered as the lightest material which consists of a 2D planar thin
sheet of sp2-hybridized carbon atoms arranged in a honey-comb crystal lattice.
Excellent thermal, mechanical and electrical properties render graphene an inter-
esting material as fillers in polymer composites for various applications in a
numerous range of devices [46]. Incorporation of reversible non-covalent chemistry
into polymer nanocomposites containing graphene adds to promising self-healing

Fig. 16 a Ternary complex formation through host–guest and π–π interactions with subsequent
polymerization to result SWCNT nanocomposites with electrical conductivity. b Electrical healing
process for the nanocomposite: (1) polymer nanocomposite sample was connected in a circuit to
glow, (2) the sample was cut to turn the LED off, (3) LED shined again after the sample had
self-healed [44]. Copyright 2015. Reproduced with permission from WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim
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applications. A number of polymeric hydrogel showed tough mechanical property
in mimicking natural structural tissues. However, the mechanically rigid hydrogels
usually do not exhibit good self-healing behavior and the self-healing hydrogels are
mechanically weak in general. Only a few self-healing hydrogels with useful
mechanical properties have been developed. Incorporation of graphene in poly-
meric hydrogels enhances the mechanical strength along with retention of
self-healing behavior.

Additionally, the functionalized graphene oxide/peroxide (GO/GPO) provides
sites for polyfunctional initiating and crosslinking centers (PFICC). Liu et al.
reported a graphene-based polyacrylamide hydrogel nanocomposite which showed
outstanding self-healing capability at ambient conditions [47]. Interestingly, vari-
able percentage of GO doping in the hydrogel nanocomposites significantly
influenced their self-healing ability. Thus, the cut surface of the GO composite gels
autonomically self-healed within short span of time and with longer waiting period
the mechanical property of the composites showed high degree of recovery with
highest ever elongation and tensile strengths. As shown in Fig. 17, the authors had
demonstrated the mechanism of repair of damaged polymer/graphene nanocom-
posite by related distribution of long polyacrylamide polymer chains at the interface
of two damaged hydrogel samples. The mutual diffusion of the long polyacrylamide
chains and GO sheets via reversible hydrogen bonding across the cut surfaces of 3D
polymer network makes the interaction stronger with high degree of recovery and
self-healing.

Fig. 17 Self-healing mechanism of the GO composite hydrogels [47]. Copyright 2013.
Reproduced with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4.4 Polymer Nanocomposites from Nanoclays

Nanoclays formed by layered mineral silicates are an excellent class of nanoma-
terials that have attracted the attention of the scientific community for the devel-
opment of polymer nanocomposites with superior properties for specific
applications [48]. The most commonly used nanoclay minerals for the preparation
of nanocomposites are montmorillonite, hectorite and saponite with high surface
area and reactivity. Even a very low amount of nanoclay loading in polymer
matrices can provide interesting and superior properties to the nanocomposite
through the intercalation of nanoclays in between the polymer chains [49].
Recently, Zhu et al. had reported that reinforcement of nanoclay materials into
dynamic biocompatible polymers can result in the formation of autonomic
self-healing synthetic polymer nanocomposites that will mimic biological com-
posites, e.g., nacre, an organic–inorganic composite material found in some mol-
lusks [50]. They designed a nacre mimetic polymeric nanocomposite using
hydrogen bonding-mediated non-covalent interaction to develop a self-healing
system for application in organo-electronics. The copolymer of water-soluble
polyethyleneglycol methacrylate with UPy-functionalized acrylate polymer was
reinforced with high-aspect-ratio synthetic sodium fluorohectorite (NHT) nanoclays
(Fig. 18a). The mechanical strength of the nanocomposites was modulated with
varying composition of polymer and nanoclays every stiff yet transparent films
which could be applied for gas barrier application in organo-electronics.

Wang et al. reported a water-soluble polymeric gel-based clay nanosheet
(CNS) composite material that showed excellent mechanical properties along with
self-healing properties (Fig. 18b) [51]. The non-covalent electrostatic interaction
between telechelic dendritic macromolecule with positively charged terminal
groups and clay nanosheet covered with negatively charged sodium polyacrylate

Fig. 18 A Nacre mimetic self-assembly of synthetic nanoclay and polyethyleneglycol methacry-
late with UPy-functionalized acrylate polymer in brick-and-mortar mode [50]. Copyright 2015.
Reproduced with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
B Formation of the nanoclay-hydrogel composites through electrostatic crosslinking of sodium
polyacrylate covered nanoclays with dendritic molecular binder [51]. Copyright 2010. Reproduced
with permission from Nature Publishing Group
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resulted in a gel material showing autonomic self-healing behavior which is evident
by very quick retrieval of its mechanical properties after a large-amplitude oscil-
latory mechanical collapse of the nanocomposite gel.

5 Applications

At the present stage, development of the self-healing materials for industrial usage
is in the preliminary level and the use of these novel materials is expected to
dominate industry in the near future. This section describes the potential utilization
of the self-healing materials for different applications such as protective coating,
shape recovery polymer, adhesive and self-healing hydrogel.

5.1 Protective Coating

Protective polymeric coatings have found increasing applications in industry such
as corrosion prevention in metals, prevention of damage of walls by paints,
semiconductor fabrication. Polymeric coatings are widely used to conceal the
surfaces of numerous substrates for both functional and decorative purposes.
However, most of the coating materials are vulnerable to the impairments caused by
the environmental hazards and mechanical abrasion which eventually leads to
compromised function and irreversible loss of the coating. Repair of the damage on
ordinary coating is unaffordable in many cases and demands tedious effort with
considerable labor. Thus, a protective coating that can self-heal without much cost
escalation would be suitable as a next-generation coating material. The most
prevalent approaches for designing self-healing coating is the polymerization of
monomeric healing agents that are released by extrinsic damage to microcapsule
dispersed in a matrix. However, owing to the limitation of microcapsule approach
for the once-only release of the healing agents, processing difficulties and inho-
mogeneous distributions of the components, the alternative approaches using
reversible chemistry such as non-covalent interactions and dynamic covalent
interactions are also being translated toward industrial application. The work from
Lei Gao et al. narrates a photo-absorbing hybrid microcapsule (PAHM) containing
polymer coating material (Fig. 19i) in which the microcapsules are protected by
polymeric shell [18]. This polymeric shell is designed via a hybrid strategy in which
photo-absorbing TiO2 nanoparticles and poly(urea-formaldehyde) (PUF) are com-
bined to form a microcapsule. A mixture of EPON 828 epoxy (diglycidyl ether of
bisphenol A) curing agent PAA (phenol-aldehyde amine) and diluent diisobutyl
phthalate (DBP) gave the unfilled coatings. Addition of 15 wt% of microcapsules to
the above mixture resulted in the polymer composite having self-healing coating
capability. Upon mechanical damage and then exposure to light, the photore-
sponsive healing agents in the cracks would be solidified to allow for self-healing,
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while the healing agents in the unbroken PAHM would be protected and remain
unreacted. Anticorrosion testing was employed to study self-healing of the polymer
composites. Mechanical damage was induced by scribing with razor blade through
*500-μm-thick coatings of the self-healing coating with PAHM, C1 control
sample (without microcapsules) and C2 control sample (with PUF-shelled micro-
capsule fillers). The samples were placed in a dark room for an hour and subsequent
exposure to UV light for 30 s for healing of the cracks followed by immersion in
10 wt% aqueous NaCl solution for 48 h.

As shown in Fig. 19ii, C1 sample without the microcapsule corroded but the C2
sample and PAHM-containing self-healing coating showed no proof of corrosion.
The entire process was repeated and the C2 sample showed corrosion on the second
cycle and the anticorrosion property was exhibited only by the self-healing samples
which was sustained till fourth scribing cycle. C2 sample showed healing of the first
scribed crack in a non-selective photopolymerization in both the scribing and
non-ruptured region; hence, no further healing agent were available and this led to
unhealed coating on second scribing. For the self-healing samples, exposure to light
resulted in the solidification of healing agents in the crack, but for unruptured
microcapsules, the shielding by the photo-absorbing shells keeps the healing agents
unreacted. Furthermore, accumulative exposure time for every cycle resulted in the
polymerization of the healing agents even in the unexposed area leading to loss in
healing behavior for the fifth cycle of scribing. Thus, a one-component photo-
stimulated extrinsic self-healing system that contains photo-absorbing hybrid
microcapsules has been designed and can be utilized in due course for protective
shielding of outdoor applications.

Fig. 19 Concept of self-healing as protective coating application. i (a) Material protected with
coating matrix and microcapsule composite, (b) mechanical damage to generate the cracks and
rupture of the microcapsules with subsequent release of the healing agent to fill the cracks,
(c) cracks are healed by photopolymerization of the healing agent induced by UV light. ii
Anticorrosion study by optical images after a 48-h immersion in salt water for control samples
(a) C1, (b) C2, and (c) self-healing coatings sample [18]. Copyright 2015. Reprinted with
permission from American Chemical Society
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5.2 Shape Memory Polymers (SMPs)

In the last several years, a new strategy that utilizes self-healing concept for
designing shape memory materials had been evolved. This class of
stimuli-responsive materials can be programmed to a temporary shape and can be
triggered to revert back to their original shape [52]. As compared to shape memory
alloys (SMAs), shape memory polymers (SMPs) possess some important advan-
tages, viz. easy processibility, high elastic deformation, low cost, low density,
tunable stiffness, biocompatibility and biodegradability with tunable and broad
range of working temperatures. The mechanism of shape memory effect in the
polymer exploits the reversible thermal transition such as glass transition temper-
ature (Tg), melting temperature (Tm) as molecular switch components. Most of the
SMPs with one temporary shape in a cycle are dual-shape materials having a single
Ttrans in the switching domain. Of late, multiple shape memory polymers (MSMPs)
with single or multiple Ttrans are being investigated to meet increasing requirements
and promising applications. Yuzhong Wang et al. had reported a triple shape
memory polymer mediated by self-complementary quadruple hydrogen bonding
based on the dynamic non-covalent network of UPy-telechelic poly(tetramethylene
ether) glycol (PTMEG) and four-arm PCL precursors (Fig. 20a) [53]. The strategy
to combine two semicrystalline polymers with different melting transitions serves as
the switching domains ensuring triple shape memory (TSM). The dimerization of
Upy followed by subsequent aggregation of the UPy dimers strengthens the
dynamic network providing reversibility, reprocessability and self-healing features.
The triple shape memory of this material is shown in Fig. 20b. Programming of the
SMP was obtained by deforming the permanently shaped flat sample (shape A) at
60 °C (more than the Tm of both the PTMEG and PCL segments) and followed by
cooling to 35 °C to ensure the crystallinity of PCL segment. Removal of the
external stress rendered shape B. Further, deformation of the specimen performed at

Shape A

Shape B 

Shape C

Recovery C to B

Recovery B to A

(a) (b)

Fig. 20 a Quadruple hydrogen bonding in the PCL-PTMEG network and b shape memory effect
of a strip made from PCL–PTMEG polymer sample based on the heating transitions of
semicrystalline polymers [52]. Copyright 2015. Reprinted with permission from American
Chemical Society
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35 °C and subsequent cooling below −10 °C rendered shape C. Reheating to 35 °C
resulted in good recovery ratios from shapes C to B (83.9% while recovery from
shape C to A did not vary much (71–75%) over a wide range of PCL content (36–
80%) in the composites. An increasing PTMEG content resulted in improved
efficiency of self-healing due to decrease in the concentration of crystalline PCL
phase in the overall polymer.

5.3 Adhesion Application

Over the last several decades the scientists were trying to synthesize novel materials
including polymers which promote adhesiveness in wet conditions. However, one of
the major challenges was that these synthetic materials that set in the water envi-
ronment were prone to reaction with water itself rather than reaction with the targeted
substrate. Recently, exploration of the chemistry of waterlogged adherence of the sea
animals such as mussels, barnacles and oysters to rock and other hard surfaces in sea
unveiled a new approach to design novel wet adhesives. Mussels have a special type
of protein matrix functionalized with 3,4-dihydroxyphenylalanine (DOPA) amino
acid that is responsible for the wet adhesiveness making DOPA-based polymers
attractive for adhesion. The catechol side chain of DOPA polymer and hydrogels
exploits the coordination bond formation via metal chelation. The reversible
non-covalent nature of metal–ligand bonds rendered self-healing behavior to the
polymer or hydrogel. However, toxicity of the metal can make the system incom-
patible for biological applications. Recently, Herbert Waite et al. put forth a
metal-free strategy to realize the self-healing of polymers in wet condition mediated
via hydrogen bonding between catechol moieties. The authors synthesized two
polymers with different elastic moduli, i.e., semirigid with low modulus and rigid
polymer rods with high modulus from triethyl silane-blocked catechol acrylate and
catechol methacrylate monomers, as shown in Fig. 21a, b, using free radical ultra-
violet polymerization. Bisected halves of the rod-shaped polymer were immersed in
different buffers with increasing pH ranging from 3 to 10 for 20 min, followed by
healing study, i.e., rejoining the cut ends of the rods at light compression (6–104 Pa)
kept in the above aqueous solution (pH 3, 7 and 10) for 2 min.

At pH 3, deprotection of triethylsilyl groups led to activation of the catechol
functionalities on the surfaces, while the triethylsilyl catechols at pH 7 and 10
remained unreacted. The high quinone reduction potential (Eo * 0.38) at pH 3
ensured catechol stability preventing its oxidation and ring coupling reactions.
When surface treatments were carried out at pH 3, the semirigid rods didn’t break
up at the contact region after damage and healing whereas rigid rods got ruptured
on applying tension after healing. Tensile test showed retention of the mechanical
properties of the healed part in comparison with the undamaged portions of the rigid
polymer rods at pH 3 (Fig. 21c), but at pH 7 and 10 both the rigid and semirigid
polymer rods failed to self-heal at the contact area due to blocked catechol groups.
The interfacial mechanism of adhesion mediated by reversible hydrogen bonding
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interactions between the pendant catechol groups of the polymers resulted in
self-healing and was elucidated with the aid of surface force apparatus which
monitored the time-dependent adhesion at the self-healing (contact) surface
(Fig. 22a). Adhesion force, Fad of semirigid polymers with both the blocked and
exposed catechol groups as delineated in Fig. 20b displayed a low value of 50–
70 mN till a critical contact time, tc value of 30–120 s after which there was a
constant elevation to 820 mN at a tc of 120 s for exposed one, whereas blocked
catechols Fad showed elevation only up to 230 mN at a tc of 3600 s. Additionally,
no damage occurred to contact surface of blocked polymer on detachment up to

Fig. 21 a Self-healing studies on adhesive polymer rods with the following process. Rigid and
semirigid polymer rods (1), bisection (2), immersion in H2O (pH 3 buffer) at room temperature (3),
contact (4) and mechanical tension with pull (5). The blue (semirigid) and red (rigid) arrows
denote the location of the healed incisions. b Schematic representation of the self-healing.
c Average tensile strength for the healed semirigid and rigid polymer rods [20]. Copyright 2014.
Reproduced with permission from Nature Publishing Group
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3600 s (Fig. 22b). The rigid polymers (Fig. 22c) with low molecular mobility
showed no elevation in Fad for the blocked catecholic polymer till a tc of 3600 s and
for exposed catecholic polymers up to a critical tc of 50 s. This elevation was only
up to 180 mN. This made the authors to propose that the adhesion in the
catechol-functionalized polymers and proteins depends on both bidentate hydrogen
bonding of catechols and hydrophobic contributions. Here the semirigid polymers
had shown larger adhesiveness and self-healing capacity that indicated the signif-
icance of molecular mobility within the polymer for promoting the self-repair. The
time taken for the rearrangement of polymer chains and molecular groups was
indicated by tc that facilitated extensive interfacial hydrogen bonding. Also, the
hydrogen bonding was a prerequisite to speed up other interactions, viz. van der
Waals, hydrophobic, polymer interdigitation, interpenetration and interdiffusion
required for self-healing. The significance of hydrogen bonding was further high-
lighted by experiments in which the catechol rings were oxidized to quinones with
periodate, which further decreased adhesive forces between the soft polymer films.
Proposed bidentate mode of hydrogen bonding between catechols is thermody-
namically more favorable than the hydrogen bonding in water-catechol paving way
for hydrogen bonding attraction between the catechol moieties even in the aqueous
environment. Thus, the precise reorientation of the surfaces of polymer-based
biomaterials provides excellent and promising self-mending properties.

5.4 Self-healing Hydrogel

Hydrogels are three-dimensional complex systems that consist of hydrophilic
polymers which are fashioned through covalent or non-covalent interactions
between the polymer chains [54]. The versatile and biocompatible nature of
hydrogels led to their widespread application in drug delivery, regenerative tissue

Fig. 22 Adhesion between polymer films grafted with exposed and blocked catechol moieties as
estimated by the surface force apparatus. a Scheme of the symmetric surface geometry. b, c Graph
showing adhesion force (Fad) versus contact time (tc) between two b semirigid and c rigid
polymeric surfaces under an applied load of 250 mN [20]. Copyright 2014. Reproduced with
permission from Nature Publishing Group
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engineering, biomaterials synthesis and fabrication of functional devices [55–59].
As compared to covalent hydrogels, the reversible interactions and extensive
stimuli-responsive endow dynamic and self-healing properties to the supramolec-
ular hydrogel. A number of supramolecular chemistry have been explored for the
design of efficient and fast self-healing hydrogels in the past few decades including
hydrogen bonding [60], host–guest interactions [61–63], electrostatic interactions

Fig. 23 Self-healing hydrogel mediated by redox-responsive sol–gel transition. a Chemical
structures of the host polymers, pAA-6βCD and the guest polymers, pAA-Fc, b schematic
illustration of redox-mediated inclusion complex to result pAA-6βCD/pAA-Fc hydrogel, c sol–gel
reversible transition experiment using oxidation–reduction. Addition of NaClO solution to the
pAA-6βCD/pAA-Fc hydrogel makes it to the sol state, and addition of GSH to the sol reverts back
into hydrogel. Electrochemical oxidation (+1.0 V vs. Ag/AgCl) transformed the hydrogel into the
sol, whereas chemical reduction reverting it back to the hydrogel [66]. Copyright 2011.
Reproduced with permission from Nature Publishing Group
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[51] and metal–ligand coordination [64, 65]. As mentioned earlier in this chapter
pertaining to host–guest interactions, Harada et al. reported durable self-healing
hydrogels based on the interactions between hydrophilic host and hydrophobic
guest molecules [66]. The authors synthesized reversible hydrogels exploiting the
interaction between β-cyclodextrin and ferrocene moieties grafted on the poly-
acrylic acid polymer chains (pAA-6βCD/pAA-Fc interaction) as shown in Fig. 23a.
A redox reaction-induced reversible formation of the inclusion complex assisted the
gel-to-sol reversible transition in the system (Fig. 23b, c). The suitability of that
system to undergo self-healing processes such as rejoining of cut surfaces was
demonstrated and was envisaged for applications, e.g., stimuli-responsive-targeted
drug delivery and design of peripheral vascular embolization material.

In another work, Ma et al. reported a novel approach to synthesize extensible and
fast self-healing supramolecular hydrogels via precoordinated mussel-inspired
catechol-Fe3+ dynamic crosslinking complexation (Fig. 24a) [34]. The hydrogels
exhibit high extensibility by 10 times of the original length and fast recovery
(within 20 min) as delineated in Fig. 24b.

6 Discussion and Future Perspectives

We have discussed different approaches to design self-healing materials in the
previous sections. The scientific community had succeeded in exploiting various
approaches to comprehend self-healing mechanisms. They are summarized in
Table 6. The physical and chemical mechanisms of the process that lead to
self-repair of the cracks, damaged surfaces, adhesion of cut surfaces, etc., can be
easily manipulated to render materials with desired properties.

Fig. 24 a Photopolymerized hydrogels using precoordinated catechol–Fe3+ complexes as
dynamic crosslinkers, b high extensibility and fast self-healing property of the hydrogel prepared
using the precoordination method [34]. Copyright 2015. Reprinted with permission from
American Chemical Society
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Discovery and application of novel supramolecular chemistry offer facile, quick
and controlled formation of innovative materials that undergo efficient self-healing.
Thus, it is apparent that most of the methods are non-autonomic in nature with heat
being one of the important stimuli, which affects the self-healing behavior pro-
foundly based on the glass transition temperature of the polymers. Recent research
is being driven toward modifying the materials toward autonomic self-healing
materials. Also, extrinsic self-healing approach is found to be restricted with
covalent thermoset/thermoplastic polymers and its composites due to reusability
and localization of the embedded microcapsules. Many recent approaches, espe-
cially supramolecular polymer, dynamic covalent polymer, employ intrinsic
self-healing which does not require external healing agent. However, it is a chal-
lenge to translate the self-healing repair from micron scale to larger scale. Weak
mechanical strength of the polymer initially restricted the practical use of the
self-healing concept. With recent development of many polymer composites from
nanoclays, graphene, etc., produced much robust self-healing materials with
improved mechanical properties due to the filler effect associated with the

Table 6 Strategies employed to design self-healing material based on different chemistry

Design strategies Chemistry involved Stimuli Healing agent

Supramolecular
polymer

Hydrogen bonding (PBA-UPy
dimer) [19]

Non-autonomic; heat,
moisture

Intrinsic

Host–guest chemistry
(Ferrocene-β-CD) [23]

Non-autonomic;
redox, heat, moisture

Intrinsic

Covalent polymer Thermosetting polymers
(PU/PUF) [31]

Non-autonomic;
moisture

Extrinsic;
isophorone
diisocyanate

Thermoplastic polymers
(PS-PA-amide) [32]

Autonomic Intrinsic

Metallopolymer (TerPy-iron)
[35]

Non-autonomic; heat Intrinsic

Dynamic covalent
polymer (dynamer)

Diels–Alder reaction
(furan-maleimide) [36]

Non-autonomic; heat Intrinsic

Thiol–disulfide chemistry
(PBA-DSDMA) [39]

Non-autonomic;
mechanical force

Intrinsic

Acylhydrazone chemistry
(HEMA-TEGMEMA) [41]

Non-autonomic; heat Intrinsic

Photodimerization
(PIB-coumarin dimer) [42]

Non-autonomic; UV
light

Intrinsic

Polymer composites Microcapsules (PU/PUF with
TiO2) [18]

Non-autonomic; UV
light

Extrinsic; PAA,
epoxy

Composites from nanoparticles
(PBA–PSO–SiO2) [43]

Non-autonomic; UV
light

Intrinsic

Composites from carbon
nanotubes [44]

Autonomic Intrinsic

Composites from graphene [47] Autonomic Intrinsic

Composites from nanoclays [51] Autonomic Intrinsic

Note The nature of self-healing is specific for the examples listed in the table and discussed in the chapter
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nanomaterials. For example, the polymer composite with SWCNT or graphene
utilizes high elasticity of the polymer network and the conductivity of the
SWCNT/graphene demonstrated excellent autonomic healing ability and can be
instrumental in developing advanced sensing electronics, e.g., passive
resistors-capacitors and electro-active sensor devices. In addition, other functional
nanomaterials, e.g., magnetic fluid particles, could also be useful dopant to design a
wide range of self-healing material using the design concept developed so far. The
self-healing research in the area of polymer composites put forward an array of
smart materials that has versatile applications in various fields ranging from
household to industrial level that are still in the experimental stage and deserves
commercial attention. Thus, further optimization of the healing process is necessary
for attaining the aforementioned goal. Although some of them have been com-
mercialized, still the technique is in need of robust strategies for the less explored
areas such as polymer nanocomposites, supramolecular polymers, hydrogels.
Moreover, further insight into the underlying chemistry of the self-healing materials
is inevitable and may drive toward a new direction for future research into this field.
Research into further improvement in reproducibility of the system is another
concern that still remains a barrier for their functional applications.
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Self-healed Materials from Elastomeric
Composites: Concepts, Strategies
and Developments

Ramna Tripathi, Pratibha Sharma, Avneet Saini and Gaurav Verma

Abstract Self-healing materials have been inspired by the ability of human/animal
skins and plant tissues to self-repair their minor damages. Self-healing polymers
and fibre-reinforced polymer composites acquire the ability to heal small ruptures
and cracks during their service life. Presence of microscopic cracks and other types
of damage depletes thermal, electrical, mechanical and acoustical properties, and
seriously impairs performance of the material. This can ultimately lead to complete
failure. Self-healing materials are imbibed with huge quantities of inorganic con-
ducting fillers to trigger self-healing behaviours which are influenced by external
forces, such as temperature, change in light intensity and spectrum, pH, or ambient
chemistry. Three conceptual approaches of healing system exists which are based
upon encapsulation, arterial network and intrinsic capabilities. Self-healing can be
generated intrinsically by auto-response mode without manual intervention or
requiring external stimulus. Primarily self-healing mechanisms entail resuming
mechanical integration lost during cracking and crazing. As polymers are critical
products used in coatings, electronics, transportation and energy industries, it is
important to induce them with self-repairing mechanisms. Self-healing materials
possess remarkable potential in enhancing the longevity of load bearing and tri-
bological materials. Consequently, a large number of academic and industrial
research organizations have come forward to explore new concepts in design and
synthesis of such materials like thermosets, thermoplastic, elastomers, polymer
composites, supramolecular gels, nanostructure conductive hydrogels. These
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materials can be easily processed, re-used and recycled. Their unique self-repairing
properties, the simplicity of their synthesis, their availability from renewable
resources and the low cost of raw ingredients augur well for futuristic applications.

Keywords Responsive polymers � Elastomeric composites � Intrinsic � Extrinsic
and supramolecular approaches
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1 Physics of Polymers and Elastomers

An elastomer or “elastic polymer” is characterized by its typical mechanical
response “they bounce”, i.e. they can be stretched to many times their original
length and can bounce back into their original shape without permanent deforma-
tion. Elastomers comprise an incredibly versatile range of chemical structures
although they have weak intermolecular forces. An elastomer will undergo an
immediate, linear and reversible response, i.e. an elastic response in which the strain
is directly proportional to stress mechanically analogous to an ideal spring
according to Hooke’s Law. An elastomer is distinguished from a material that
exhibits an elastic response in a way that elastomer can exhibit a large strain [1].

The elastomeric response to mechanical forces is highly dependent on the
chemical structure and molecular architecture of elastomers. The stretching of an
elastomer does not depend upon change in bond length or bond angle but upon
rotation about bonds. As shown in Fig. 1a, an unstrained elastomer acquires a
random coil confirmation. Once subjected to stress, the randomly oriented chains
tend to uncoil into a linear patterned formation, thus showing additional strains
(Fig. 1b). Therefore, high strain requires an elastomer to essentially be a polymer
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with a preferred high molar mass and long-chain structure. The limit to this elastic
response in polymeric materials is when these long-chain molecules are in fully
extended conformations with decrease in entropy. The system tends to favour high
entropy state bounces back to coiled state. If you stretch it far enough, the chains
will line up straight enough to crystallize which is avoided by reversible random
coiling (Fig. 2).

In order to obtain reversibility and instant response, elastomers must have
flexible chains with weak restraining intermolecular forces. Elastomers should have
minimal hydrogen bonding or polar functional groups that contribute to inter-
molecular forces. Elastomers are unlikely to contain heavy and rigid groups such as
benzene, bulky side-chains such as isopropyl which add stearic hindrance, polar
groups such as ester and hydrogen bonding groups such as hydroxyl. Of course, not
all amorphous polymers are elastomers. It depends on its glass transition temper-
ature, Tg. This is the temperature above which a polymer becomes soft and pliable,
and below which it becomes hard and glassy. Therefore, it is applicable to elas-
tomers with Tg only at ambient temperatures.

The reversible elasticity of the elastomers is due to essential property called as
“cross-linking”. Cross-linking is the forming of covalent links between the different

stress

(a) (b)

Fig. 1 a An unstrained elastomer with a random coiled structure and b an uncoiled elastomer
under stress [1]

Fig. 2 Comparison of the
elastic stress–strain curves of
a thermoplastic polymer
(polypropylene) and an
elastomer (rubber) [2]
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polymer chains, joining them all into a single-networked molecule and forming a
structure resembling a fish net. Chemical cross-linking prevents viscous flow and
hence, creep formation in which an elastomer, once deformed, will remember and
“relax” back to the deformed shape. Cross-linking makes it even harder to pull
molecules out of their original positions, and so it bounces back even better when
stretched. However, once cross-linked the unstrained shape of an elastomer hard to
alter and the elastomer cannot be reprocessed or recycled. This permanence brought
about by cross-linking and the needs to perform a cross-linking reaction on elas-
tomers are undesirable and make their applications difficult. Elastomers are used in
a variety of applications including gaskets, shoe heels, seals, bladders, pacifiers,
medical prostheses and as the matrix for flexible composites, such as tires. While
these materials can provide extraordinary chemical or thermal resistance sustain
large deflections with little or no permanent deformation, elastomers can fail
through fracture and fatigue processes. The answers to this dilemma is the use of
thermosetting polymers using microcapsule based self-healing or thermoplastic
elastomers in which chemical cross-linking is replaced by a network of physical
cross-link [3].

Though elastomers have found versatile applications, the failures of commercial
and industrial elastomer-based equipments have raised the immediate need for
mutilation-tolerant materials. The tread separation failures of vehicular tires were
caused by fatigue crack and resulted in propagation and complete tire failure,
causing loss of property as well as human life. One possible way of preventing or
mitigating such failures would be to incorporate a self-healing functionality into the
elastomeric material. It offers unique development opportunities in the field of
highly engineered materials, such as tires, for which safety, performance, and
longer fatigue life are crucial factors [4].

When discussing healing of rubbers and elastomers, it involves the reformation
of cross-links after a network has undergone breakage [5]. In addition to refor-
mation of cross-links, rubbers have also been observed to bond to themselves
through diffusion at elevated temperatures and pressures [6]. A reasonable approach
is used to introduce self-healing behaviour by reacting commercially available
bromobutyl rubber with various amines resulting in the formation of reversible
ionic associates that exhibit physical cross-linking ability which facilitates the
healing processes by temperature- or stress-induced rearrangements [4]. Therefore,
further in this chapter “self-healing” material will be used to refer to a material if
gets torn apart, when placed back into reasonable contact autonomically bridges the
impairment and recovers majority of its properties and functions (Fig. 3).

2 Genesis and Mechanisms of Self-healing

Self-healing materials encompass a wide range of materials capable of restoring
their functionality on damage. All living beings have innate property of self-healing
which enable them to cope with all sorts of damage or injury they experience during
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their lifetime [7]. Inspired by nature, these materials are gaining interest [8]. In fact,
natural elements, systems and processes are spontaneous and highly efficient as they
have been developed and optimized through very slow evolutionary steps and
constitute a continuous source of inspiration to create new artefacts [9]. Thus, skin
cuts and wounds heal, broken bones heal, coagulating blood and even lost parts of
living bodies can be replaced in some cases. For example, rhino’s horn, when
damaged, the credit of self-mending goes to a keratin-based resin, which seals
scratches and wounds. Therefore, the healing prospects of living organisms and the
repair tactics in natural materials is of great interest to scientists, engineers and
technological designers seeking light weight structures with extended the working
life and lower production costs. A clear shift from damage sustaining to damage
repairing philosophy need to be followed.

The concept of self-healing is not naive to the world; for example, manufac-
turing transportation marvels like aircrafts, ships have been motivated from airborne
and aquatic animals. Self-healing in natural systems in a unique and continuous
process sometimes occurs stage-wise. Composite systems such as bones simply
heal by remodelling themselves constantly through different stages such as
detachment of damaged material, substitution by fresh material, removal of
over-designed material and structures under stress are reinforced by supplementary
material. All these steps are facilitated by specific cells entrapped in the bone tissues
which act as strain sensors and track large deformations. Subsequently, signals are
sent to cells responsible for removing or forming material (bone) [10]. For this
reason only, a particular field of science called biomimetics (literally from Greek
“imitation of life”) evolved which studies and analyses biological structures, forms
and functions in order to imitate the mechanisms and the connected principles of
self-healing and transfer it to artificial materials and processes. Over the past few
years, biomimetics has contributed to the development of several study fields like
engineering, chemistry, physics and material science in one way or other [9].

Fig. 3 Schematic representation of self-healing process in an ionic rubber network by reformation
of reversible ionic associates [4]
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Damage in general terms can be described as unwanted changes occurring in a
system that hinders its properties and normal functioning. The understanding of the
nature and the magnitudes of damage and of degradation processes is the key to
design artificial self-healing functionalities for systems, structures and devices. The
term damage does not necessarily imply a total loss of performance, but rather
impairment in level of system operation from optimal. Hence, when both states of
the system—original one and damaged one—are compared, the extent of damage
can be deduced. Damage is typically a confined phenomenon around a crack or
fracture, so the ultimate challenge lies in the timely detection of this damage before
it spreads to all dimensions leading to final failure [11]. This can be achieved by
drafting materials with properties such as damage detection and self-healing.
Self-healing materials could be polymers, metals, ceramics and their composites
that when damaged through thermal, mechanical, electrical, ballistic or other means
have the capability to heal and refurbish or restore the impaired functionality of the
material. This is a very valuable characteristic to design into a material since it
effectively multiplies the service lifetime of the product and has desirable fiscal and
social safety attributes.

With time, most materials (systems) become less dependable and lose their
value, usefulness for the operation due to deterioration processes where defects
grow and integrate to cause component and lastly system level damage (e.g. fatigue
or corrosion damage accumulation). On a relatively short time scale, damage can
also result from scheduled distinct events such as aircraft landing and from spon-
taneous events such as an impact. If this damage is allowed to propagate, the system
operation reaches a point where it is no longer functional; this point is referred to
failure. The main causes of degradation of materials may be summarized as:

(1) Harmful materials, substances and agents such as oxygen, oxidizing agents,
water, salts, poisons, active materials and living biological bodies such as
virus, bacteria, fungi, insects, animals, human beings and others,

(2) Environmental factors such as heat, visible light, external mechanical force,
e.g. strong wind, radiation, pressure and precipitation, collapse of the adjacent
structure may be due to natural calamity, a sudden impact and others.

Such deterioration (or damage) is in general a relentless and irreversible process,
increasing exponentially with time until a certain critical limit is reached where
either significantly repairing costs are high or a fatal failure is going to occur.
Therefore, materials with increased lifetime and reliability can play critical role in
systems and devices working in transportation, building, information transfer,
medicine and strategic like military, space missions as well as in routine life.

In order to prevent such deterioration, the following response mechanisms are
known.
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2.1 Passive (Built-in Damage Prevention)

It is the method of using protection agents on the areas prone to deterioration, and
this protection is short-lived, directly proportional to the concentration of the agent.
It cannot repair by itself and hence no memory of the innate structure.

2.2 Active (Autonomous or Self-repair)

It involves direct attack on atoms and molecules of the material itself instead of
protection agents. More the number of dented sites and more is the cumulative
damage with time and at certain positions, more is the amount of repairing agents
required. Moreover, the choice of repairing agent is controlled by the repair rate.
A transfer of material is needed, and a memory of the original structure is
preferable.

Presently, passive protection mechanisms are readily applicable and common for
many different materials systems; therefore, they predominate in industries.
However, such materials will always stay submissive, and therefore their lifespan
and functionality is limited depending upon the quantity of protective additives
and the intensity of their consumption. Therefore, improved and favourably active
processes for the protection/repair of damaged materials—self-repairing-processes—
were developed and need to be developed further.

All materials, natural or synthetic, have a tendency to degrade by natural or
artificial causes. In the case of structural materials, the long-time degradation
processes lead to microcracks that cause failure. Thus, repairing is indispensable to
enhance dependability and lifetime of materials, in aerospace and automotive
industry, IT and robotics, healthcare and pharma industries. Though the natural
process like blood coalescence or repairing of cracked bones triggered the scientists
to integrate the same theory into artificial materials but due to the complexity of the
healing processes in natural materials, it is not fully achievable [12–15]. Jargons for
self-repairing, such as autonomic-healing and autonomic-repairing are used. In
most cases, incorporation of self-healing properties in man-made materials is not
enough to perform the self-healing action. Based on these considerations, the
repairing mechanisms of self-healing material systems can be of the following
two types:

• Autonomic (without any intervention): It is self-healing that occurs auto-
matically without external trigger except the damage [16]. This means that it is
fully self-instigated and requiring no outer intervention of any kind whatsoever
[17].

• Non-autonomic (needs human intervention or external triggering): This
self-healing mechanism requires human action or outside prompting [18]. The
material being partially self-contained has the healing capability, but an addi-
tional external stimulus such as thermal (heat) or light/electromagnetic
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(UV radiation) is required for the healing to occur [17]. This can be represented
through paints which self-heal when warmed up (for example, when exposed to
the summer sun) [19] (Fig. 4).

3 Designing Strategies for Healing Capacity

Materials science, one of the most fascinating and challenging branches of
knowledge, is a multidisciplinary science. The different types of materials such as
plastics/polymers, paints/coatings, metals/alloys and ceramics/concrete have their
own self-healing mechanisms depending on material microstructure. In under-
standing and designing materials with desirable properties, knowledge of their
physics, chemistry and engineering aspects is necessary. Effort to design such novel
and intelligent engineering materials with autonomous healing power have picked
up considerably in recent years [21–23]. Healing is a three-step process, which is
similar to that of a biological response. The first step involves triggering action
immediately after the damage occurs. The second step is the quick transportation of
materials to an affected region. The third step involves the chemical repair process
[24]. This process is what differs in various self-healing materials and is achieved
by using two approaches: extrinsic and intrinsic. In extrinsic systems, the healing
agent is sequestered in microcapsules or vascular networks. The healing chemistries
remain separated from the surrounding polymer and are released on the event of
crack or damage. In intrinsic systems, the material has inherent capacity to restore
its integrity that is triggered by damage or by an outside stimulus. It involves
reversible cross-links and supramolecular interactions.

3.1 Release of Healing Agents

Liquid active agents, such as monomers, dyes, catalysts and hardeners entrapped
into microcapsules, hollow fibres or channels, are embedded into polymeric sys-
tems during manufacturing stage. When there is a crack or any other damage, these

Fig. 4 Various mechanisms for autonomous and non-autonomous self-healing systems [20]
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reservoirs are ruptured and the reactive agents are discharged into the cracks by
capillary force where it solidifies on reacting with pre-dispersed catalysts and heals
the crack. The propagation of cracks is the major driving force of this process. On
the other hand, it requires the stress from the crack to be relieved of any kind of
stress, which makes the task of designing such materials difficult. As this process
does not need a manual or external intervention, except the damage, i.e. propagation
of cracks, it is autonomic.

The following sections give an overview of different possibilities to explore this
concept of designing self-healing materials.

3.1.1 Microcapsule Embedment

Microencapsulation is a process of entrapping micron-sized particles of solids,
droplets of liquids, or gases in a tiny sphere which in turn isolates and protects them
from the external environments [25–28]. It is carried out to form microcapsules
which have two parts, namely the core and the shell. These microcapsules are inert
as there is negligible reactivity of the shell to the core material. They may have
spherical or irregular shapes and may vary in size ranging from nano- to microscale.
Self-healing polymer composites are so designed to contain microcapsules
enclosing healing agents or catalysts. Early literature [29, 30] suggests the use of
microencapsulated healing agents in a polyester matrix to achieve a self-healing
effect. But they were unsuccessful in producing practical self-healing materials. The
earlier practical demonstration of self-healing materials was performed in 2001 by
Prof. Scot White and his collaborators [31]. Self-healing capabilities were achieved
by embedding microcapsules carrying healing agents into polymer matrix con-
taining uniformly dispersed catalysts. The self-healing strategy used by them is
shown in Fig. 5.

3.1.2 Capsule–Catalyst System

This process has been demonstrated with dicyclopentadiene (DCPD) as the liquid
healing agent and Grubbs’ catalyst (benzylidene-bis(tricyclohexylphosphine)
dichlororuthenium) as an internal chemical trigger and dispersed them in an epoxy
matrix. The monomer being relatively less expensive, highly durable and less
viscous is advantageous. The low viscosity of the monomer helps it to flow into the
crack plane. The microcapsules filled with DCPD release their content after
mechanical damage and it then reacts with the Grubbs’ catalyst dispersed in the
epoxy resin to initiate a ring-opening metathesis polymerization (ROMP) [32, 33]
and a highly cross-linked tough polycyclopentadiene is formed that seals the crack
Fig. 6. The catalyst lowers the energy barrier of the polymerization reaction so that
it can occur at room temperature. The authors have demonstrated that as much as
75% of the recovery of fracture toughness compared to the original specimen can be
achieved [34].
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Multicapsule System

The same group of scientists later used another approach in which catalyst was
encapsulated instead of monomer healing agent [35]. Monomers such as
hydroxyl-functionalized polydimethylsiloxane (HOPDMS) and polydiethyoxysi-
lane (PDES) were added to vinyl ester matrix where they stay as microphase-
separated droplets. The polyurethane microcapsules containing the catalyst
di-n-dibutyltin dilaurate (DBTL) is then dispersed in the matrix (Figs. 5 and 6).
Upon rupture of these capsules, the catalyst reacts with the monomer and poly-
condensation reaction of the monomers takes place (Fig. 7).

The critical factors that influence the microencapsulation-based self-healing
approach to produce an effective self-healing material are summarized in Table 1.

Hollow Fibre Embedment

Self-healing approach using microcapsules is flawed by uncertainty in achieving
complete and/or multiple healing as it has limited amount of healing agent and the

Fig. 5 Schematic representation of autonomic self-healing concept using embedded microcap-
sules containing healing agent in a polymer matrix [31]
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Fig. 6 Ring-opening metathesis polymerization of DCPD (permission requested [32])

Fig. 7 a Capsule-based self-healing includes four main sequestration schemes. Materials with the
sequestered components are labelled as 1 and 2. (1) Capsule–catalyst systems include an
encapsulated healing agent and a dispersed catalyst phase, (2) multicapsule systems utilize two or
more capsules that sequester separate components of the healing agents, (3) latent functionality
systems make use of functional groups within the matrix phase that react with an encapsulated
healing agent upon damage and release. (4) Phase-separated systems include at least one healing
component that is phase-separated within the matrix, whereas other components may be
encapsulated. b The design cycle for capsule-based self-healing materials composed of (1)
development of encapsulation/separation technique, (2) capsule integration into the bulk material,
(3) characterization of mechanical properties, (4) validation of damage triggering and release of
healing agents and (5) evaluation of healing performance [16]
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amount of healing agent left cannot be quantified. Manifold healing is only feasible
when excess healing agent is available in the matrix after the first healing has
occurred. Thus, to achieve multiple healing in composite materials, another type of
reservoir that might be able to deliver larger amount of liquid healing agent was
developed by Dry and coworkers [29, 37, 38]. However, the approach could not be
practically successful. Later, large diameter capillaries were embedded into resins
by Motuku et al., but the trials were unsuccessful as well [39]. Bleay et al. have
used smaller hollow glass fibres (Hollex fibres) filled with resin as shown in the
Fig. 8 [40]. Composites system formulated on the basis of these filled glass fibres
were not of much success as the epoxy resins were highly viscous to be delivered
into the crack and curing was also not good. Bond and coworkers later developed a
process to optimize the production of hollow glass fillate [41] and used these fibres
as the container for liquid healing agents and/or dyes [42–46]. These borosilicate
glass fibres have diameter ranging from 30 to 100 µm with hollowness of 55%.

Bond and coworkers have employed a biomimetic approach of clot formation
and fabricated composites with bleeding ability leading to polymerization and crack
closure. Hollow fibres containing uncured resin or hardener (mixed with UV
fluorescent dye for visual inspection) were prepared and piled to achieve a special
layered-up (0°/90°) structure in the matrix (epoxy resin) in combination with

Table 1 Factors influencing the microencapsulation-based self-healing materials [36]

Parameters Factors of influence

Micro capsules Inertness towards the polymers shell

Capsules lifetime

Compatibility with the medium

Weakness of the shell wall

Proximity to the catalyst molecules

Interfacial attraction strength between capsules and matrix

Monomers Low viscosity

Low volatility

Polymerization process Rate of polymerization

Stress relaxation

Shrinkage

Temperature

Catalysts Solubility in monomer

Dispersion

Coatings Stability of properties upon incorporation of microcapsules

Thickness

Dispersion

Processing

Healing effect Rate of healing

Repetitional
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conventional glass fibre/epoxy system. Hollow fibre-based self-healing strategy is
shown in Fig. 9.

They have demonstrated that composite panels prepared using hollow fibres
containing repairing agents can restore up to 97% of its initial flexural strength
more than that achieved by microencapsulation method. The release and infiltration
of fluorescent dye from fractured hollow fibres into the crack plane was also
demonstrated. This approach of self-healing material design offers certain advan-
tages, which are as follows:

Fig. 8 Typical scanning
electron micrographs of
hollow glass fibres [47].
Copyright 2006.

Fig. 9 Schematic representation of self-healing concept using hollow fibres [45]
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• Higher volume of healing agent is available to repair damage which implies
multiple cracks can be catered to;

• Different activation methods/types of resin can be used, hence greater ability to
heal different failures;

• Visual inspection of the damaged site is feasible, which implies easier detection
and confirmation of healing, thus improved efficiency;

• Hollow fibres can easily be mixed and tailored with the conventional reinforcing
fibres, implies no change in structural design but can be functionally modified
according to our need.

Besides the above advantages, this approach has the following disadvantages as
well:

• Fibres must be broken to release the healing agent; compromising sensitivity.
• Low-viscosity resin must be used to facilitate fibre infiltration;
• Use of hollow glass fibres in carbon fibre-reinforced composites will lead to

CTE (coefficient of thermal expansion) mismatch;
• Multistep fabrication is required making it cubersome.

3.1.3 Reversible Cross-links

Cross-linking, which is a permanent and irreversible process of polymeric materi-
als, is done to achieve superior mechanical properties, such as high modulus,
solvent resistance and high fracture strength which are conducive to any material.
However, excessive cross-linking brings along brittleness and tendency to crack. As
it is irreversible process, it adversely affects the re-fabrication and remoulding
ability of polymers. One approach to these problems associated with cross-linked
polymers is the introduction of reversible cross-links in polymeric systems [48–50].
The weak reversible interactions (weak metal-amine bonds or weak hydrogen
bonds), in conjunction with a polymeric structure form a reversible network by
cross-linking which will break under a sufficient mechanical stress. The weakest
bond in the polymer structure is the polymerization or cross-linking bond of the
Diels-Alder reaction adduct. While strong in comparison with other types of
non-covalent chemical bonds, this is the first bond to break when the material is
loaded to failure or heated above its transition temperature. However, because this
bond is reversible, this is also the bond that reforms when the material is cooled
below the transition temperature. Initial results on macrocracked neat polymer
samples show excellent potential that near full recovery of original strength is
possible. Moreover, healing may be carried out multiple times on the same broken
bond [51]. However, an external trigger such as thermal, photo- or chemical acti-
vation is needed to achieve reversibility, and thereby the self-healing ability.
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3.2 Supramolecular Polymers

The traditional polymerization is achieved due to the size and entanglement of long
chains of monomers, held together by covalent bonds leading to the formation of
conventional polymers. Recently, in contrast to this, assembly of low molar mass
monomers by reversible non-covalent interactions to obtain polymer-like rheolog-
ical or mechanical properties is being done, called as supramolecular polymers
[52–55]. Supramolecular swollen polymer networks have received particular
interest in self-healing materials as their behaviour can be tailored within the limits
of highly elastic solid (steel like represented by spring) and low-viscous (repre-
sented by easy moving dashpot) solutions.

As non-covalent interactions can be easily broken and can be under thermo-
dynamic equilibrium, this special class of macromolecular materials, that is, the
so-called supramolecular polymers, shows additional features compared to usual
polymers. These features include switchable environment-dependent properties,
improved processing, and self-healing behaviour. In general, supramolecular
polymers can be divided broadly into two categories, which are main-chain and
side-chain types. Although non-covalent interactions hold, the backbone of the
main-chain supramolecular polymers is held by non-covalent interactions, but
side-chain supramolecular polymers are used to introduce modifications in con-
ventional covalent polymers. These non-covalent main- or side-chain interactions
are mechanically dynamic as the transient cross-links are under constant a
dissociation/association equilibrium which in turn allows stress relaxation and
benefits to the self-healing of the material.

Non-covalent forces that make up supramolecular polymers are metal–ligand
interactions, p–p interactions, hydrophobic, electrostatic interactions and hydrogen
bonding. Out of all these assembly forces, hydrogen bonding is the most preferable
route to synthesize supramolecular polymers. In using hydrogen bonding, there are
issues to find the right balance between the association constant and a reversible
system. The higher the association constant, the lesser is the reversible interaction.
In contrast, the lower the association constant, the better the reversibility, that is,
smaller assemblies and poor mechanical properties.

Meijer and coworkers were the first to synthesize supramolecular polymers of
ureidopyrimidone (Upy) by using quadruple hydrogen bonding non-covalent
interactions with high degree of polymerization [56, 57]. The resulting material
display mechanical properties similar to traditional polymers along with
self-healing capacity. This discovery of using weak reversible hydrogen bonding
interactions to produce supramolecular assemblies with high association constant
and having polymeric properties makes this field an exciting area for materials
research. The Upy compounds are cheap and can be incorporated into other
polymeric systems to improve processability or other functionalities. This hydrogen
bonded unit is further utilized in the chain extension of telechelic polysiloxanes,
polyethers, polyesters to form side-chain type polymers. On the basis of the above
discovery, a spin-off company from the Technical University of Eindhoven,
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Fig. 10 Self-healing in rubbers at room temperature: a stress–strain behaviour measured at 40 °C
after different healing times when the cut parts are brought into immediate contact at 20 °C,
b stress–strain behaviour of mended samples measured at 40 °C; after keeping broken samples
apart for 6 h and then mending done at 20 °C, c same as (b) with resting time between cutting and
mending 18 h and mending at 20 °C. Coloured vertical lines in (a–c) correspond to elongation at
breaking for given healing times. d Time-dependent infrared experiments. The spectra show
decrease in the intensity at 1524 cm−1, free N–H bending motions (green), increase in the intensity
at 1561 cm−1, associated N–H bending motions (purple) [59]. Copyright 2008. Permission
requested from Nature
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SupraPolix BV, has already started exploring this field commercially [58]. Hybrid
systems of supramolecular monomers and orthodox polymers were also developed.
Cordier and team have recently published a very interesting piece of research that
brings together supramolecular chemistry and polymer physics to develop
self-healing rubbers [59]. They have used fatty diacids and triacids from renewable
resources and subjected them to two-step synthetic routes to produce self-healing
rubbers. In the first step, acid groups were condensed with excess of diethylene
triamine, and in the second step, the condensed acid groups were made to react with
urea. The resulting material shows both rubber-like characteristics as well as
intrinsic self-healing capability. The prepared material can be repaired by simply
bringing the two cut ends together at room temperature without the need of external
heat. However, if the broken parts are kept for a longer period, they need to be hold
together for longer period for self-mending and self-repairing as shown in Fig. 10.

Besides hydrogen bonding, another interaction has been looked over to design
supramolecular polymers, which is metal–ligand interaction [60–62]. Metal com-
plexes have the upper hand over other complexes due to its optical and photophysical
properties. Moreover, different metal ions can be used to modulate its reversibility.
Though bi-pyridine complexes are well known, it is the terpyridine-based metal–
ligand complexes that are gaining increased attention as a new type of functional
materials for example bis-terpyridine metal complex is shown in Fig. 11.

4 Applications

To commercialize a product in industries, the following major milestones need to be
crossed:

• Idea generation (preliminary level)
• Laboratory implementation (product level)
• Scaling up of Pilot line (process level)
• Industrial applications (marketing level).

Currently, self-healing materials development is either in the preliminary or
product level, and so these materials are yet to reach market profitably. Applications

Fig. 11 An example of supramolecular polymer is bis-terpyridine–metal complex (charge and
anions omitted) [61]. Copyright 2007. Reprinted with permission from American Chemical
Society
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of self-healing materials are expected to be very broad. In the future, it will have a
massive impact on virtually all industries, from the automotive industry to the
energy sector. The major applications being developed today are in automobile
(windshield seal, wire/cable, gaskets, spoiler and fibre-reinforced soft touch surface
for interior), building/construction (Public service buildings such as shops,
restaurants and cafeterias; educational buildings such as schools and colleges;
administrative buildings such as ministries and institutions building), medical
devices (syringe, medical tubing, medical wrapping and packaging), mobile elec-
tronics (wire/cable, earplugs, cell phone), household appliance sector (sporting
goods, footwear soles, toys and adhesives) and aerospace industries.

4.1 Civil Construction

The construction industries and contractors are looked upon for carrying out
responsibilities like maintenance, monitoring and repair for life cycle of the
infrastructures. The serviceability limit of these structures by most common cause
of damage, i.e. cracks, can be overcome by crack control methodologies and that is
where healing materials stand their applications [63]. Self-healing corrosion-
resistant coatings could be beneficial for structural metallic components such as
steel for achieving long-term service life with reduced maintenance cost. Structural
materials like cement or concrete that can withstand extreme environments and
harsh conditions will make it easier for designers to construct buildings in desert
areas and polar conditions. Possibility of making buildings in space, planets or
moon can be realized by having self-healing mechanisms in place.

4.2 Swelling Elastomer in Oil and Gas Industry

All elastomers are effected when it comes in contact with some chemical; most
common is physical swelling. Swelling elastomers are a new breed of advanced
polymers that swell upon interaction with fluids like water, oil or acid. Swelling
occurs when oil or water reacts with one of the chemical ingredient of elastomer
which controls its mechanical properties. Therefore, it results in change of geom-
etry, density, hardness and other properties [64]. Water-swelling elastomers swell
through the absorption of saline water following the mechanism of osmosis, while
oil-swelling elastomers swell by the absorption of hydrocarbons through a diffusion
process [65]. Swelling rate depends on the temperature, pressure, type of elastomer
and its design and fluid composition. Swelling elastomers have replaced cement
plugs in certain petroleum applications like zonal isolation where it has enhanced
oil recovery tremendously. Swelling elastomer have found extensive applications
where other materials fail to work like maintaining the profitability of old wells can
be maintained, production from abandoned wells can be restarted, and production
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from economics exploitation of inaccessible new reservoirs can be achieved eco-
nomically. Swellable elastomer is an expanding and evolving technology with a
huge potential. However, many challenges are still there to be overcome mainly
how these elastomers deal with more extreme environments and conditions of high
pressure and high temperature (HPHT) is still questionable. Highly acidic or highly
saline and chemically more reactive aggressive reservoirs are also unexplored areas.
Development of new swelling-elastomer materials and designing of improved and
innovative applications is a need of the moment for the working envelope of HPHT
and aggressive reservoirs.

4.3 Car Painting

The best example of initiating the application of laboratory-based materials to
industries is done by companies such as Autonomic Materials or Akzo Nobel. More
specifically, Akzo Nobel promotes a high gloss clear coat (Sikkens Autoclear LV
Exclusive) for cars, which features self-healing properties when exposed to heat
[66]. Nissan Motor Co. Ltd has commercialized world’s first self-healing clear coat
for car surfaces under the trade name of “Scratch Guard Coat” [67]. According to
the company, this hydrophobic paint repairs scratches (arising from car washings,
off-road driving, or fingernails, key marks, cleaning brushes, vandalism intentions)
on coated car surfaces and is effective for a period of three years. This newly
developed paint contains high elastic resins that prevent scratches reaching the inner
layers of a painted car surface. Depending on the depth of the scratch and the
temperature in the surrounding environment, the entire recovery occurs between 1
and 7 days. Another example in this category is the two-component polyurethane
clear coats from Bayer Material Science (Fig. 8) [68]. The trade names of the raw
materials used to formulate this coating are Desmodur and Desmophen. According
to company sources (Fig. 12), this coating heals small scratches under the influence
of heat (sunlight) and the trick employed to design such coatings is based on the use
of dense polymer networks with flexible linkages.

4.4 Aerospace

The next industrial segment where applications of self-healing materials are fore-
seen is the aviation industry. Use of composites in aircrafts has grown significantly
in the past years. Hollow fibres-reinforced composites are a possible solution to
recover cracking or damages. Self-healing polymers have paved its way in space
applications. A material that can heal itself is of great utility where access for
manual repair is limited or impossible, as in a biological implant or a material that is
launched into orbit in the solar system. It can extend lifetime of a satellite in orbit
around earth, say twice, and would approximately decrease the cost of the mission

Self-healed Materials from Elastomeric Composites: Concepts … 237



two times. Furthermore, the increase of a spacecraft lifetime will result in longer
time missions to the destinations far away in the solar system, and maybe beyond.
Incorporation of lighter self-healing polymer materials for constructing satellites
instead of metal is a very cost-effective solution and will be able to deliver multiple
satellites. Also it can avoid mishaps and help save valuable human lives by
avoiding accidents due to material failures as had happened in Challenger (1986)
and Columbia (2003) disasters. The extreme variation in temperatures and atmo-
spheres makes space shuttles and vehicles very prone to failures, which can be
troubleshot by allowing self-healing to occur in fabricating materials. Hence, safety
of air and space craft can be improved by using self-healing components.

4.5 Military

Having safety armours, ballistic proof wear and body protection that could heal
itself even during the combats will be beneficial for the armed forces. Additionally
armoured vehicles, warships, jet fighters can benefit from fast self-disappearing
holes in the skin of a tank, ship, or a plane, A prototype of such material already
exists. DuPont’s Surlyn shows good properties to heal after projectile hit damage.

Fig. 12 Schematic representation of the reflow effect of self-healing clear coats when a scratched
surface gets heat (adapted from a presentation [68] of Bayer Materials Science)
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4.6 Medical Dental/Artificial Body Replacements

Other areas of applications of self-healing materials are in medical segments.
Nowadays, an artificial bone replacement can last up to 10–15 years. Development
of good biocompatible self-healing composite materials may extend this time.
Biocompatible self-healing composite may extend the service life of artificial bone,
artificial teeth and soon. Another application will be in dentistry. In making artificial
teeth and tooth-filling materials, self-healing would benefit their functional life time.
All such material would be in big demand virtually independent of price.

5 Conclusion: Towards a New Generation of Self-healing
Systems

Self-healing materials are actively under research across the world and in a century
where maintenance and sustainability are emphasized, expectations of self-healing
are becoming stronger. In order to develop a new generation of self-healing
devices-smart structures, the following working areas need particular effort:

1. Development of tunable materials that can be targeted to any selected appli-
cation. It is clear that dynamic bonds, such as H-bonds, bonds formed from
Diels–Alder chemistry, disulfide bonds are common to a number of different
polymeric systems. Therefore, a top-down approach is used to identify dynamic
bonds that could be readily integrated into any number of polymeric systems
and then this information is used to design a multipurpose self-healing material.

2. Development/design of intelligent materials with autonomic performance which
includes self-diagnosis, self-control and self-healing; therefore, sensing elements
need to be incorporated within structures/surfaces which are able to control the
self-repair process in every aspect (signal transport, activation of the repair
mechanism). It has been long time since efforts to provide such materials have
been initiated, but the sensor function has to be further developed and extended
with an active learning functionality, able to differentiate and to detect damage,
to interpret the obtained information and to trigger/stimulate the repair action on
demand. These sensor elements should be ideally structural parts of the system,
and the working of the system should not be compromised.

3. In order to industrialize any material, its design should be kept simple and
cost-effective. In order to achieve this, the reagents must be relatively cheap and
stable and the design must be easy to reproduce, thereby avoiding the use of
expensive or unstable catalysts and metal ions.

4. Development of new transport/repair mechanisms for different activation
energies/materials and different circumstances (speed, temperature, amount of
recovery). It can be made possible by utilization of quantum chemistry pre-
diction methods to predict the energy (e.g. temperature) at which a dynamic
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bond forms and breaks based on the chemical environment around the bonds.
This is especially needed to widen the area of applications of self-healing
systems to more materials and systems.

5. Finally, methods must be developed to test and characterize the structures/
devices and to quantify the success of the self-repair action. Up till now,
measurement of mechanical performance is the only method used to estimate the
status of self-healed materials. However, since self-healing is not necessarily
only connected to mechanical damage, some measure of the quality of the
self-repair has to be developed.

If these requirements are met, then it will be possible to create truly smart
structures, which sense their internal state and external environment and based on
the information gained respond in a manner that fulfils their functional require-
ments. The primary advantage of moving towards smart structures technology is the
potential cost benefit of condition-based maintenance strategies and the prospective
life extension that may be achieved through in situ health monitoring.
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Nanocomposites for Extrinsic Self-healing
Polymer Materials

Yongjing Wang, Duc Truong Pham and Chunqian Ji

Abstract Extrinsic self-healing composites are capable of automatic recovery
when damaged, inspired by biological systems that are naturally able to heal
themselves. Nanocomposites have been employed in the development of extrinsic
self-healing composites to either improve the healing performances or reduce the
adverse effects introduced by the embedded capsules or vessels. This chapter
reviews the work on extrinsic self-healing composites and the role of nanocom-
posites in the field. It presents a summary of the various self-healing concepts that
have been proposed over the past decade and a comparative analysis of healing
mechanisms and fabrication techniques for building capsules and vascular net-
works. The use of nanocomposites is categorised into four groups based on their
functions, indicating four research directions that can be greatly promoted by the
introduction of nanocomposites. Based on the analysis, current key barriers and
potential future works are highlighted.

Keywords Capsule-based � Vessel-based � Smart repair � Encapsulation �
Sacrificial component � Structural reinforcement � Vascular networks
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PMMA Poly(methyl methacrylate)
PUF Poly(urea-formaldehyde)
SEM Scanning electron microscope
SWCNT Single-wall carbon nanotubes
TEA Triethanolamine
TFE Trifluoroethanol
UF Urea-formaldehyde

1 Introduction

Self-healing polymer materials can automatically restore their properties after
damage. Through self-healing, it is expected to extend the material life and reduce
the cost of maintenance. Self-healing composites can be categorised into extrinsic
and intrinsic self-healing composites. Intrinsic self-healing composites heal through
inherent reversibility of physical or chemical bonding [1]. Reversible mechanisms
include the swelling and deflating of shape memory polymers [2] and the melting
and solidification of thermoplastic materials [3]. In other words, the ability to
recover in intrinsic self-healing composites is an inherent property of the materials
themselves.

The healing ability in extrinsic self-healing composites is achieved using
microstructures such as capsules and vessels embedded inside the composites. These
microcapsules and microvessels are loaded with a special liquid which can flow to
damaged areas and heal them. Once the composites are damaged, cracks cause
microcapsules or microvessels to rupture and release the healing agents, which fill
the cracks and solidify. The mechanical properties of the composites are restored as a
result. This design was inspired by the bleeding and healing processes in nature.
Compared with intrinsic self-healing composites, extrinsic self-healing composites
have a wider application and can heal even when the damaged area is large [4, 5].

This chapter introduces extrinsic self-healing composites and the role and effect
of nanocomposites in their development.

2 Extrinsic Self-healing Materials

2.1 Background

As mentioned above, when an extrinsic self-healing composite is damaged, cracks
cause microstructures to rupture, releasing the healing agents stored inside. Based
on the types of microstructures, extrinsic self-healing composites can be categorised
into capsule-based self-healing composites and vessel-based self-healing composites.
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Capsule-based self-healing was first proposed in 2001 [6] (Fig. 1). In this pro-
totype, a polymer matrix contains cell-like capsules containing dicyclopentadiene
(DCPD) and Grubbs’ catalyst. After damage, the composites recover through the
ring-opening metathesis polymerisation (ROMP) of DCPD catalysed by Grubbs’
catalyst. During ROMP process, the strained rings in monomers are open and
reconnect to form long chains so that a mixture of cyclic olefin is converted to a
polymeric material. Almost 75% toughness can be recovered in 48 h at room
temperature as a result.

The development of vessel-based self-healing composites was first proposed in the
1990s, by using hollow glass tubes as one-dimensional vessels preloaded with an
epoxy-based healing agent [7–9]. When the glass tubes ruptured, the loaded healing
agent filled the damaged areas and solidified. A similar design based on hollow glass
fibres can enable self-healing in fibre-reinforced composites [10]. Healing agents can
also be mixed with UV fluorescent dye so that the ‘bleeding process’ could be
observed [11]. The hollow fibres are not only a healing agent container but also a part
of the reinforcing material (Fig. 2). However, the refilling of healing agents into
hollow fibres as a special feature of vessel-based self-healing compositeswas difficult.

In 2007, the first vessel-based self-healing composite able to be refilled with
healing agents was realised by Toohey et al., by embedding a three-dimensional
vascular network inside materials [12]. The healing mechanism was also ROMP
reaction of DCPD enabled by Grubbs’ catalyst that has been used in capsule-based

Fig. 1 Prototype of
capsule-based self-healing
composite [6]. Copyright
2001. Reproduced with
permission from Nature
Publishing Group
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self-healing composites. The healing efficiency achieved as high as 70% in different
healing cycles. Even though the healing efficiency was lower compared to that
obtained in the capsule-based healing materials available then, it was the first time a
self-healing composite capable of healing in multiple cycles was demonstrated
(Fig. 3). Direct-write assembly of a fugitive organic ink was adopted to build
sacrificial components that were incorporated in the host materials. The sacrificial
parts were then heated, and the liquefied sacrificial material was removed to gen-
erate a hollow 3D architecture inside the host material.

Capsule-based and vessel-based self-healing composites have different healing
performances. As the healing agents in capsules cannot be refilled, capsule-based
self-healing composites can heal only if the damage is small or medium in extent. In
comparison, as the vessels can be refilled externally and continuously, vessel-based
self-healing composites are able to recover repeatedly from large-scale damages.
This is the key advantage of vessel-based self-healing composites. However, the
fabrication techniques for vessel-based self-healing composites are more compli-
cated than those for capsule-based self-healing composites. First, the techniques to
build interconnected three-dimensional vessels inside polymer composites are
expensive and challenging. Second, vessel-based self-healing composites require
healing agents able to flow inside vessels, limiting the types of healing agents that
can be adopted. In fact, in the past two decades, work on extrinsic self-healing
composites has focused on two main areas: healing agents and new fabrication
techniques for microstructures. The development of new healing agents was to

Fig. 2 Use of hollow fibres as vessels for self-healing composites [10]. Copyright 2001.
Reproduced with permission from Elsevier
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widen the range of healable host materials and to enhance the healing strength or
healing rate. Research on new fabrication techniques was to improve the efficiency
and reduce the cost of building strong 3D microstructures inside the host materials.

2.2 Capsule-Based Self-healing Composites

2.2.1 Healing Agent

In capsule-based self-healing composites, healing agent should be able to flow and
be stored in the capsules. According to a recent review, capsule-based self-healing
composites can be categorised into five groups [13]. These categories can be
simplified into the four groups shown in Fig. 4.

For single capsules, the healing agent is a one-part liquid which can react with
functional groups or particles dispersed or dissolved in a matrix. The reactions can
even be triggered by light or heat. In phase-separated capsules, at least one com-
ponent of healing agents sustains phase separation, and the other components are
stored in capsules. The two fluids react when the liquids in capsules are released. In
the all-in-one capsule system, all healing components are contained in one capsule,
by either placing different components in different layers or using larger capsules to
store smaller capsules loaded with different healing components. When the capsules

Fig. 3 Vessel-based self-healing composites are embedded with a three-dimensional vascular
network [12]. Copyright 2007. Reproduced with permission from Nature Publishing Group
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are ruptured, various components contact and are subsequently polymerised without
additional chemicals [13].

As most of the effort has been on developing new mechanisms to improve the
healing efficiencies, tens of healing agents have been developed for various
capsule-based self-healing composites. Table 1 gives a few typical examples. Amore
comprehensive list is available in the paper by Zhu et al. [13].

2.2.2 Fabrication Techniques

The fabrication of capsule-based self-healing composites normally involves two
processes: healing agents encapsulation and the integration of capsules within the
matrix material. Various encapsulation techniques widely employed in the food and
pharmaceutical industries can be used for the encapsulation of healing agents.

Currently, in situ polymerisation in an oil-in-water emulsion is the most popular
method of making capsules loaded with healing agents. Polymerisation of a shell
monomer is carried out on the surface of a core material to form an isolating layer,
as shown in Fig. 5. This method offers controllable shell thickness and

Fig. 4 Four types of capsule-based self-healing composites [13]. Copyright 2015. Reproduced
with permission from Elsevier
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microcapsule size in the range 200 nm–1000 µm. In the work of Brown et al. [25],
poly(urea-formaldehyde) (PUF) as a shell material was used to encapsulate DCPD
healing agents, and the process of in situ polymerisation in an oil-in-water emulsion
was presented in their paper in detail. Other materials have been employed to
produce the shell of capsules including poly(melamine formaldehyde) (PMF) [26]
and poly(methyl methacrylate) (PMMA) [27, 28] (Table 2).

Fig. 5 Schematic diagram of the formation of capsules by in situ polymerisation [13]. Copyright
2015. Reproduced with permission from Elsevier

Table 2 Summary of encapsulation techniques for capsule-based self-healing composites

Encapsulation
techniques

Healing agent Shell materials Size (diameter;
shell thickness)

References

In situ
polymerisation

DCPD PUF 10–1000 µm;
160–220 nm

[25]

Epoxy monomer PUF 30–70 µm; N/A [17]

Epoxy monomer and
polythiol hardener

PMF 1–10 µm;
200 nm

[26]

GMA PMF *190 µm; N/A [15]

Polyetheramine
(hardener for epoxy)

PMMA 36–132 µm;
11.2–37.2 µm

[27]

ENB PMUF 113–122 µm;
700–900 nm

[35]

Interfacial
polymerisation

Epoxy monomer Ethylenediamine
(EDA)

100 μm;
4–10 µm

[36]

Amine Rapid
condensation of
isocyanate with
amine

26 ± 10 μm;
N/A

[30]

Isophorone diisocyanate
(IPDI)

Polyurethane
(PU)

40–400 μm;
thickness to
diameter
ratio *0.05

[37]

Miniemulsion
polymerisation

Pentaerythritoltetrakis
(3-mercaptopropionate)
(PETMP)

A styrene–maleic
anhydride
copolymer
(PSMA)

150–350 nm;
N/A

[38]
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Other techniques have also been employed to fabricate capsules to suit various
material properties such as solubility and viscosity. Rule et al. [29] used wax to
encapsulate Grubbs’ catalyst by rapidly cooling hot and stirred wax mixed with the
catalyst. Cho et al. [19] and McIlroy et al. [30] used interfacial polymerisation to
encapsulate DBTL and amine for epoxy-based self-healing systems. Chen et al.
[31] described the self-assembly of poly(acrylate amide) shell, containing poly-
styrene as core by atom transfer radical polymerisation (ATRP). Zhang et al.
[32, 33] demonstrated a fabrication method to make etched glass bubbles as healing
agent containers which would be more brittle and easy to rupture. Furthermore, the
shell can also be formed of more than one kind of material. Jin et al. [34] created a
two-layer capsule shell so that the thermal stability of the capsule can be improved
without affecting the rupture performance. A summary of encapsulation techniques
is given in Table 2. Methods that can be used to make nanometric capsules are
further discussed in Sect. 2. More information about encapsulation techniques can
be found in [13].

2.3 Vessel-Based Self-healing Composites

2.3.1 Healing Agent

Healing mechanisms for vessel-based self-healing composites are similar to those for
capsule-based self-healing composites. ROMP reaction based on DCPD and Grubbs’
catalyst was initially developed [12]. Toohey et al. also presented a two-part
epoxy-based mechanism [39]. They were the first to build two isolated 3D vascular
networks embedded in the same host materials, each containing a different liquid.
A two-part polyurethane was used in a polymeric foam healing system [40]. Patrick
et al. used a two-part epoxy for healing fibre-reinforced composites that have suffered
delamination [41]. White et al. [42] developed a two-stage chemistry, involving a gel
stage for gap-filling scaffolds and a polymer stage for the restoration of structural
performance, so that a damaged area up to 35 mm in diameter on a PMMA specimen
can be healed. To secure good fluidity and stability, the selection of healing agents
for vessel-based self-healing composites is rigorous, and many new factors such as
surface wettability and viscosity should be taken into consideration. Such a selection,
in turn, affects the design and development of the vascular network.

2.3.2 Fabrication Techniques

Fabrication techniques for vessel-based self-healing composites aim to build or
embed hollow vessels inside the host material. The vessels are required to have a
small diameter and a high strength, as the introduction of hollow vessels may
reduce the mechanical properties of the composites. However, it is beneficial to
have a high coverage of vascular networks to increase the chance of releasing
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healing agent when damaged. All these critical conditions set high demands on the
fabrication techniques for vessel-based self-healing composites. In fact, this is what
research into vessel-based self-healing composites has been concentrating on. In
this section, popular fabrication methods are analysed and categorised.

Hollow Fibres

Installing tubes containing healing agents is one method to fabricate vascular
self-healing fibre-reinforced composites [11, 43, 44], as shown in Fig. 6. The shell
of the hollow fibres acts as an isolating layer between the matrix and the healing
agent. The process of embedding hollow fibres in the host matrix is similar to that
of a conventional fibre-reinforced material (i.e. covering fibres with uncured epoxy
resins followed by curing). This simple fabrication procedure is one of the key
advantages of this method. Mechanical tests also show that the mechanical effects
of the hollow fibres on the host composite are small [45]. However, the design
cannot yield interconnected networks and refilling is hard, which are the main
drawbacks of using hollow fibres.

Fig. 6 a Distribution of cracks within laminate; b healing resin + fluorescent dye are released into
the crack [46]. Copyright 2007. Reproduced with permission from Elsevier
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Sacrificial Fibres/Scaffolds

Fabrication based on sacrificial fibres/scaffold is the most efficient method to pro-
duce three-dimensional hollow structures inside the polymer composites. Sacrificial
fibres/scaffolds are formed of materials easy to remove, dissolve or degrade. After
the sacrificial components have been integrated into the polymeric host material,
and the host material is fully cured, the sacrificial fibres/scaffolds are removed
manually or automatically by changing the surrounding conditions (e.g. increasing
temperature) to liquefy or depolymerise the sacrificial components. This leaves a
hollow microvascular network inside the host material. For example, to build
single-line channels, straight steel wire [47] or nylon fibres [48] can be used to
produce one-dimensional vessels. They can be removed easily by pulling out
manually or using an external machine. To build complex 3D structures, the fol-
lowing methods can be adopted.

(i) 3D printing of sacrificial scaffolds

Therriault et al. [49] and Lewis et al. [50] developed a 3D direct-write method to
create sacrificial microvascular networks by using a fugitive ink. A robotic depo-
sition apparatus was employed in a layerwise scheme to print paraffin-based organic
ink in three dimensions, as shown in Fig. 7a. After the integration of the scaffold
and the polymeric host material, the system was heated in a vacuum chamber to
remove the melted sacrificial materials, leaving a hollow microvascular network
inside. This technique produces vessels with a diameter ranging from 10 to 300 µm
and a root-mean-square (rms) surface roughness of 13 ± 7 nm. It is possible to
employ other fugitive inks, such as a composition of 60 wt% petroleum jelly and

Fig. 7 Fabrication of Scaffolds. a 3D printing using nozzles [49]. Copyright 2003. Reproduced
with permission from Nature Publishing Group. b 3D printing of a biomimicking pattern [55].
Copyright 2011. Reproduced with permission from John Wiley and Sons. c Self-propagated
photopolymer [57]. Copyright 2007. Reproduced with permission from John Wiley and Sons
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40 wt% microcrystalline wax [12]. The primary challenge in using this method is to
remove the melted sacrificial materials from the vascular networks, as residues
always exist when the vessel diameters are small, locking the liquids inside due to
viscous force.

To solve this, poly(lactic acid) (PLA) is a good option for sacrificial materials as it
leaves no residue after a thermal depolymerisation at high temperatures. 3D-printed
PLA can be used to build sacrificial structures [51]. However, the high temperature
needed to remove the sacrificial materials may harm the host material. Dong et al.
[52] discovered a catalytic reaction system based on catalysts such as tin(II) oxalate
that can improve the reaction rate of PLA depolymerisation from 1 wt%/h (weight
percent per hour) to 25 wt%/h, decreasing the depolymerisation temperature to
approximately 100 °C. The mixture of PLA and catalyst can also be 3D printed to
form sacrificial structures [53].

In addition, the printing processes can be modified so that sacrificial materials in
a biomimetic pattern similar to a leaf venation can be produced rather than simple
uniform patterns [54, 55], as shown in Fig. 7b. The diameter of the network can be
altered by changing the pressure inside the printing nozzle. Furthermore, Hansen
et al. developed a multinozzle array to print multiple lines simultaneously to
improve the printing efficiency [56].

Besides using nozzles, light-triggered solidification based on photopolymers can
also be used to print sacrificial components. Jacobsen et al. [57, 58] fabricated
interconnected photopolymer waveguides based on self-propagation and generated
open-cellular microtruss structures (Fig. 7c). This technique was further developed
to make metallic vascular networks [59] and bicontinuous fluid networks [60].

(ii) Melt-spinning and Electrospinning

Melt-spinning and electrospinning can generate sacrificial fibres from liquids,
similar to the generation of cotton candy. The original equipment for melt-spinning
sacrificial fibres was, in fact, a cotton candy machine [61]. In this work, the sugar
fibres were placed in a Teflon mould with uncured PDMS. After curing, the sugar
structure was dissolved away in a bath of water and ethanol, leaving a microchannel
network inside the PDMS matrix, as shown in Fig. 8. A similar method was applied
to form vascular networks inside gelatin by using shellac as sacrificial fibres.
Shellac is a kind of natural material exhibits pH-sensitive solubility in aqueous
solutions. Electrospinning can be used to produce similar sacrificial fibres. Gualandi
et al. [62] employed electrospinning to produce Pullulan fibres as the sacrificial
materials as they can be degraded when heated up to 250 °C.

(iii) Replication of existing patterns

Nature presents beautiful vascular networks such as leaf venations that can be repli-
cated for producing vascular networks in self-healing composites. Soft lithography is
a powerful tool for fabricatingmicrofluidic networks [63], and this can also be applied
to make vascular networks for self-healing material systems. Golden et al. [64]
described a method using gelatin as a sacrificial material to form a hexagon beehive
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structure, as shown in Fig. 9. This method started with building the initial pattern of a
vascular network followed by replicating the pattern using a substrate made of
pre-oxidised PDMS, forming a ‘negative’ version of the pattern on the substrate. The
gelatin was then used to fill up the cavity in the substrate.When the gelatin was cured,
it was removed from the substrate and embedded in hydrogel, which was later given a
heat treatment to remove molten gelatin. As a result, a microvascular network in the

Fig. 8 Fabrication of vessels in PDMS matrix [61]. a Water-soluble materials are used to make
large vessels; b water-soluble microfibres are used to make microvessels; c uncured polymer is
poured to immerse the soluble structure; d a warm water bath was used to remove the soluble
structure to generate hollow vascular networks in the matrix; e healing agents were injected into the
vascular networks; f an example of a PDMSmatrix embedded with vascular networks containing rat
blood. Copyright 2009. Reproduced with permission from Royal Society of Chemistry
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pattern was left inside the hydrogel, and the diameter of the vessels can be as small as
6 µm. Many suitable structures seen in natural systems can be replicated directly. He
et al. [65] adopted a similar method to replicate a leaf venation to build interconnected
vascular networks, as shown in Fig. 10.

In addition to hollow glass fibres and sacrificial fibres/scaffolds, other methods can
also be used to produce vessels, but they are relatively less stable or efficient. For
example, electrostatic discharge can be used to produce vessels with diameters
ranging from 10 to 500 µm [66]. This is likely to be the most rapid fabricationmethod
to build microvascular networks following natural designs (e.g. Murray’s law).
However, the generating process is not controllable, resulting in an uncertain quality
of the network. The laser direct-write technique is another popular tool for fabricating
channels in microfluidics devices [67]. Although lasers can be used to create very
complex 2D patterns directly on polymeric materials, it is difficult to produce 3D
structures. A summary of different fabrication techniques is given in Table 3.

Fig. 10 Replication of a leaf venation [65]. Copyright 2013. Reproduced with permission from
John Wiley and Sons

Fig. 9 Soft lithography for building microfluidics devices [64]. Copyright 2007. Reproduced with
permission from Royal Society of Chemistry
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3 The Role of Nanocomposites in Extrinsic Self-healing
Materials

The most popular definition of nanocomposites is that they are a solid combination
of a bulk matrix and nanoscale fillers, for example, an epoxy matrix incorporating
carbon nanofibers. Another definition is that they are composites on a nanoscale,
such as nanocapsules or carbon nanotubes (CNTs), decorated with functional
particles. Both definitions are adopted in this chapter.

The value of extrinsic self-healing composites relies on two fundamental factors:
the healing performance and the effect of microstructures on mechanical properties.
A perfect self-healing composite, which lies beyond current technology, is able to
perform stable and highly efficient recovery whenever damage occurs, and the
embedded microstructures do not weaken the mechanical properties of the overall
structures. To ensure a good healing result, cracks must reach and break the
microstructures and the amount of the released healing agents must be adequate to
fill the cracks. This requires a high coverage of the capsules or vascular networks.
However, this causes a large volume of voids, which reduces the mechanical
properties of the composites. Thus, it becomes essential that microstructures should
be small, and the pattern of the vessels or the strategy for capsules dispersion should
be carefully designed. The need for new healing agents able to heal different types
of host materials is also obvious. These requirements accelerate the introduction of
nanocomposites into extrinsic self-healing composites. Based on the purpose of
using nanocomposites, the role of nanocomposites can generally be categorised into
four groups:

1. a healing agent carrier (e.g. nanocapsules);
2. an additive to alter the properties of host materials or healing agents;
3. nanocomposites as additives to activate or improve the chemical reactions in

curing processes; and
4. nanocomposites used in the fabrication of capsules or vessels.

The following four sections introduce the four groups separately.

3.1 Nanocomposites as Healing Agent Carriers

A common method used to reduce the effects of capsules and vessels on the
mechanical properties of host materials is to decrease their diameter. When the
diameter is reduced to a nanoscale, healing agent carriers such as nanocapsules and
nanovessels themselves become nanocomposites.
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3.1.1 Nanotubes

A popular example of nanotubes that have been employed as healing agent carriers
is CNTs [68]. Lanzara et al. analysed the dynamics of a fluid flowing out of a
ruptured single-walled CNT to study the feasibility of using CNTs as a
nanoreservoir. The study showed that when a single-walled CNT suffered a crack
on its wall, organic liquids or healing agents stored inside the CNT could be
released rapidly. In addition, as CNTs are endowed with excellent mechanical
properties, the strength and toughness of host materials can be enhanced by the
incorporation of CNTs. The result indicates the great potential of using CNT to
develop stronger and lighter self-healing composites. However, techniques to
embed healing agents inside the CNTs are yet to be developed, and so the feasibility
of this approach has not been experimentally validated.

Halloysite is a naturally occurring two-layered aluminosilicate nanotube. The
size of halloysite particles varies within 1–15 μm of length and 10–150 nm of inner
diameter, depending on the deposits [69]. Melo et al. developed a procedure to fill
nanotubes with dimethylsulphoxide (DMSO) and nitrobenzene as the healing agent
[70]. The filled nanotubes were encapsulated using the layer-by-layer technique of
oppositely charged polyelectrolytes to trap the solvent inside the structure, as shown
in Fig. 11.

Abdullayev et al. [71] developed halloysite nanotubes (HNTs) containing cor-
rosion inhibitors such as benzotriazole (BTA), 2-mercaptobenzimidazole (MBI) and
2-mercaptobenzothiazole (MBT) for self-healing paint used to coat copper. The
nanotubes containing the inhibitors were achieved by mixing their saturated solu-
tions in acetone with halloysite.

Halloysite can also be loaded with an antioxidant to resist ageing in styrene–
butadiene rubber. Fu et al. developed halloysites loaded with antioxidant 4010NA
by mixing halloysite with antioxidant acetone solution, followed by several cycles
of vacuum treatment, washing and drying [72]. The dried antioxidant-loaded hal-
loysite samples were milled to a fine powder and modified by silane coupling agent
(KH570). KH570-modified halloysites were compounded with rubber using a
two-roll mill at room temperature. It was found that filling styrene–butadiene rubber
with the modified halloysite at 27 wt% allowed for a sustainable release of the
antioxidant during nine months, extending material life.

Fig. 11 Encapsulation of solvent into halloysite nanotubes [70]. Copyright 2014. Reproduced
with permission from Taylor & Francis
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The key advantage of using these nanotubes as healing agent carriers is that they
do not reduce and can even improve the mechanical properties of host materials.
However, they cannot store a large volume of healing agents and so can only be
used to heal microscale or nanoscale damages.

3.1.2 Nanocapsules

In Situ Polymerisation

Nanocapsules is another example of nanocomposites being used as a healing agent
carrier. Unlike capsules on a microscale where traditional encapsulation techniques
based on in situ polymerisation are the most popular method (Fig. 5), nanocapsules
are difficult to produce following conventional procedures. Blaiszik et al. developed
a new method by combining a traditional method with a sonication technique to
produce nanocapsules with a diameter as small as 220 nm [73]. For conventional
encapsulation based on in situ polymerisation, a continuous stirring process is
essential. During the stirring, Blaiszik et al. placed an ultrasonic homogenizer with
a tapered 3.2 mm tip and a sonication horn of 750 W in the solution for 3 min at
40% intensity, as shown in Fig. 12. The result showed that the size of the capsules
reduced from tens of micrometres to hundreds of nanometres.

Miniemulsion Polymerisation

To produce nanocapsules with diameters smaller than 200 nm, encapsulation
techniques based on miniemulsion polymerisation can be used. Miniemulsions are a

Fig. 12 Using sonication to assist the encapsulation of DCPD [73]. a Process flow chart;
b schematic showing the emulsion prior to sonication; and c during sonication. Copyright 2008.
Reproduced with permission from Elsevier
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special case of emulsions obtained by a mixture containing two immiscible liquids
stabilised by surfactants. They can be produced by using high-power ultrasound or
high-pressure homogeniser [74]. As polymers can be synthesised in the dispersed
phase of a miniemulsion system, micro-/nanocapsule shells formed at the interface
of the droplets or in the continuous phase. This approach is referred to as
miniemulsion polymerisation encapsulation [13].

The synthesis of nanocapsules containing liquid using miniemulsion polymeri-
sation encapsulation with diameters as small as 60 nm was reported by Van den
Dungen and Klumperman [38]. Nanocapsules (150–350 nm) were synthesised
containing pentaerythritol tetrakis (3-mercaptopropionate) (PETMP) in the core and
a styrene–maleic anhydride copolymer (PSMA) as a shell material. The nanocap-
sules were stabilised by the surfactant poly(styrene-maleic anhydride)-block-
polystyrene (PSMA-b-PS) block copolymer via reaction with formaldehyde.
Nanocapsules loaded with dinorbornene can also be synthesised through
miniemulsion polymerisation of styrene (60–150 nm). The core–shell nanocapsules
can be used in the fabrication of self-healing coatings [75], as PMF capsules
containing the same thiol by using in situ polymerisation have been developed for
self-healing in epoxy [22].

Such fabrication techniques can also produce nanocapsules with DCPD in the
core and various functional groups [sulphonate, amine, carboxylic acid and poly
(ethylene glycol) (PEG)] in the shell [76]. The hydrodynamic diameter of the
nanocapsules can be as small as 290 nm. As ROMP of DCPD is a popular
self-healing mechanism, this method exhibits the potential for self-healing com-
posites. The interface of miniemulsion droplets as templates was also used to make
silica nanocapsules for self-healing materials by the hydrolysis and condensation of
alkoxysilanes, reported by Fickert et al. [76]. The silica shell contains healing
agents including monomers and catalysts. And the size of the nanocapsules, the
solid content of the dispersions and the thickness of the shells are controllable.
Nanocapsules with diameters in the range 100–400 nm can be functionalised with
thiol or amine groups.

In addition, miniemulsion techniques can be combined with the solvent evap-
oration method so that significant amount of healing agents can be encapsulated
[77]. With the solvent evaporation method, both the polymer shell and the core are
dissolved in a water-immiscible organic solvent that is volatile. Afterwards, the
solution is added to an aqueous solution that contains a stabiliser. This creates
droplets containing core material under stirring. The droplets harden gradually to
create polymer microcapsules. Finally, evaporation at higher temperatures was
conducted to remove the solvent from the droplets [13], as shown in Fig. 13. In the
work of Zhao et al. [77], nanocapsules containing healing agent were formed when
the solvent is evaporated from the miniemulsion. Various hydrophobic healing
agents were encapsulated by a wide range of polymers, and the diameter was in the
range 200–350 nm, as shown in Fig. 14.

Emulsion polymerisation encapsulation techniques can also be employed to
produce larger capsules. Nanocapsules synthesised by a multistage emulsion

262 Y. Wang et al.



polymerisation have been adopted to protect steel plate from corrosion [79, 80].
Nanocapsules with diameters of 400–450 nm containing triethanolamine (TEA), a
corrosion inhibitor for zinc and steel, were fabricated. Polymeric nanocapsules were
also produced that can contain six types of amine corrosion inhibitors 100–400 nm
in diameter.

Fig. 14 a Fabrication of nanocapsules containing healant from miniemulsions using presynthe-
sised polymers [77]. (i) Preparation of two immiscible phases, one containing healant and solvent,
and the other one is the aqueous surfactant solution; (ii) miniemulsion droplets are formed by
ultrasonic dispersion; (iii) nanocapsules were formed after the evaporation of the solvent. b SEM
images of the fabricated nanocapsules. Copyright 2012. Reproduced with permission from John
Wiley and Sons

Fig. 13 Fabrication of microencapsulation by solvent evaporation [78]. 1 Dissolution; 2
emulsification of the dispersed phase in the continuous phase; 3 dispersed phase is transformed
to solid particles and solvent evaporation; and 4 drying microspheres to remove the residual
solvent. Copyright 2008. Reproduced with permission from Elsevier
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Interfacial Polymerisation

Interfacial polymerisation is similar to in situ polymerisation. However, the shell
wall was formed by using the reactants from both the dispersed and the continuous
phases [13]. Firstly, the core material is dispersed in a continuous phase containing
one type of the predissolved monomer precursor for the shell material. Next,
another monomer soluble in the dispersed phase is added. Polymerisation occurs at
the aqueous–organic interface, generating microcapsules [13].

Cai et al. prepared urea-formaldehyde (UF) nanocapsules with a modified ali-
phatic amine (HB-1618) as a core material and the UF resin as shell material by
interfacial polymerisation. The average diameter of unmodified and modified
nanocapsules was 562 and 754 nm, respectively. Analysis of thermal stability and
mechanical properties reflected that the introduction of KH560 significantly
improved the tensile strength, elastic property and thermal stability. Scanning
electron microscope (SEM) results indicated that the addition of KH560 led to
excellent interfacial adhesion between the surface of the matrix and nanocapsules,
thus improving the healing ability [81].

3.2 Nanocomposites as Additives to Improve the Properties
of Healing Agents

The introduction of nanomaterials can significantly alter different properties of
polymers such as mechanical and physical properties. There is much interest in
modifying the properties of the host material or healing agent, for instance,
increasing the strength of the cured healing agent. One possible way of doing this is
to add nanoparticles into the healing agent.

Yan et al. [82] studied the effects of silicate-based nanoparticles on the
mechanical properties of PDMS and revealed the interactions between the particles
and the matrix. Its mechanical response to high-amplitude shear cycles and the
recovery of the modulus in a long time were investigated. The results showed a
significant hysteresis loop and pronounced stress softening (Mullins effect) during
cyclic tests. It was found that the recovery at lower temperatures was much more
pronounced compared to that at higher temperatures, given the same rest time, due
to the reduced chain mobility at low temperatures. This property results in a
material that can be significantly stiffer.

In addition to being a healing agent carrier, a halloysite can also be an additive
for functional polymer composites. Abdullayev and Lvov [83] studied the effects of
halloysite on mechanical properties of the PMMA bone cement and found the
tensile and flexural strength were significantly improved.
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Boron nitride nanotubes (BNNTs) have structures similar to CNTs and are
endowed with excellent electrical and mechanical properties. They can be used in
high-temperature applications as they are more resistant to oxidation. Thakur et al.
[84] developed a simple and environment-friendly method for the functionalisation
of BNNTs by using dopamine, a synthetic mimic of mussel adhesive proteins.
Polymer nanocomposites containing BNNTs functionalised by pristine and dopa-
mine were tested for mechanical and thermal properties. Compared to nanocom-
posites incorporating pristine BNNTs, the new functionalised BNNTs enable
superior properties for the polymer nanocomposites.

To improve the epoxy-/glass fibre-laminated composites, ZrO2 nanoparticles
proved to be useful additives. Halder et al. incorporated ZrO2 nanoparticles in glass
fibre-reinforced composites and showed a strong improvement in tensile and
flexural properties compared to that of the neat epoxy glass fibre composite [85].
A significant variation of tensile strength, stiffness and toughness of around 27, 62
and 110% was observed, and strength and modulus under bending were also
enhanced to around 22 and 38%, respectively [85].

After nanoparticles are added, an external electrical field may be employed to
align conductive nanoparticles to enhance the reinforcement strength further.
Ladani et al. investigated the fracture energy and electrical conductivity of a
thermoset epoxy polymer modified by the addition of aligned carbon nanofibres
(CNFs) [86]. A liquid epoxy resin incorporating the CNFs was made by using a
surfactant and a three-roll mill to achieve good dispersion. CNFs were aligned in an
AC electric field and formed a head-to-head structure in epoxy with the majority
(85%) of the CNFs lying within ±15°, as shown in Fig. 15. After the mixture had
been cured, test results showed that the addition of 1.6 wt% of CNFs and the
electric alignment increased the electrical conductivity by about seven orders of
magnitude and the fracture energy by about 1600%. In addition to CNFs, CNTs can
also be aligned by an electric field to enhance the strength or toughness of polymer
composites [87, 88].

Graphene nanoplatelets can also be aligned using an AC electric field to promote
the mechanical or electrical properties of epoxy composites. Wu et al. aligned
graphene nanoplatelets that have an average thickness of 6–8 nm and an average
diameter of 25 μm in epoxy resin by using an AC electric field with an amplitude of
25 V/mm and a frequency of 10 kHz [89], as shown in Fig. 16. It was found that
alignment of the graphene nanoplatelets improved 7–8 orders of magnitude of the
electrical conductivity, nearly 60% of the thermal conductivity and up to 900% of
the mode I fracture toughness. Although this technique has yet to be experimentally
tested in extrinsic self-healing composites, those results indicate that healing per-
formances can potentially be greatly enhanced by incorporating healing agents with
nanocomposite particles.
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3.3 Nanocomposites as Additives to Activate or Improve
Chemical Reactions in Curing Processes

Once the healing agent is released from capsules or vessels, a catalyst or a hardener
is usually needed to trigger or to accelerate the curing processes. A typical design is
to disperse suitable nanoparticles in the host matrix and form a new nanocomposite
in which healing agents can solidify. The most famous example is to disperse
Grubbs’ catalyst in an epoxy matrix to cure DCPD healing agents [6, 90]. In
addition to Grubbs’s catalyst, a number of other nanoparticles can also be used to
trigger healing processes including tungsten chloride (WCl6) [91], Grubbs’

Fig. 15 Alignment of CNFs in an electric field a randomly oriented CNFs and b aligned CNFs,
and the arrow indicates the direction of the field; c comparison of the angle distribution of
randomly oriented CNFs and CNFs aligned in the electric field [86]. Copyright 2010. Available
under a Creative Commons Attribution-Noncommercial License
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second-generation catalyst (G2), Hoveyda–Grubbs’ first-generation catalyst (HG1)
and Hoveyda–Grubbs’ second-generation catalyst (HG2) [92].

In addition to triggering chemical reactions in healing agents, nanoparticles can
be used to accelerate reactions or to reduce polymerisation reaction temperatures.
Yuan et al. [93] dispersed diamino diphenyl sulphone (DDS) particles in cyanate
ester (CE) resin, an important high-temperature thermosetting polymer, to decrease
the polymerisation reaction temperature, thus ensuring a low cure temperature.
The DDS also served as a curing agent for epoxy resin healing agents.

Vertuccio et al. investigated the effects of carbon nanofillers, such as CNTs,
short carbon fibres and graphene particles on the cure kinetic of an epoxy resin [94].
Kinetic analyses were carried out by dynamic and isothermal differential scanning
calorimetry (DSC). It was found that the addition of one-dimensional fillers does
not cause large differences in the curing kinetics compared to the unfilled ones.
However, it was found that the activation energy is related to the secondary
amine-epoxy reaction in the case of highly exfoliated graphite.

Fig. 16 Optical images of graphene nanoplatelets in epoxy resin aligned by an AC electric field
[89]: a Randomly oriented graphene nanoplatelets; b, c and d after the field was applied for 4, 10
and 20 min, respectively. Copyright 2015. Available under a Creative Commons
Attribution-Noncommercial License
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Healing processes in extrinsic self-healing composites place very stringent
demands on healing conditions. For example, the healing agent is only active in a
narrow temperature range, and the majority of healing agents require heat to
accelerate the curing process. However, this heat treatment is often difficult to give
in real applications. Zhang et al. developed a carbon nanotube paper, as shown in
Fig. 17, that can be incorporated into fibre-reinforced composites. Once the paper is
electrically charged, the composites generate internal heat to de-ice [95]. This
method is valuable for self-healing composites as a similar mechanism can be used
to accelerate healing. In addition, carbon nanotube paper also has various sensing
properties and can be used as strain sensors [96].

3.4 Nanocomposites Used in the Fabrication of Capsules
or Vessels

3.4.1 Fabrication of Capsules

Shell materials for capsules can be incorporated with nanoparticles to improve the
capsule quality. Fereidoon et al. improved the morphology, thermal properties and
water resistance of microcapsules by introducing either single-walled CNTs or
aluminium oxide nanoparticles into the wall material, UF resin, as shown in Fig. 18
[97]. The microcapsules were synthesised via in situ polymerisation in an
oil-in-water emulsion. After the emulsion had stabilised, formaldehyde mixed with
the particles was added to the emulsion, which was then heated, cooled, rinsed,
filtered and dried in sequence to produce the new capsules. Test results proved that
the introduction of nanoparticles to the shell wall could reduce the surface rough-
ness and size of the microcapsules, and the thermal stability was also improved.

Yang et al. developed microcapsules loaded with ethyl phenylacetate (EPA), and
the PU/PMF shell walls were incorporated with silica nanoparticle [98], as shown in
Fig. 19. SiO2 nanoparticles can be absorbed at the interface between oil and water
to stabilise the emulsions, and the size of the produced microcapsules can be altered

Fig. 17 a Dimensions digital pictures of as-prepared meso-/macropore carbon nanotube paper
(CNP); the inset image is a plane using the resulting CNP to display the outstanding flexibility as
ordinary paper. b FE-SEM image of the meso-/macropore CNP observed on the top. c Partially
enlarged photograph of Fig. 17b [95]. Copyright 2014. Reproduced with permission from Elsevier
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depending on the concentration of SiO2 nanoparticles [98]. The shell made of
hybrid materials makes a rough exterior surface for capsules and promote their
thermal conductivities and dispersion stability.

3.4.2 Fabrication of Vessels

Nanocomposites were employed in the fabrication of vessels. Using sacrificial
fibres and scaffolds is the most important method of fabricating hollow vessels
inside composites, but it has many challenges. One particular challenge was the
way to remove sacrificial fibres and scaffolds from the cured polymer completely.
Various materials, such as wax, were once used as the sacrificial materials as they
can liquefy easily through heating. However, as previously stated, it is common for
residues to block vessels. A few materials such as PLA that can be depolymerised at
high temperatures showed great potential as sacrificial materials as they leave no
residue once depolymerised. However, high depolymerisation temperatures—at
around 280 °C in the case of PLA—can cause thermal damage to the host material.
Dong et al. developed a method to reduce the depolymerisation temperature of PLA
from 280 °C to around 180 °C, which is a tolerable temperature for a variety of
epoxy resins which could be used for fibre-reinforced composites [52]. It was
shown that tin(II) oxalate nanoparticles were the best catalyst able to reduce the
depolymerisation temperature. To incorporate PLA fibres with the catalysts, a
two-stage method was employed. First, the fibres were made to swell by using a

Fig. 18 SEM images of a traditional, b SWCNT-modified and c nanoalumina-modified
microcapsules; wall thicknesses of d traditional and e modified microcapsules [97]. Copyright
2013. Reproduced with permission from Springer
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mixture of the catalysts, trifluoroethanol (TFE) and water. After the catalysts had
been dispersed in the swollen fibres, the solvent was evaporated, resulting in
nanocomposites PLA incorporated with tin(II) oxalate, or PLA sacrificial fibres, as
shown in Fig. 20. The fibres could be used to fabricate vessels in complex con-
figurations inside polymer and fibre-reinforced composites [41, 53, 99].

In addition to tin(II) oxalate, Qu et al. showed another catalyst, zinc oxide
nanoparticles, able to accelerate the hydrolytic degradation of PLA at temperatures
well below its glass transition temperature [100]. It was reported that the activation
energy for ZnO-catalysed PLA hydrolysis is about 38% lower than that of pure
PLA hydrolysis. In addition to the new catalysts, the authors also demonstrated a
new way to incorporate PLA with catalysts. PLA powders and the nanoparticles
were premixed, and the mixture was passed through a twin-screw microcom-
pounder. At a suitably high temperature, an extrusion/compounding process gen-
erates PLA fibres incorporating ZnO nanoparticles.

Fig. 19 Fabrication of microcapsules loaded with EPA with hybrid shell walls containing SiO2

[98]. Copyright 2013. Reproduced with permission from American Chemical Society
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Nanocomposites can also be used for the structural reinforcement of
microvascular networks. Olugebefola et al. showed a method to deposit HNTs onto
the interior surface of hollow vessels [101], as illustrated in Fig. 21. Electrostatic
layer-by-layer assembly was employed to deposit films containing HNTs onto the
surfaces of a sacrificial scaffold [101]. After scaffold removal, halloysite was
deposited onto the internal surface of the channels [101]. It is verified that the
introduction of HNTs could reduce concentrations and improve mechanical per-
formance, by using sensitive strain measurements on reinforced vessels.

To fabricate hollow vessels with nanometric diameters, Gualandi et al. proposed
the use of electrospun nonwoven mats as sacrificial fibres to generate 3D inter-
connected vessels [62]. Pullulan was chosen as the sacrificial material due to its
commercial availability, high solubility in water and good thermal stability. After
removing the sacrificial materials by water immersion, hollow vessels with diam-
eters as small as 280 nm were formed. Electrospinning technology makes it pos-
sible to produce core–shell fibres where the shell is made up of a strong material
and the core can be a liquid healing agent. Therefore, this method could be used to
encapsulate healing agents into nanofibres. Core–shell fibres, as shown in Fig. 22,
are easy to produce. However, this method cannot build interconnected networks,
and refilling is not possible. In this case, the material using core–shell fibres is more
like an improved capsule-based self-healing material than a vessel-based
self-healing material.

Fig. 20 Decomposition of PLA fibre. a Schematic of channel fabrication; b catalysed depoly-
merisation reaction of PLA fibre; c optical images showing the processing generating hollow
vessels; d cross sections of vessels; e CT image of interconnecting vessels; f vascular branching
[99]. Copyright 2011. Reproduced with permission from John Wiley and Sons
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4 Challenges and Future Works

The introduction of nanocomposites into the research of extrinsic self-healing
composites has brought many advantages as discussed in Sect. 3. However,
self-healing composites have yet to be used in practical applications owing to
uncertainties in their performances. One apparent uncertainty would be in the
activation of healing processes. In both capsule-based and vessel-based self-healing
composites, the healing agents are released once the capsules or vessels are dam-
aged. When the composites are damaged but the cracks did not reach the capsules

Fig. 21 a SEM image of the multilayer deposited onto the interior surface of the channel showing
isotropic nanotube orientation. b MicroCT of halloysite nanotubes deposited onto the sacrificial
scaffold. c SEM image of epoxy matrix embedded with interconnecting vessels deposited by the
PDADMAC/halloysite multilayer [101]. Copyright 2013. Reproduced with permission from Royal
Society of Chemistry
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or vessels, the composites cannot heal at all. In order to increase the possibility of
the activation, large volumes of capsules or vessels should be embedded into the
host materials. However, the resulted voids can significantly reduce the strength of
the composites. The dilemma could be a barrier in the practice of extrinsic
self-healing composites.

Another important uncertainty is in healing capability embracing damage size
and material type. For example, capsule-based self-healing composites can recover
from microcracks, but they cannot be healed when the cracks are very big and deep,
as the healing agents stored in capsules are not sufficient to fill all gaps. Regarding
material type, a majority of extrinsic self-healing materials can recover only the
matrix of their host materials. But the applications where self-healing composites
have potential markets are those not easy to access or have very high maintenance
costs, such as satellites, aeroplanes and offshore turbines. Structural composite
materials containing more than one components have been widely adopted in the
applications mentioned above. And when the materials are damaged, it is common
that more than one types of the materials are fractured, and healing only the matrix
is certainly not enough. Therefore, the development of self-healing composites with

Fig. 22 SEM images of core–shell DCPD-PAN nanofibres [102]. a, b show healing agents
releasing from the core; c shows a crack in the shell. Copyright 2012. Reproduced with permission
from John Wiley and Sons
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high healing capability that can carry out an efficiency recovery regardless of
damage size and material type is essential to the practical application.

In the future works, using nanocomposites in extrinsic self-healing composites to
overcome those uncertainties is highly promising. As discussed in Sects. 3.1 and 3.4,
nanocomposites could be used as carriers or in making stronger capsules and vessels,
such as in [101], suggesting that the mechanical properties of host materials can be
less reduced by the introduction of capsules or vessels. If more capsules or vessels
could be embedded into host materials, the larger coverage could result in more
consistent healing performances.

The most significant development that can be potentially accomplished by using
nanocomposites is the autonomous recovery of multitype materials, as discussed in
Sect. 3.2. The addition of nanocomposites in healing agents can not only alter the
properties of healing agents but also be manipulated using electric fields or mag-
netic fields to fix other components in addition to the matrix [86]. For example,
when carbon fibre composites are damaged, healing agents incorporating short
carbon fibres are possible to fix the matrix and the structural carbon fibres simul-
taneously, using a suitable electric field to properly manipulate the short fibres.

Nanocomposites could also contribute to the recovery from large-scale damages.
It has been reported that a special two-stage healing agent could be used to heal
damages as big as 35 mm in diameter [42]. Since nanocomposites can be used to
activate or improve the chemical reactions in the curing process, as discussed in
Sect. 3.3, it is possible to use different nanocomposites to activate healing processes
in different stages to seal even larger wounds.

5 Conclusion

This chapter has presented the development of extrinsic self-healing composites and
the role of nanocomposites in relation to extrinsic self-healing materials.
Nanoparticles such as CNTs and nanocapsules can be used as healing agent carriers
as well as a structural reinforcement for host materials. After the incorporation of
host materials or healing agents with nanocomposites, their mechanical properties
can be improved and healing performance can be enhanced. The dispersion of
nanoparticles in the host matrix can trigger or improve the curing of healing agents.
The quality of capsules can be improved by adding nanoparticles to shell materials,
and the depolymerisation temperature of sacrificial materials can be reduced by
embedding sacrificial materials with suitable nanoparticles. Nanocomposites are
promising in the future work as it shows potentials to overcome substantial
uncertainties in the practice of self-healing composites.
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A Brief Overview of Shape Memory Effect
in Thermoplastic Polymers

M. Imran Khan, M.M. Zagho and R.A. Shakoor

Abstract Like shape memory alloys (SMAs) and shape memory ceramics, some
polymers also exhibit shape memory effect. The polymeric materials demonstrating
shape memory effect are commonly referred to as shape memory polymers (SMPs),
intelligent or adaptive polymers. These SMPs have the ability to respond to an
external stimulus such as heat, magnetism, electricity, light, moisture, pH and some
specific chemicals. SMPs possess many advantages over SMAs and shape memory
ceramics, i.e., better shape memory effect, lower density, biodegradability, easier
processing, better control on recovery behavior, programmability and lower cost.
Many different kinds of polymers can exhibit shape memory behavior, and more
than twenty types of SMPs have already been reported in the literature.
Interestingly, the shape memory behavior in SMPs mainly depends on the glass
transition temperature of the polymer. SMPs are attractive materials for research,
both for academia and industry, mainly because of their potential usage in, i.e.,
smart textiles, active aircraft equipment, biomedical instruments, smart electronic
apparatuses, space deployable structures, actuators and smart self-healing systems.
SMPs can be categorized into thermoset SMPs (chemically crosslinked) and ther-
moplastic SMPs (physically crosslinked). SMPs can be further subcategorized into
linear polymers, branched polymers or a polymer complex. Thermoplastic SMPs
are important class of polymeric-based shape memory materials. In this class of
SMPs, two phase morphology is the main cause of the thermally induced shape
memory effect. One phase causes the physical crosslinking, and the other phase
behaves as a molecular switch. Linear thermoplastic SMPs are the most important
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members of the group of thermoplastic SMPs. The linear thermoplastic SMPs can
be further subdivided into the categories of block copolymers and high molecular
weight polymers. However, the block copolymers have emerged as relatively more
important class of linear thermoplastic SMPs. Polyurethanes and polyether esters
are important examples of block copolymers. The current chapter focuses on the
development, characterization and applications of thermoplastic SMPs and presents
a comprehensive review of the recent advancements made in the area of thermo-
plastic SMPs.

Keywords Shape recovery � Thermoplastics � Crystalline polymers � Fabrication
methods � Shape memory composites
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1 Introduction

Shape memory polymers (SMPs) can memorize a particular shape and can recover
to the original permanent shape upon heating. Today the shape memory polymers
(SMPs) are an important subclass of smart materials and offer an attractive set of
properties. The mostly used form of external stimuli responsible for triggering the
shape recovery is heat, but various other forms of external stimuli may be utilized as
the recovery initiators. According to the literature, the first official use of the term
SMP can be linked to the development of the polynorbornene-based SMP by CDF
Chimie Company (France) in 1984 [1].
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Despite the long history of SMP, the phenomenon of polymer SME had
remained little known and the scientific paper in this area had been rather limited
until 1990s. Along this time frame, the discovery of segmented polyurethane SMP
by Mitsubishi Heavy Industries Ltd. stimulated significant interests in SMPs, pre-
sumably due to the versatility of urethane chemistry that allows easy structural
tuning and the industrial significance of polyurethane. For the same reasons,
research on shape memory polyurethanes has remained quite active even today,
despite many different SMPs that have since been discovered. Historically, the
advancement of the SMP field has been closely associated with its practical
potential. As such, the lack of excitement and research activities in the early days of
SMPs can be attributed to the limited applications envisioned for such materials [2].

In 2002, Lendlein et al. demonstrated that SMP could be used as self-tightening
suture for minimally invasive surgery [3].

2 Shape Memory Effect in Polymers

The simplest form of SME in polymers is given in Fig. 1. The temperature of SMP
is first increased to a deformation temperature. This causes material softening and
the modulus of the material drops. Next, a load is applied by keeping the SMP at
the deformation temperature. Then, the SMP is cooled down while keeping the
applied load intact. When the applied load is removed, the temporary deformed
shape becomes fixed. When in a stress-free condition, the SMP is heated again to a
recovery temperature which restores the original shape [2].

Fig. 1 A general shape memory mechanism in SMPs
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3 Shape Memory Mechanism in SMPs

In metallic materials, generally the SME is based upon a reversible phase trans-
formation between two crystalline phases, i.e., the low-temperature martensitic
phase (or daughter phase) and the high-temperature austenitic phase (or parent
phase). In case of polymers, the SME is an entropy-based phenomenon. In a per-
manent macroscopic shape, the molecular chains of an SMP adopt certain config-
urations with the highest entropy. When the temperature is changed above the Ttrans,
the chain mobility is enhanced. Upon loading, the chain configurations are sig-
nificantly changed. This causes a decrease in entropy along with macroscopic shape
change. Upon cooling the SMP below Ttrans, the lower entropy state (or the tem-
porary changed shape) is kinetically trapped due to the freezing of the molecular
chains. This results in the macroscopic shape fixation. When the load is removed
and the SMP is reheated above Ttrans, the molecular mobility comes in action again
and helps the molecular chains to return to their highest entropy state. This is the
recovery of the permanent shape.

SMPs can exhibit dual SME, triple SME and multi-SME. The above-mentioned
SME is dual SME as one temporary shape and one permanent shape are involved in
each shape memory cycle. The abilities of an SMP to fix and recover shapes can be
defined as shape fixity (Rf) and shape recovery (Rr) as given below [2]:

Rf ¼ ey � ex
� �

= ey load� ex
� � ð1Þ

Rr ¼ ey � ex rec
� �

= ey � ex
� � ð2Þ

where ey load is the maximum strain under load, ey and ex are the fixed strains after
cooling and load removal and ex rec is the strain after recovery. SMPs may also be
evaluated by the recovery speed (or strain recovery rate). The instantaneous
recovery speed Vr, for instance, is defined as the time (t) derivative of strain.

Vr ¼ @e=@tð Þ 100% ð3Þ

There are two essential conditions for a SMP to exhibit dual SME: (1) a reversible
thermal transformation that induces temporary shape fixing and recovery and (2) a
crosslinked molecular chain network which is responsible for permanent shape.
Generally the polymers are intrinsically viscoelastic materials and most (if not all)
polymers fulfill the first requirement.

The nature of crosslinking (the second condition) can be of two types, chemical
and physical. In the absence of crosslinking, the deformation force causes a
long-range chain slippage in a polymer at temperature above its transformation
temperature which can be observed as a macroscopic permanent deformation.
Although this process changes the macroscopic shape of the polymer, it does not
change the molecular chain configuration, or in other words the entropy does not
change. This is the reason that the shape memory effect is absent in the polymers
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where crosslinking is not present. For an ideal shape memory effect, total stoppage
of long-range molecular chain slippage is a prime requirement. Generally the
chemically crosslinked SMP systems exhibit this kind of behavior [2].

The Ttrans of a SMP is a temperature range which can coincide with the glass
transition temperature (Tg) or melting temperature (Tm) of SMP. It is an important
parameter in the initial design of an SMP. The Ttrans is dependent on SMPs
chemistry, its structure, and processing and programming parameters [4–6].

The physically crosslinked SMPs mainly comprise of two microstructural
regions, the high- and low-temperature transition phases which serve as the phys-
ically crosslinked regions and the shape memory transition regions, respectively. In
case of ultrahigh molecular weight polymers, the presence of extensive chain
entanglements can also serve as the physical crosslinks. There is another fact that
the physical crosslinks do not exist universally in polymers, no matter what type of
physical crosslinks they are. On the other hand, the chemical crosslinks can be
generally introduced into any polymers by general methods, i.e., e-beam radiation.
It is also worth mentioning that most of the polymers can be converted into
dual-shape memory polymers by chemical crosslinking [2].

Both the physically and chemically crosslinked polymers have large elastic
strains above either Tg (amorphous cases) or Tm (crystalline cases) of the bulk
material (strain up to more than 200% can be observed). Generally the SMPs are of
low cost, low density, and possess biocompatibility. Another advantage that can be
offered by many SMPs is their biodegradability [7].

SMPs and SMAs are used in distinct applications mainly because of their fun-
damental differences in their shape memory mechanism, mechanical and shape
memory properties, viscoelastic properties and optical properties. A comparison of
the different characteristics of SMPs and SMAs is summarized in Table 1.

Table 1 A general comparison of SMAs and SMPs [7]

Characteristic SMPs SMAs

Density (g cm−3) 0.9–1.1 6–8

Processing conditions <200 °C, low
pressure

High temperature (>1000 °C) and high
pressure required

Cost <$10 per lb �$250 per lb

Biocompatibility and
biodegradability

Can be
biocompatible
and/or
biodegradable

Some are biocompatible (i.e., nitinol),
not biodegradable

Stress generated during
recovery (MPa)

1–3 150–300

Young’s modulus at
T < Ttran (GPa)

0.01–3 83 (NiTi)

Young’s modulus at
T > Ttran (GPa)

(0.1–10) � 10−3 28–41

Stress required for
deformation (MPa)

1–3 50–200

Corrosion performance Excellent Excellent
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C. Liu et al. have categorized the SMPs into four broad categories based upon
their differences in fixing mechanism and origin of “permanent” shape elasticity.
Those categories are (1) chemically crosslinked glassy thermosets; (2) chemically
crosslinked semicrystalline rubbers; (3) physically crosslinked thermoplastics; and
(4) physically crosslinked block copolymers [7]. In this chapter, our focus is on the
last two categories and Fig. 2 gives the definition of these two categories of shape
memory polymers with different shape fixing and shape recovery mechanisms
shown as a function of their mechanical behavior.

4 Physically CrossLinked Thermoplastics (or Physically
CrossLinked Glassy Copolymers)

Thermosets are less attractive than thermoplastics in a sense that their processing is
relatively difficult and is not repeatable as in case of thermoplastics. Same is the
case with SMPs. Easy processing is considered to be an important issue for their
further technological advancement. A list of physically crosslinked thermoplastic
along with some important information is given in Table 2 [7].

The thermoplastic SMPs can be processed by conventional thermoplastic tech-
nology because of their rheological properties.

In physically crosslinked thermoplastic SMPs, rigid amorphous domains in
thermoplastics can serve as physical crosslinks and can help to develop shape
memory effect mainly in the form of phase-separated block copolymers.

Fig. 2 Definition of two types of shape memory polymers with different shape fixing and shape
recovery mechanisms depicted as a function of their dynamic mechanical behavior. a Physically
crosslinked thermoplastics and b physically crosslinked block copolymers [7]
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A well-known example of physically crosslinked thermoplastics is a miscible
blend of thermoplastic polyurethane and phenoxy resin. Here the soft segment of
the polyurethane is polycaprolactone (PCL). A single glass transition (Tg > RT) is
formed in this system which is dependent upon the ratio between the PCL segments
and phenoxy resin [29].

The soft domain shows sharp and tunable glass transition temperatures in some
block copolymers and polyurethanes which is good for shape memory behavior in
these SMPs [29, 30].

Some semicrystalline homopolymers or melt-miscible polymer blends are also
the members of this category that are compatible in the molten and amorphous
states, but have at least one semicrystalline component [27]. In these, the crystals
serve as hard domains and the composition-dependent Tg of the amorphous region
act as the transition temperature. For these miscible blends, the glass transition
temperature of the amorphous phase and the work output during shape recovery are
strongly dependent upon blend composition.

Liu et al. have reported two miscible blend systems: poly(vinyl acetate) (PVAc)
with poly(lactic acid) (PLA) and PVAc or PMMA with poly(vinylidene fluoride)
(PVDF) [27, 31]. Their findings show that both the systems are melt miscible for all
blend ratios, with the PVAc and PMMA being almost 100% amorphous. PLA and
PVDF each show a semicrystalline nature with a degree of crystallinity of about

Table 2 Physically crosslinked thermoplastic along with some important information

Materials Hard segments Soft segments References

Aramid/PCL Aramid PCL or poly-THF [8]

PVDF/PVAc blends PVDF crystals PVDF/PVAc amorphous
regions

[9, 10]

PE-co-PMCP Polyethylene Poly
(methylene-1,3-cyclopentane)

[11]

PET-co-PEO PET crystals PEO crystals [12–14]

PS–TPB Polystyrene Polybutadiene [15, 16]

Poly
(ketone-co-alcohol)

Microcrystalline
segments

Amorphous polyketone
E-P/CO

[17]

PLAGC multiblock
copolymer

PLLA crystalline
domain

Copolymer amorphous [18]

PCL-b-ODX ODX(oligo
(p-dioxanone) diol)

PCL [19]

PA–PCL Polyamide (nylon
6/6,6)

Polycaprolactone [20]

PE-co-Nylon 6 Nylon 6 PE [20, 21]

POSS–PN block
copolymer

POSS domain PN [22, 23]

Poly(1-hexadecene)-
co-PP

PP crystals PHD crystals [24]

POSS telechelic POSS domain PEG [25, 26]

PLA/PVAc blends PLA crystals PLA/PVAc amorphous
region

[27, 28]
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50%. The Tg of the amorphous phase serve as a transition temperature and can be
tailored between the Tg values of the two homopolymers.

Alternate physical crosslinking techniques, i.e., hydrogen bonding or ionic
clusters, can also help to set the network within the hard domains [32, 33].
Ionomers can show a strong behavior in setting a network and can give the elas-
ticity values very similar to that of the chemically crosslinked materials [34]. But it
is also a fact that pure ionomer-based shape memory polymers have not been
reported so far. Another option is the hydrophilic oligomers which can be used to
construct multiblock shape memory copolymers with better properties [7]. For these
materials, moisture can also be used to activate shape recovery effect [34, 35]. It is
also reported that the techniques like electrospinning can also be used to produce
shape memory fibers mainly because of the easy processing nature of this class
[36].

5 Physically CrossLinked Semicrystalline Block
Copolymers as Shape Memory Polymers

There is another class of SMPs in which the soft domains of some block copoly-
mers crystallize. In these SMPs, instead of their Tg values, their Tm values act as
shape memory transformation temperatures. Multiblock polyurethane with PEO as
soft domain is an example of this class [37]. The permanent shape of SMPs
belonging to this class can be reprocessed by thermal processing techniques above
100 °C, when both the domains start flowing. A possible disadvantage of this class
is the creep of the so-called hard microdomains under the applied stress during the
temporary shape setting near their Tg which negatively affects the %age of
recoverable strain in these materials [7].

Polyurethane-based SMPs have many technological advantages. Their room
temperature stiffness, transformation temperatures and other shape memory prop-
erties are strongly dependent upon composition and easily controllable. Also they
can easily form porous structures, i.e., foams. Conventionally, polyurethane-based
SMPs are multiblock copolymers which consist of alternating oligomeric sequences
of hard and soft domains. In these SMPs, the physical crosslinks are formed by the
hard segments because of hydrogen bonding, polar interaction or crystallization.
These crosslinks can withstand the high temperatures without being destroyed. The
soft segment gives a thermally reversible phase, and the secondary shape is
dependent upon the crystallization of these soft segments [7].

In these materials, the hard and soft domains show phase separation mainly due
to the thermodynamic incompatibility of the two domains. By varying the soft
domain component, using different diisocyanates, and diol or diamine as chain
extender, various properties of these materials can be changed [38–40] as shown in
Table 3.
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6 Synthesis of Thermoplastic Shape Memory Polymers

Shape memory polymers (SMPs) can be synthesized by various conventional
techniques including profile extrusion, fiber spinning and film casting. These
techniques are briefly described as follows:

6.1 Profile Extrusion

Extrusion method is considered as one of the most conventional techniques to
prepare SMPs. This process includes polymer blending with fillers using
twin-screw extruder for certain time at certain temperature depending upon the
melting point of the used polymer. The filler content can be varied to control the
mechanical and thermal properties of the composites. After filler mixing, the
samples are injection molded at fixed temperature for a certain time. The molded
materials are cut to prepare samples for studying mechanical properties and shape
memory effect. As an example, Yan et al. [50] introduced polylactide-based
copolyester (PLAE) and its nanocomposites with glass temperature below body
temperature for smart punctual plugs applications. PLAE was mixed melted with
modified SiO2 nanoparticles using Haake Rheomix 100 extruder. The samples were
then injection molded at 160 °C employing pressure of 400 bar. The mold tem-
perature was set at 50 °C, and the pressure was held for 30 s.

Table 3 List of physically crosslinked polyurethane multiblock copolymers which exhibit shape
memory effect

Chain extenders Soft segments Diisocyanate References

1,4-BD Poly(tetramethylene glycol)
(PTMG)

MDI [41]

BEBP or BHBP PCL diol MDI [42]

1,4-BD Poly(tetramethylene oxide)
glycol (PTMO)

MDI [43]

1,4-BD PCL diol MDI [44, 45]

BD + DMPA PCL diol, 2000, 4000, 8000 Da MDI [46]

DHBP PCL diol, 4000 Da HDI [47]

1,6-HD HDI–1,2-BD 4,4′-MDI [48]

1,4-Butanediol Poly(ethylene adipate), 300,
600, 1000 Da

MDI [49]

4,4′-
Dihydroxybiphenyl
(DHBP)

PCL blend with phenoxy resin
or PVC

Hexamethylene
diisocyanate
(HDI)

[29, 30]
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6.2 Fiber Spinning

In the last years, researchers paid great attention for electrospinning due to its ability
to produce fibers in the range of 2 nm to several micrometers through applying
electrical forces. Electrospinning is the most used method to prepare fibers with
larger surface area than that formulated by conventional spinning procedures. This
technique consists of spinneret, high voltage power supply and grounded collected
plates. There are two standard sets of electrospinning which are horizontal and
vertical sets. The SMP solution is charged and accelerated the opposite charged
collector. Moreover, the electrical repulsive forces exceed the feeble surface tension
of the polymer solution at certain DC voltage. Electrified jet is obtained and ejected
from the Tylor cone tip, and the solvent is evaporated leaving SMPs nanofibers [51,
52]. For example, Alhazov et al. [53] prepared TPU nanofibers composed of
clusters of hard segments connected by amorphous tie chains by dissolving TPU in
DMF and THF. The TPU solution was electrospun with 0.9 mL/h flow rate and an
electrostatic field of 1.2 kV/cm. The ambient temperature during electrospinning
process was 21 °C, and in addition, the collector was placed at a distance of 12 cm
from the needle spinneret and with a tangential velocity of 6 m/s.

6.3 Film Casting

SMPs can be fabricated utilizing solution method. This method is useful in dis-
persing the filler homogenously in the polymer gallery. In this process, the polymer
is dissolved first in solvent at certain temperature. The filler particles are distributed
in a solvent, and the composites are prepared by adding the filler suspension to the
dissolved polymer solution. The composite can be prepared using different filler
loadings on the final composite material. A continuous stirring at fixed temperature
for certain time is ensured during the synthesis process. The mixture is then left to
dry in a mold having appropriate dimensions at certain temperature. The produced
composite samples are then cut or grind to obtain the samples of desired size and
shapes. For instance, TPU films were fabricated by casting the TPU solution onto a
40 � 40 mm2 Teflon mold with 2 mm depth [53]. Then, the films were completely
dried in air overnight. The produced films were removed from the Teflon mold and
then left to dry in vacuum for 2 h.

Furthermore, Saralegi [54] synthesized TPU bionanocomposites by in situ poly-
merization with various cellulose nanocrystals (CNCs) in THF medium. This sort of
bionanocomposites introduces a good candidate for shape memory applications. The
freeze-dried CNCs were re-dispersed in THF solution to avoid CNCs agglomerates.
The pre-polymerwas produced by reactingHDIwith CO2 in the presence of dispersed
CNCs in THF at 100 °C for 6 h. Finally, 1,3-propanediol was added and the mixture
was stirred at 100 °C for 2 h before curing and casting on a Teflon mold. The mixture
was then left to dry at 60 °C for 48 h under vacuum to attain thin films.
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7 Recent Advancements in Thermoplastic SMPs
and Composites

7.1 Thermoplastic SMPs

Among physically crosslinked block copolymer-based SMPs, thermoplastic seg-
mented polyurethanes are well known for their shape memory effect and other
interesting properties [43–46]. Conventionally, polyurethanes are phase-separated
multiblock copolymers which contain two types of regions, i.e., hard and soft
segments. X. Gu et al. have used a slightly different approach and reported a family
of hard block-free multiblock thermoplastic polyurethane (TPU)-based SMPs
consisting of poly(å-caprolactone) (PCL) and poly(ethylene glycol) (PEG). They
achieved high degrees of molecular chain entanglements mainly because of higher
molecular weight. They claimed that the molecular chain entanglements play the
role of physical crosslinks in this system which is different than the conventional
physically crosslinked SMPs. This entanglement slows the stress relaxation and
suspends the flow above the melting temperatures of the soft blocks. This allows the
sufficient elastic deformation for shape fixing purpose. The authors claimed large
recoverable strains and fast actuation in this material which make these SMPs
attractive for applications especially in the field of medical devices [55].

P.T. Mather and coscientists have reported many research reports describing a
series of advanced and novel multiblock polyurethane copolymers for various shape
memory applications. They used POSS hybrid monomer as hard domains and
various polyols, (amorphous or semicrystalline), as soft domains. According to
them, these materials may also be modified to be biocompatible and biodegradable
[26, 40, 56–58].

Biodegradable and biocompatible polyurethane-based SMPs have attracted
significant research interest in the recent years especially due to their potential
applications in biomedical field [59–62]. Y. Wangat et al. have reported a novel
poly(urethane-urea) shape memory polymer (PUU SMP) which was synthesized
from poly(D,L-lactic acid) (PDLLA) diols, hexamethylene diisocyanate (HDI) and
butanediamine (BDA). They claimed that the response temperature for shape
memory of PDLLA–PUU SMP is mainly dependent on the glass transition tem-
perature. According to their research, this polymer exhibits an excellent shape
memory behavior, i.e., an approximately 100% ratio of the shape memory fixation
and 98% ratio of the shape memory recovery. They also claimed the biocompatible
and biodegradable nature of the same material with a Tg which is very near to the
human body temperature [63].

The most common type of SMP developed mainly for biomedical applications is
thermoplastic polyurethane (TPU) [64, 65]. Many research groups have reported
that the mechanical and shape memory properties of TPUs can be improved by
modifying the chemistry of the polymer. For example, the use of ethylene diamine
chain extenders and ionomers plays an important role in improving the strength and
modulus in TPUs [66, 67]. Some other chemical modifications of TPUs include the
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modification of the hard and soft domains, crosslinking and usage of SBS, PCL,
PLA and PLLA components [68–73]. Mixing of polylactic acid (PLA) with TPU is
a very effective way to improve its mechanical properties without changing its
chemistry [74]. Addition of PLA is reported to increase the shape memory prop-
erties, tensile strength and toughness of TPU [75–78].

J.J. Song et al. have recently developed biocompatible TPU-/PLA-based SMP
blends and claimed to achieve significantly higher actuation forces as compared to
that of existing materials. They also reported that the shape fixity ratio increases
with increasing PLA composition and programming temperature and the shape
recovery ratio remains independent of the programming temperature. They also
observed that the Ttrans of the TPU/PLA blends increases with increasing pro-
gramming temperature, and its range becomes wider with the increasing TPU
content. The optimum values were found in case of 80/20 and 65/35 TPU/PLA
blends which were programmed at 70 °C for generating the highest recovery force.
According to their claim the above-mentioned TPU/PLA SMP blend actuators can
be further developed for a number of biomedical applications such as artificial
muscles [78].

L. Xue et al. have reported the design and synthesis of PCTBVs block
copolymers which contain hyper-branched three-arm PCL as soft segment (switch)
and microbial polyester PHBV as crystallizable hard segment and claimed a sig-
nificant increase in yield. The two segments were developed for the first time for the
development of a biodegradable SMP with improved performance mainly for
biomedical applications. The developed PCTBVs showed desired thermal proper-
ties with a Tm of 39–40 °C of the soft segment suitable for thermal switching at
body temperature and a Tm of 142 °C of the hard segment suitable for the stabi-
lization of permanent. The developed PCTBVs exhibited ductile nature, and their
mechanical properties were adjustable by changing the block ratio. According to
their research results, the hyper-branched PCL segment proved to be much better as
compared to the linear PCL-based segment which ultimately increased the value of
Rf. Similarly the use of novel microbial polyester PHBV hard segment significantly
improved the value of Rr. On the basis of the results of this research effort, the
authors claimed to successfully develop a biodegradable and non-cytotoxic block
copolymer (PCTBV-25) SMP with a capability of thermal switching at body
temperature which could be useful as fast self-expandable stent or stent cover [79].

7.2 Thermoplastic Shape Memory Composites and Blends

Park et al. [80] investigated the influence of graphene content on the performance of
thermoplastic shape memory polyurethane (SPU) using different composite fabri-
cation procedures. They realized that the graphene loading controls the shape
recovery, IR absorption, electrical conductivity and the compatibility of SPU blends.
In addition, it was observed that SPU synthesized by aromatic 4,4′-diphenylmethane
diisocyanate (MSPU) exhibits better compatibility than SPU synthesized with
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hexamethylene diisocyanate (HSPU). This behavior may be attributed to the aro-
matic nature of MSPU structures. The homogenous dispersion of graphene particles
improved the crystallization and shape recovery of MSPU composites while that
were diminished in case of HSPU blends. Owing to the higher conductivity of
graphene/MSPU blends, the shape recovery by resistive heating of this sort of
composites was better than that of graphene/HSPU blends. The modification of
graphene with methanol develops the conductivity, resistive heating efficiency and
compatibility of the as-prepared blends. The graphene segments disturbed the
hydrogen bonds between the hard segments and the dense filling of SPU blends. At
high graphene loadings, this behavior offset the reinforcing influence of graphene.
Moreover, the IR absorption bands of modified graphene with methanol were
developed and modified graphene was more operative than pristine graphene for
shape recovery performance activated by IR heating. PVA/SWCNTs composite
fibers show improved mechanical energy to rupture the fiber composite at 20 wt% of
SWCNTs [81]. These composites were fabricated by mixing surfactant-stabilized
SWCNTs with PVA solution to produce composite fibers with high toughness. The
shape recovery of the prepared composites was higher than that of the conventional
polymers. It was also observed that high stresses were required to deform the fibers at
low deformation temperature (Td). At higher Td, the fibers became softer and can be
deformed easily. The prepared fibers show good shape fixity ratios and recovered to
its original shape after heating. The maximum stress generated by theses fibers was
approximately 150 MPa which is close to the stress generated by shape memory
metallic alloys (0.5 ± 0.25 GPa) [82–85]. High surge in the temperature more than
100 K was needed to attain moderate shape recovery standards around 50%, but the
broad Tg of this composite was a disadvantage for the shape recovery performance.
Poly(rac-lactide)/b-tricalcium phosphate (PDLLA/b-TCP) nanocomposites are
desirable biostructures for tissue engineering applications [86]. This sort of com-
posites can be synthesized by dissolving PDLLA in CHCl2 and mixed with b–TCP
solution in ethanol then evaporating the solvent to obtain some floccules of
PDLLA/b-TCP nanocomposites at the bottom of the beaker. Then, the floccules were
dried at 30 °C under vacuum and press-molded at 105 °C. The shape memory effect
of pure PDLLA and PDLLA/b-TCP nanocomposites with different b-TCP concen-
trations was studied using the bending test before and after immersing in buffer saline
solution with pH of 7.4 at 37 °C. Dramatic change in the shape memory performance
was noticed between the pure PDLLA and PDLLA/b-TCP nanocomposites. It was
found that the shape recovery ratio of PDLLA/b-TCP nanocomposites was higher
than that of pure PDLLA at the same degradation time. This may be related to the
change in the crystal phases of b-TCP and also the chains fission in PDLLA matrix
during the degradation procedure. Due to the plasticizer effect, the Tg was declined
owing to new inorganic phases formation [87, 88]. The rise in the shape recovery
ratio can be contributed to the presence of Ca2P2O7 and CaHPO4 species after 21-day
degradation. These species produce dynamical constrains to the LLDPA galleries
[89]. Furthermore, the shape memory characteristics of PDLLA/b-TCP nanocom-
posites became undesirable with increasing the degradation time because of the
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dissolution degradation of the inorganic phases of the PDLLA/b-TCP nanocom-
posites as well as the polymer chains fission. Polyvinylidene fluoride (PVDF)/acrylic
copolymer (ACP) blends with measured composition ratios and crystallization
conditions show excellent shape memory characteristics which addressed by You
et al. [90]. In addition, You et al. [91] studied the impact of cold crystallization
temperature on the shape memory performance and the crystal structure for 50:50
PVDF/ACP blend. They noted that the quenched sample has amorphous structure
with low glass temperature. The glass temperature of this blend was enhanced due to
inducing the crystallization of PVDF from the miscible amorphous PVDF/ACP
phase after annealing at temperature higher than Tg. Furthermore, low annealing
temperature leads to formation of tiny crystals while large PVDF spherulites were
produced after high annealing temperature. It is noteworthy to mention that
PVDF/ACP blends with tiny crystals exhibit unique characteristics such as good
recovery ratios and excellent shape fixity.

8 Applications of Thermoplastic SMPs

It is desirable to design and synthesize materials for various advanced engineering
and other applications. Shape memory alloys are used in many technical applica-
tions such as actuators, sensors and transducers. However, they show clear draw-
backs such as limited recoverable deformation as well as high cost and toxicity. The
shape memory effect in polymers is temperature sensitive, representing desired
requirements for practical uses in different fields. This is so because different
polymers exhibit different glass temperatures and melting temperatures [92]. In the
last decades, many applications were developed because of the unique character-
istics of thermoplastic shape memory polymers. Some important applications of
these polymers are represented in more detail in this section.

8.1 Thermoplastic Polyurethanes (TPUs)

In case of SMPs, the SME can be utilized on surfaces in the form of polymer
films/coatings as well as in bulk form where the SMP is able to change its overall
bulk shape. SMPs have a significant number of identified and unidentified industrial
applications, biomedical applications as well as applications in aerospace [93].
SMPs have some distinct advantages over other types of shape memory materials
such as shape memory alloys (SMA) and shape memory ceramics. They possess
low density, low cost, high elastic deformation, simpler manufacturing routes,
tunable transition temperature, and their potential biocompatible and biodegradable
properties [2].

It is noteworthy to mention that TPUs are utilized in a wide range of industries
owing to their excellent biocompatibility and physical characteristics. Their range
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of applications includes rollers systems, biomedical products and automobiles [94].
Because of light weight, low cost, high tunable morphology and good strain
recovery properties, PUs are considered as smart materials [95, 96]. Nanofillers
have been incorporated to PU-based shape memory systems to enhance the prop-
erties of TPUs [97]. For instance, CNTs were incorporated to improve electrical
conductivity and to prepare electrically actuated shape memory PU/CNT com-
posites [98]. PU/CNT shape memory systems are suitable for many applications
ranging from frozen food packaging to medical instruments.

The discovery of thermoplastic shape memory polyurethane was a major
breakthrough in the development of thermoplastic-based SMPs. Many commercial
applications were identified for these materials instantly, i.e., as safety tag or as
self-deploying chair [99, 100].

SMPs have very attractive set of properties for biomedical applications mainly
due to their excellent biocompatibility and biodegradability [7, 101]. Despite the
fact that SMPs are attractive for a number of biomedical applications, due to their
low recovery force they have not been considered as viable candidates for actuators
type of applications [2]. Some of the advanced biomedical applications of SMPs
which have already been reported in the literature are blood clot removal devices,
biodegradable self-tightening sutures, expandable catheters, biodegradable surgical
staples and self-expanding foams in cardiovascular stents [102–107].

Thermoplastic polyurethane (TPU) is a very well-known SMP mainly because of
its suitable nature for biomedical applications [108, 109]. Ahmad et al. have
developed PU-based SMP for pressure bandage applications which is capable of
generating the required recovery stresses within a range of 0.0026–0.006 MPa
[110].

Biodegradable SMP-based implants offer an attractive set of multifunctions,
such as shape memory effect at body temperature to initiate the shape change after
the placement of implant into the human body for minimally invasive surgery, and
biodegradability which saves patients especially the older ones from a second round
of surgery for implant removal [111].

8.2 Poly(e-Caprolactone) (PCL)

Poly(e-caprolactone) (PCL) is widely used in medicine as it is a biodegradable,
bioresorbable and biocompatible aliphatic polyester which is non-toxic for living
creatures. Moreover, PCL is utilized in the manufacture of containers for sustained
drug release, artificial bones and artificial skin owing to its excellent permeability
and biodegradability [112, 113]. PCL decomposes by enzymatic reactions in
physiological conditions inside the human body as it has low melting point (60 °C).
Because of its salient advantages, PCL is incorporated into segmented polyurethane
to modify the shape memory property. Radiotherapy patient immobilization,
orthopedic splinting, prosthetic socket cone production and reconstructive surgery
splinting utilize low-temperature polyurethanes with PCL-based soft segments
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(PCL/TPU) [114, 115]. At the same time, there is large waste produced from
orthopedics splints using PCL/TPU which is disposed of to landfill [116].

8.3 Nylon 12

The growth in the usage of thermoplastic elastomers (TPEs) is developed every
year as it can be recycled easily after being used. Nylon 12 is one of the most
common polymers designed for TPEs production. Because of the unique properties
of nylon 12 such as high chemical and abrasion resistances as well as high
toughness, it is widely utilized in many applications such as manufacture of elec-
tronic equipment, machinery, information industries and automobiles [116]. As
aforesaid, TPEs with a thermally triggered shape memory effect were fabricated by
Choi et al. [117]. They mixed semicrystalline maleated polyolefin elastomer
(mPOE) with nylon 12 at 200 °C. The unique characteristic associated with this sort
of TPEs is used for sports shields, toys and ergonomic grips.

9 Conclusion

Thermoplastic shape memory polymers and their variations, i.e., composites, rep-
resent an important class of advanced shape memory materials. A significant
demand of these materials is expected to arise in future for various engineering and
biomedical applications which require a thorough understanding and in-depth
knowledge of shape memory mechanisms in these materials and the controlling
factors which mainly control the required properties of these materials. This chapter
gives an overview of the thermoplastic shape memory polymers, and readers are
referred to the original research papers enlisted in reference list for an in-depth
view.
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Shape Memory Materials from Epoxy
Matrix Composites

Loredana Santo and Fabrizio Quadrini

Abstract Recent advances in shape memory materials from epoxy matrix com-
posites are discussed. Shape memory polymers and their composites (SMPs and
SMPCs) belong to a new class of smart materials which can have interesting
applications as expandable/deployable structures and light actuators. In particular,
SMPCs have typical properties of composites and in addition shape memory
properties. SMP matrices or the integration of parts made of SMPs can give such
functionality to the composite materials and structures. In the case of integration,
SMPC laminate or sandwich can be manufactured. The laminate can be obtained by
adding a shape memory layer of powder between the two composite skins, the
composite sandwich by applying flexible composite skins over a shape memory
foam core. As shape memory materials, SMPCs can react to specific external
stimulus changing their configuration and then remember the original shape.
Considering the low weight, the shape reconfiguration, and recovery force, the
SMPCs are expected to have great potential applications in many engineering
fields. This chapter highlights some recent progress in manufacturing, characteri-
zation, and future possible applications.

Keywords Shape memory polymer composites (SMPC) � Epoxy matrix com-
posites � Expandable/deployable structures
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1 Introduction

1.1 What Are SMP Materials?

SMPs are innovative materials that possess the capability of responding to specific
external stimulus changing their configuration and then remember the original
shape. The stimulus can be heat, electricity, light, magnetic field, water, and sol-
vent. For heat-induced SMPs, the shape memory effect is observed by performing a
typical thermomechanical cycle. The possibility to change the configuration mainly
depends on the material state that switches from glassy state to rubbery state when
the temperature reaches a characteristic value (the glass transition temperature (Tg)
or melting transition temperature (Tm) based on the nature of the polymer config-
uration) that can be labeled transition temperature (Ttrans) [1]. The chemical nature
of the material is fundamental for obtaining this behavior, but also the morphology
together with the applied processing and programming [2].

Figure 1 schematically shows an example of typical thermomechanical behavior
of SMP.

In detail, the process of shape recovery can be divided into different steps:
(1) manufacturing step of the initial shape of the SMP; (2) heating and deforming
step (T above Ttrans), deforming the SMP in a new configuration; (3) cooling and
storing step, reducing the temperature (below Ttrans) maintaining the applied
deforming force, and finally removing it and storing the part; and (4) reheating step,
increasing the temperature above Trans in order to recover the original shape. In
particular, in the case of Fig. 1, the SMP is packed in a new configuration (for SMP

Fig. 1 Schematic representation of thermomechanical cycle for SMP [3]. Copyright 2016.
Reproduced with permission from Elsevier
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foams or deployable SMP), and subsequently, the initial configuration can be
recovered [3].

Figure 2 shows an example of SMP material: a sheet of epoxy foam (2 mm
thick) in three different configurations (initial, stored, and final). It is so possible to
give a new configuration and finally to recover the initial geometry by means of a
thermomechanical cycle.

SMPs have numerous advantages over shape memory alloys, resulting in
potential substitutes for lightness, low cost, high shape recovery, easy manufac-
turing, good biocompatibility, and larger recoverable strains, and their physical
(e.g., transition temperature) and mechanical properties can be adapted by small
changes in chemical composition and structure [2].

Thermosets and thermoplastics can be used, but considering the comparison
between chemically cross-linked thermosets and physically cross-linked thermo-
plastics, it shows that the former SMPs are better candidate for future structural
applications. In fact, the advantages of thermoset SMPs include excellent shape
fixity and recovery ratio, higher transition temperature, and better thermal and
chemical stability.

However, SMP generally has some limitations, such as low deformation stiffness
and low recovery stress. Therefore, SMPCs have been developed in many practical
applications in order to overcome these deficiencies [1].

The SMPCs can have higher strength, higher stiffness, and special characteristics
determined by what fillers are added which can offer further advantages over SMPs
[1, 4]. SMPCs can exhibit novel properties significantly different from their pure
counterparts, so that they can be suitable for more applications.

In general, shape memory properties can be given to composite materials and
structures by using SMP matrices or integrating parts made of SMPs [5–7]. Shape
memory composite structures can be also produced by joining composite shells
with shape memory foams.

For the first time, a SMPC laminate was also tested in a space mission on board
the BION-M1 capsule through the Soyuz-2 launch vehicle with the aim to study its
behavior in microgravity for future applications (Ribes_Foam2 Experiment, April
20, 2013) [8–10]. The experiment is the second in microgravity, and it follows the
experiment IFOAM on SMP foams, Mission Shuttle STS-134 (May, 2011)
[11, 12]. The experiment Ribes_Foam2 has shown the ability of composites to

          Initial shape                Stored shape            Recovered shape 

Fig. 2 The initial, stored, and final configuration of a SMP sheet
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recover their shape in microgravity. In the case of small and light parts, the effect of
microgravity is negligible if compared with recovery forces, but it strongly affects
the performances of heating devices and has to be taken into account for designing
actuators or self-deployable structures in future space applications.

2 SMC from Epoxy Matrix

SMCs from epoxy matrix have been extensively studied by the authors. They can
be produced in different ways, by using SMP matrices, by integrating parts made of
SMPs, or by assembling SMP elements [5]. Moreover, SMP nanocomposite can be
also obtained by adding nanofillers in the shape memory matrix [13]. In the case of
integration, SMP laminate can be obtained by adding a shape memory layer in the
form of powder between the two composite skins, or flexible composite skins can
be applied over a shape memory foam core obtaining composite sandwich. In
several works [14–19], the outer skins are made of thermosetting carbon
fiber-reinforced (CFR) prepregs, whereas the shape memory interlayer is a ther-
mosetting epoxy resin in the form of powder or foam. Figure 3 shows some
examples for producing SMC and the raw materials.

2.1 Shape Memory Composite with a Bulk SMP Interlayer

In the previous works of the authors, commercial materials are generally used for
the fabrication of prototypes of SMC with a bulk SMP interlayer. The composite
layers is carbon/epoxy prepreg (HexPly® M49/42%/200T2X2/CHS-3K, nominal
epoxy resin content of 42 wt%, nominal area weight of 200 g/m2, thickness of

Fig. 3 Examples of producing SMC
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0.35 mm), while the SMP interlayer is an epoxy resin 3M Scotchkote 206 N. The
prototypes are formed by hot pressing in a hydro-pneumatic press (by ATS FAAR).
The applied pressure is 1.3 MPa, the molding temperature is 150 °C, and the
holding time is 15 min. In the case of powder deposition, it is generally limited to
specific zones located within the folding lines of the deploying structures.

The procedure of fabrication of the SMPC samples is quite simple: A layer of
100 lm of uncured SMP powder is poured over a prepreg sheet (properly cut) on a
spaced position where the hinge is intended to be for the deploying phase; after-
ward, the assembly is covered with another prepreg sheet. The SMPC is placed
between two sheets of thermoplastic film (used for mold release) and finally molded
together.

2.1.1 Examples of SMPC

Figure 4 shows some prototypes for space applications realized by using this
methodology, in particular a prototype of solar sail, a self-deploying cross, a pro-
totype of de-orbiting sail, and a prototype of solar panel.

Instead, Fig. 5 shows in detail the different phases for the fabrication of a
composite panel for the deploying of a solar panel. In this case, four aluminum
plates were applied to simulate the panels.

After the fabrication, the memorizing step is necessary to give the new
configuration.

The behavior of the SMPC structure is relatively complex because of the
presence of 2 epoxy systems with different glass transition temperatures. In the
examined case, the transition range is comparable, and consequently, 150 °C is
considered as a good temperature for the material softening and recovery, while
higher temperatures could lead to degradation. A hot air gun is used for the material
heating and appropriate tools for giving the new geometry.

(a)

(d)

(b)

(c)

Fig. 4 Molded composite
structures a prototype of solar
sail, b self-deploying cross,
c prototype of de-orbiting sail,
and d prototype of solar panel
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Figure 6 shows the memorized configuration of the prototypes of Fig. 4,
whereas Figs. 7 and 8 report the details of the recovery tests by using a hot gun for
heating.

The time for the shape recovery is short in comparison with SMP [10]. In
particular, 140 s are necessary for the recovery of the SMPC frame, 35 s for the
panel, 40 s for the cross, and 85 s for the cross with sail, respectively. The time is
also strictly related to the heating source.

The initial geometry is fully recovered; no damage is visible during and after the
memory stage, while the residual stiffness could be evaluated.

Fig. 5 Fabrication of the composite panel for the deploying of a solar panel
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In [19], a multipart structure is studied, a de-orbiting dual sail for satellite
applications. The dual-sail configuration deploying on the opposite sides of a
micro-sat is schematically reported in Fig. 9. As in the previous works, the SMC

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

Fig. 6 Memorized configuration of the composite structures: a solar sail, b self-deploying cross,
c de-orbiting sail, and d solar panel

Fig. 7 Details of the prototype of the SMC frame recovery stage

Fig. 8 Details of the recovery tests of a the panel, b the cross, and c the cross with the sail
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structures were produced in the opened shape and subsequently memorized in the
closed configuration (see Fig. 10). The initial deployed configuration is always
recovered by heating the prototype. The closed configuration increases the packing
efficiency of large structures for space orbiting systems. In this case, the shape
memory properties were provided only to folding zones and memory–recovery
cycles have been performed to test SMC performances. As result, the configuration

Fig. 9 Dual-sail
configuration deploying on
the opposite sides of a
micro-sat [19]. Copyright
2016. Reproduced with
permission from ASME

Fig. 10 Composite structures
before and after the memory
step [19]. Copyright 2016.
Reproduced with permission
from ASME
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can successfully self-deploy following the desired design constraints and recovering
the original flatness without noticeable defects, as shown in Fig. 11. A time of
349 s is necessary for the full recovery of the initial shape.

Other interesting configurations of SMPCs are composite hands [16]. They can
be manufactured with the same methodology, but they are produced in the
closed-hand configuration and subsequently opened in the memorizing step. In this
case, due to heating, composites tended to recover the initial closed configuration,
allowing to grab small objects. This could be interesting for space debris capture.
Figure 12 shows an example of composite hands after the memory step and in the
final configuration.

2.1.2 Monitoring of the Shape Recovery

In future final application, higher sizes are expected for the parts and local heating
could be easily embedded to control the shape recovery and to avoid the heating of
the entire structure. In the space environment, the recovery could be obtained by
solar irradiation, but further studies are necessary to reach such result.

Moreover, a monitoring of the recovery can be performed by fiber optic sensor
devices. In [17], the strain history of a prepreg carbon fiber system, cured with a

Fig. 11 Details of the shape
memory tests of the dual-sail
configuration [19]. Copyright
2016. Reproduced with
permission from ASME
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shape memory polymer (SMP) interlayer, has been monitored through a fiber Bragg
grating (FBG). Optic fiber arrangement was optimized to avoid unwanted break-
ings, whereas strains were limited by fiber collapsing, i.e., within nominal 2% of
deformation. Dynamic information about shape recovery has given fundamental
insights about strain evolution during time as well as its spatial distribution.

The first results suggest that the fiber should be embedded inside the layers, and
attention should be paid to the adhesive choice because it can lead to fiber release
during heating. The use of the so-called ribbon tape (or smart patch) technique that
ensures a stronger surface coupling can be performed. Experimental results also
suggest that the design and manufacture of specific jig and tools are necessary to
face the SMPC handling and their governing (i.e., the reset of its shape) so as to
improve the test reliability.

2.1.3 Multilayered SMPC

Another aspect to evaluate is the influence of the layers’ number on the shape
memory properties. In [15], three composite plates of 100 � 30 mm2 were pro-
duced by means of a layer structure. The composite structure was produced alter-
nating CFR prepreg layers to uncured epoxy powder layers of about 100 µm thick.
Table 1 reports the thickness of the samples.

The study is therefore extended to multilayers. In particular, the study of the
differences in the load explicated by the layer during the shape recovery of per-
centage and time of recovery of the composites as a function of layers number was

Fig. 12 Example of
composite hand: after the
memory step (left) and in the
final configuration (right)

Table 1 Thickness of the
samples

Sample Thickness (mm)

Sample 1 0.56 ± 0.05

Sample 2 0.91 ± 0.05

Sample 3 1.24 ± 0.05
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carried out. The actuation load and the shape recovery percentage were measured
after a V-shape memorizing step of the composites by bending test. Figure 13
shows the SMC sample with five layers in deformed V-shape.

Experimental results have shown that such structures can successfully recover
their original shape regardless of the number of layers without noticeable damages
[15]. Figure 14 shows the actuation load as a function of the time for different
layers. A maximum load of about 1.5, 4, and 7.5 N was reached for 1, 3, and 5
layers, respectively.

As expected, actuation loads increase with the increasing layers, but the trend is
not linear.

An exponential curve has been found [15]. This has to be taken into account for
the structure design.

2.1.4 Shape Recovery by Irradiation

Generally, heating has been obtained by a hot gun or in a furnace, but the chance to
recover the shape of SMC structures by irradiation can be of fundamental

Fig. 13 SMC with five
layers in the deformed
V-shape

Fig. 14 Actuation load as a
function of time for different
layers
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importance for space applications. In [18], a first step in this direction has been
taken. The recovery step of different configurations was achieved by irradiation of
two different lamps (infrared and halogen). The first experimental evidences sug-
gest, as expected, that the lamp power and the distance from the irradiating source
are crucial to obtain a complete recovery of the shape, to avoid poor performance of
the final SMC structure and for the success of the deployment. In particular, good
results have been obtained using a 500 W halogen lamp at a distance of about
95 mm from the SMC memorized structure (samples of 150 � 150 � 1 mm3).
A complete recovery of the complex shape configuration has been achieved using
these parameters, without noticeable damages (see Fig. 15). For shape recovery
time reduction, it seems to be important that the SMC bending regions are directly
exposed to the irradiating source. Moreover, the effect of using only radiating lamps
and the study of radiations’ consequences on SMC structures should be deepened in
further studies.

2.2 Shape Memory Composite Sandwiches with a SMP Core

Shape memory composite sandwiches with a SMP core can be obtained by using
composite skins made with carbon fiber-reinforced (CFR) prepregs and SMP foam
as core [5, 20].

The core material can be a shape memory epoxy foam [12], and the composite
skin can consist of two-layer unidirectional thermoplastic composite (glass-filled
polypropylene) or thin carbon fiber laminates or prepreg. In the case of unidirec-
tional thermoplastic composite [7], skins were joined to the core by hot compres-
sion without any adhesive. The result was a very good adhesion. Shape memory
tests revealed the ability of the SMC structures to recover the initial shape even after
significant damage.

In [20], skins made of thin carbon fiber laminates and SMP foam core were used
for obtaining SMC sandwiches with self-healing properties for the marine field.
Self-healing is the ability of the composite to fix the damage occurred after impact,
mainly in the case of matrix failure [21]. Self-healing reflexive composite struc-
tures, originally developed for application in unmanned aerial vehicles, have been
adapted to function in a marine environment [22]. Reflexive structures combine

Fig. 15 Recovery sequences of the SMPC panel by using a 500 W halogen lamp, distance of
95 mm
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healable resin, structural health monitoring, and integrated autonomous repair for
increased survivability in composite vehicles and structures. Adapting this proven
reflexive solution to marine environments involved the development of a
marine-compatible resin and the optimization of signal parameters for structural
health monitoring functionality underwater.

In the previous studies, it has been shown that SMCs have good self-repairing
properties at least in terms of shape recovery [5], and a further development is the
integration of the additional self-healing function. This function can be obtained,
for example, by mixing small hollow microspheres in the foam core: These spheres
can be filled with a resin precursor and a catalyzer. In the case of an impact, the
SMC structure could be dramatically deformed with cracks and delamination: This
energy would also break the microspheres, making contact between uncured resin
and catalyzer. If the SMC structure is locally heated, e.g., by means of a hot air gun,
the shape is recovered using SMP and cracks are partially closed using the resin
polymerization.

For this purpose, prototypes have been made: Two-ply composite skins were
produced by molding with a hot parallel plate press at low pressure (1.5 bar), a plate
temperature of 150 °C, and a molding time of 20 min. A thermoplastic film was
used as mold release. In the case of the epoxy foam, the sizes were 90 � 15 mm2,
while the laminate thickness was about 0.4 mm. Shape memory composite skins
were also produced by placing a 150 µm SMP interlayer between the two plies in
order to obtain SMC skins. During lamination, the SMP resin was placed on the
first prepreg layer in the shape of uncured resin, and subsequently, the second
prepreg layer was placed on the first one. Figure 16 shows an example of SMC
sandwiches with an epoxy foam core.

The skin–core joining was achieved by means of the same resin powder which
was already used for shape memory cores and interlayers. The adhesion was
achieved after placing the resin powder at the interfaces and curing at 150 °C for
5 min at low pressure (0.5 bar). The final thickness of the adhesive interface was
estimated to be about 100 µm. Final size of CF/epoxy sandwiches was
90 � 15 mm2 with a thickness about 14 mm.

After production, the sandwich samples have been tested in bending up to failure
and subsequently recovered by using a hot air gun. Such samples were recovered
after coating the failure zone with a small amount of uncured epoxy resin, in liquid
state. That was a method to simulate the self-healing function. Subsequently,
bending tests have been repeated to evaluate the residual properties of composite
sandwiches. Figures 17, 18, and 19 show some experimental results.

In detail, Fig. 17 shows the setup for bending test and the failure of SMC
sandwiches after the bending test; Fig. 18 reports bending curves of CF/epoxy

Fig. 16 SMC sandwiches
with epoxy foam core
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Fig. 17 Bending test (left) and failure of SMC sandwiches with epoxy foam core (right) [3].
Copyright 2016. Reproduced with permission from Elsevier

Fig. 18 Bending curves of CF/epoxy sandwiches: a initial tests on sandwiches without (Sample I
and Sample II) and with (Sample III) SMC skins; b–d bending tests before and after recovery for
Sample I (without self-healing function), Sample II (with self-healing function), and Sample III
(with self-healing function and SMC skins), respectively
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sandwiches before (damage) and after (post-recovery) shape recovery in the
absence and presence of the self-healing function; and Fig. 19 shows the shape
recovery of CF/epoxy sandwiches.

The shape recovery and the effect of self-healing function are well evident. In
order to quantify this effect, Table 2 reports stiffness data extracted from bending
curves of all the sandwiches before and after recovery. Residual stiffness after
recovery is a simple way to measure the efficiency of shape recovery and
self-healing. Strength could be used as well, but several failure mechanisms were
observed during tests and it is difficult to make a comparison.

CF/epoxy sandwiches showed good stiffness because of the higher core density
and properties. On the other hand, the foam core was sensitive to cracks under
bending.

Due to this fact, very low residual stiffness was measured in the sample without
the self-healing function (19%) after recovery. Moreover, the effect of the
self-healing function is significant. In the case of using SMC skins, a 90% of
residual stiffness was observed. In the sample with the healing function but without
the SMC skins, the residual stiffness was even higher than the initial one (+26%).

The first results are interesting and seem to confirm the validity of this approach.
Sandwich structures are therefore particularly appropriate for producing SMC

First test             After recovery 

No self-healing (Sample I) 

Self-healing (Sample II)

Self-healing + SMC skins (Sample III)

Fig. 19 Shape recovery of CF/epoxy sandwiches [3]. Copyright 2016. Reproduced with
permission from Elsevier

Table 2 Stiffness of SMC sandwiches before and after recovery [3]

Sandwich
Type

Details Initial stiffness
(N/mm)

Stiffness after recovery (N/mm)

CF/Epoxy No healing 664.4 124.8

CF/Epoxy Healing 493.3 623.0

CF/Epoxy Healing + SMC skins 797.9 720.3

Copyright 2016. Reproduced with permission from Elsevier
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structures with self-healing properties because of the possibility of using shape
memory foams for core. In the study, only commercial materials have been used
with the evidence of high residual properties after shape and damage recoveries. It
has also been shown that it is possible to concentrate the shape memory behavior
only in the foam core, leaving the composite skins made of traditional materials.

3 Perspective for the Field

Considering the low weight, the shape reconfiguration, and recovery force of
SMPCs, they are expected to have great potential applications in many engineering
fields.

In particular, SMPCs from epoxy matrix are expected to develop and have great
potential applications mainly in aerospace in the near future; significant research
works are focusing on the design and evaluation of SMPC components such as
foldable SMPC truss booms, SMPC hinges to actuate solar array deployment,
systems for antenna, mirror and reflector deployment, and systems for debris
capture and opening of solar sail for microsatellite de-orbiting. Moreover, a mor-
phing vehicle concept is developed by using both SMPs and SMPCs [23]. First
experiments in microgravity have been carried out, and the results are promising.

In space applications, microgravity and space environment play a significant role
in the deployment phase, and for this reason, other space missions will be necessary
to evaluate the feasibility after ground tests, in particular for large and complex
composite structures.

Moreover, solar radiation could be used for the shape recovery, but material
aging and damage cannot be neglected for a potential application.

Interesting applications of SMPCs from epoxy matrix could be also for the
marine field, by using a SMP core with self-healing properties in sandwich struc-
tures for self-repairing of boats or marine structures after impact.

In any case, extensive studies are needed on the relationship between the
structure of SMPC and properties of the material, and requirements of specific
applications. Moreover, a study on the multiple-step and two-way shape memory
effect is at its initial state [23, 24] and of great interest for the applications.

Finally, based on all the advantages of SMPCs, previously stated, there is no
doubt that SMPCs are expected to become one of the leading roles in the field of
smart materials and they will be materials for future engineering applications.

4 Conclusion

In this chapter, some results on shape memory materials from epoxy matrix com-
posites are discussed. The aspects of manufacturing, shape recovery, and
mechanical characterization are mainly analyzed. The primary scope is to spread the
knowledge about the capabilities of these smart materials and the future challenge
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for their applications mainly in the aerospace field. Other important aspects
regarding chemistry and physical behavior could be considered and can be found in
specific literature.
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Abstract The remarkable advances in the area of shape memory devices during the
past few decades have triggered wide applications in numerous areas ranging from
aerospace to household products and from civil engineering to biomedical fields.
Shape memory metals, alloys, polymers, and composites are mainly used in fab-
ricating many useful products; more significance is given to the polymers and its
composites due to their lightweight, low cost, easy processability, and large strain.
The electroactivity and the electrical conductivity of polymer composites are also
correlated with this shape memory behavior. The current chapter is specifically
prepared to address the various electrically conducting polymers and their com-
posites applied in shape memory devices. A brief introduction to shape memory
effect, conducting polymers, and the composite fabrication, followed by discussion
about the conducting additives and applicability of conducting composites in shape
memory, is provided in this chapter. It will also provide a review of the up-to-date
information on this specific topic of conducting composites in shape memory, and
the challenges need to be solved for their potential future advancement.
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1 Introduction

Stimuli-responsive materials change their mechanical, electrical, optical, thermal,
and surface properties along with their shape when specific environmental condi-
tions are applied on the samples [1]. Shape memory polymers (SMPs) belong to this
class of stimuli-responsive materials capable of recovering their permanent initial
appearance on exposure to any stimulus such as heat, humidity, pH, and
magnetic/electric field, from their temporary deformed shape [2]. In order to pos-
sess shape memory effect, a polymer should possess a stable network and ability to
undergo reversible switching transition [1]. Though certain polymers possess good
shape memory behavior, low mechanical strength and shape recovery stress are
observed as their major disadvantages. Filler particles of various dimensions and
their polymer composites can improve the shape memory and physicomechanical
properties [1].

The most general way of attaining shape memory is by thermal stimulation in
which direct heating is applied to accomplish shape deformation [3]. But since
direct heating can be not appropriate in all cases, other stimuli alternatives such as
magnetic field, electric charge, light, and water are employed to achieve shape
recovery. Among these various means of stimuli, electrical stimulation stands most
interesting due to its remote controllability, uniform heating profile, and convenient
manipulation. However, many polymers are insulating in nature, transferring them
to conducting materials, either by the addition of conducting filler particles or by
addition of conducting polymers, and are very important to execute the electroac-
tive shape memory effect. Such shape recovery effect is known as the electroactive
shape memory. In the case of conducting filler-reinforced composites, the fillers
enhance the thermal conductivity of the base polymer and facilitate fast transfer of
the induced Joule heating and thus improve the recovery speed [4, 5]. Electroactive
shape memory and its influence on the conducting filler particle concentration were
reported by Du et al. in their research works [3, 6]. They have used multi-walled
carbon nanotubes (MWCNTs) as the filler and the polyvinyl alcohol (PVA) as the

322 D. Ponnamma et al.



base polymer and achieved good shape recovery at higher concentrations of
MWCNT.

Electrically conducting plastic materials are called inherently conducting poly-
mers [7]. These organic polymers exhibit high electrical conductivity similar to
metallic or semiconducting materials, but their mechanical properties are lower
when compared to other commercial polymers. By tuning the synthesis and dis-
persion methods, the electrical properties are often improved. Polypyrroles (PPy),
polyanilines (PANIs), polyphenylenes, polyacetylenes, poly(p-phenylene vinylene),
etc., are some types of such conducting polymers in which the conjugated p-orbitals
are responsible for the conductivity. The electrochemical doping/dedoping within
the polymers can cause the variation in their properties. Such electrochemical redox
processes occurring inside the polymer can cause a reversible/simultaneous swel-
ling and contraction which can lead to actuation and thus are useful in organic
microelectromechanical systems and artificial muscles [7]. Electroactive shape
memory of the polypyrrole/polyurethane block copolymer prepared by the chemical
oxidative polymerization was reported for its use in actuators [8].

By the preparation of nanostructured conducting materials, monofunctional
devices can improve multifunctional systems [9] that can be tailored for different
applications. Recent studies on applying high-resolution three-dimensional shape
memory structures in constructing flexible electronic devices through commercial
stereolithography evidence good correlation between the electrical conductivity of
the polymer and the significant shape memory effect [10]. Many conducting
polymer nanocomposites report shape recovery property independent of its elec-
trical resistivity and filler networks. In these cases, the recovery often triggered by
light, temperature, or water stimulus is due to the associated structural confirmation
of the polymer nanocomposite. In this chapter, the aim is to review the recent
developments in shape memory behavior of conducting polymers and polymer
nanocomposites, in addition to keeping an eye on electroactive shape recovery
process. Overall, the main purpose is to bring out the influence of electrical con-
ductivity of the materials as well as the electrical stimulus in the shape recovery of
polymer nanocomposites.

2 Basics of Shape Memory

The process of shape memory is cyclic and contains two major steps: (i) pro-
graming process in which the sample is deformed to a temporary shape (B) from its
original permanent shape (A) and (ii) recovery process in which the sample comes
back to the original shape (A) by an external stimulus. Both these steps can be
repeated in many subsequent cycles with various temporary shapes. When com-
pared to shape memory alloys, the SMP exhibits shorter time intervals between the
steps and higher deformation rate [11].

A typical shape memory response cycle is shown in Fig. 1 in terms of thermal
response and is supposed to have the following steps [12]: In the first step, the
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polymer is fixed to have its original shape by proper fabrication methods. During
the second step, the SMP is heated above its thermal transition temperature, which
can be either the glass transition (Tg) or melting (Tm). This deforms the material,
and with the proper cooling or by applying any external force, the temporary shape
of the SMP is preserved. This shape fixity is followed by the last step of shape
recovery by which the SMP recovers its permanent original shape when thermally
triggered above the Tg [13].

The reason for this shape switching is rather complex, and many reports have
come out substantiating the exact mechanism of this molecular level transformation.
Within the SMP, the stable structure is made of crystalline phase, chemical
cross-linking, molecule entanglement, or interpenetrated networks. The various
mechanisms responsible for shape memory recovery of a typical SMP can be
vitrification/glass transition, crystallization/melting transition, liquid crystal
anisotropic/isotropic transition, supramolecular association/disassociation, and
reversible molecule cross-linking [1]. The typical mechanism occurring within a
SMP is shown in Fig. 2. The reversible switching reactions are also shown here.

The quantitative estimation of shape memory behavior is very necessary in
technological applications. This is usually done by two parameters: shape/strain
fixity rate, Rf, and the shape/strain recovery rate, Rr. In addition to this, the time
intervals between the cycles, quantity of stimulus needed, switching temperature
Tswitch in thermal stimulation, etc., are also significant. The shape fixity is defined as
the ability of a material to fix the mechanical deformation (denoted as ɛm) given to it
and thus to keep its temporary deformed shape (denoted as euðNÞ) for N number of
cycles, whereas the shape recovery measures the ability of the material to retain the
permanent shape (denoted as epðNÞ) after applying a small triggering stimulus. The
strain change is em � epðNÞ, during shape memory and em � epðN � 1Þ, during
programming. The Rf and Rr are, respectively, calculated by the following Eqs. (1)
and (2). The values should be 100% ideally.

Fig. 1 Schematic representation of the shape memory effect [12]. Copyright 2007. Reprinted with
the permission from Elsevier Ltd.
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For a given cycle number N,
The shape fixity ratio

Rf Nð Þ ¼ eu Nð Þ � ep N � 1ð Þ
em � ep N � 1ð Þ ð1Þ

And the shape recovery ratio

Rr Nð Þ ¼ eu Nð Þ � ep Nð Þ
eu Nð Þ � ep N � 1ð Þ ð2Þ

where eu Nð Þ is the unloading strain in the cycle number N, and epðNÞ and epðN � 1Þ
were residual strain in the cycle number N and N � 1.

In their review of shape memory polymers, Behl et al. explain the practical mode
of testing the shape memory. This is shown in Fig. 3 as a typical stress-controlled
programming cycle. For testing, the sample is clamped to a tensile testing equip-
ment and elongated to ɛm, given as in Step 1. Now, the molecular switches within
the SMP are opened by proper external way of deformation. For thermally induced
shape memory, the sample is heated above its transition temperature, while in the
case of photoinduced and electricity-induced shape memory, the sample is irradi-
ated with light of appropriate wavelength or kept under suitable electrical field of
known strength, respectively. This cleaves the bonds within the SMP, and under a
constant stress of rm, the material fixes its temporary shape by closing the
molecular switches (Step 2 in the figure). In thermally induced shape memory, the

Fig. 2 Various molecular structures of SMPs [1]. Copyright 2013. Reprinted with the permission
from Elsevier Ltd.
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closing of switches occurs by cooling, whereas in photoinduced and electroinduced
shape memory, this is, respectively, done by irradiating with another wavelength or
changing the electrical field to another strength. Now, in Step 3, the material
reaches to a stress-free condition by reducing its strain. In the last Step 4, the stress
maintains constant, molecular switches open up again, and the sample contracts and
achieves its permanent shape [11].

3 Synthesis Methods

3.1 Conducting Polymers

A large number of conducting polymers are used in many of the industrial appli-
cations such as electronics, photonics, lithography, and optical devices. The main
types of such polymers and their applications are tabulated in Table 1.

With the advancement of molecular electronics, conducting polymers have
significant demands [14] and these polymers are synthesized by many routes.
PANIs are often synthesized by in situ polymerization of aniline, which is very
simple and cost-effective [15]. A cost-effective way to synthesize many conducting
polymers with respect to their application is well explained by Gurunathan et al. in
their review article. This electrochemical synthesis was first established for poly-
pyrrole, and many semiconducting polymers can be synthesized from their
monomers such as aniline, indole, thiophene, carbazole, furan, azulene, and pyrene
[14]. In this synthesis, both oxidative and reductive polymerizations are possible.
The advantage of electrochemical polymerization over the chemical oxidation is
particularly when the synthesized polymer has use in making electrodes, sensors,
and other electronic applications [16]. Electrochemical copolymerization of poly-
thiophene derivative to fabricate biosensor was also reported [17].

Fig. 3 Typical stress–strain–
temperature diagram (first
cycle) for a thermoplastic
SMP with a thermally induced
shape memory effect. Step 1
is strain controlled, while
Steps 2–4 to the beginning of
the next cycle are stress
controlled [11]. Copyright
2007. Reprinted under
creative commons license
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3.2 Nanoparticles and Polymer Nanocomposites

Nanoparticles are prepared via different routes depending on the type of the
material, dimension required, and application. All general methods of preparation
such as arc discharge method, laser ablation, and chemical vapor deposition for
CNTs as well as the top-down and bottom-up processes for graphene are exten-
sively reported in the two reviews published [18, 19] by our group. Many
nanoparticles are synthesized also by means of hydrothermal method, colloidal
processes, self-assembling reactions, solvothermal reactions, pyrolysis, sol–gel
processes, etc. Though a large number of methods are available, more attention will
be focused on simple and low-cost processes that can lead to high yields. The usual
problems associated with the synthesized particles are their high tendency of coa-
lescence and agglomeration. To reduce the agglomeration, surface functionalization
methods, use of compatibilizers/surfactants/ionic liquids, etc., are employed too.

The major synthesis methods of polymer nanocomposites include melt blending,
solution mixing, and in situ polymerization. In melt blending and solution mixing,
the polymers and fillers are mixed together in different experimental conditions,
whereas the monomer is polymerized in the presence of nanofillers in the in situ
polymerization method to ensure maximum level of reinforcement. Table 2 rep-
resents some of the preparation methods of polymer nanocomposites with their
possible applications.

Table 1 Applications of conducting polymers in device [14]

Device application

PANI and substituted PANI (1) Electrochromic display
(2) Photolithography
(3) Rechargeable battery
(4) Electrochemical capacitors
(5) Corrosion inhibitors
(6) Sensors

PPy and substituted PPy (1) Electrochromic display
(2) Lightweight battery
(3) Sensors
(4) Solar energy cells

Polythiophene and substituted polythiophene (1) Electroluminescence
(2) Electrochemical capacitors
(3) Cathode materials for battery
(4) Microlithography
(5) Corrosion inhibitors

Poly-p-phenylene (PPP) p-phenylene vinylene (PPV) (1) Electroluminescence
(2) Photoconductors
(3) Solar energy cells
(4) Laser materials

Copyright 1999. Reprinted with the permission from Elsevier Ltd.

Shape Memory Behavior of Conducting Polymer Nanocomposites 327



Table 2 Preparation methods of various polymer nanocomposites

Polymer Filler Synthesis
method

Applications References

PANI CNT In situ
polymerization

Sensors and
magnetic shielding

[20]

PPy CNT In situ
polymerization

Sensors and
magnetic shielding

[20]

Polysiloxanes Carbazole Blending Components of
photovoltaic devices
Electrophotographic
photoreceptors
Photorefractive
materials

[21]

PANI CaCO3 In situ
polymerization
and solution
mixing

Anticorrosion [22]

Polyethylene MWCNTs Solution
mixing
followed by
sintering

Better electrical and
mechanical
properties

[23]

PVDF f-G
(functionalized
graphene)

Solution
mixing

Improving electrical
conductivity

[24]

Epoxy Partially
reduced GO

In situ
polymerization
at 250 °C

Higher thermal
conductivity

[25]

TPU
(thermoplastic
polyurethane)

TRG
(thermally
reduced
graphene)

In situ
polymerization

Better electrical
conductivity and
magnetic shielding

[26]

Epoxy Ag In situ
photochemical
method

Higher K and
dielectric constant

[27]

Polyfuran
(PFu)

Poly
(2-iodoaniline)
P2IAn

Polymerization Higher conductivity
and magnetic
susceptibility

[28]

PANI ZnO In situ
polymerization

Higher optical
properties

[29]

PANI ZnO in situ
polymerization

Photoconductivity [30]
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4 Shape Memory Effects in Conducting Polymer
Composites

4.1 Conducting Polymers and Its Composites

Conducting polymers and its composites are extensively studied for shape memory
behavior. The topic can be subdivided to two categories: (i) shape memory behavior
of usual polymers containing conducting polymers as fillers and (ii) shape memory
behavior observed for conducting polymers and its composites.

Aranguren et al. [31] reported that PANI (conducting polymer) was grafted on
the surface of cellulose nanocrystals and then used as a reinforcement to identify the
shape memory property of polyurethane (PU). Here, the recovery ratio decreased
with increasing the amount of the rigid particles (filler particles were added in 2, 4,
and 10 wt%), whereas the fixity was increased [31]. Similar methods of preparation
were followed by Auad et al. [32] as they obtained a recovery between 63 and 78%
for all PU samples containing various PANI–cellulose nanofibrils doped filler up to
the fourth cycle of thermal shape recovery. For the samples containing 2% of the
PANI–cellulose nanofibrils, the shape fixity was >90% for all cycles, whereas for
the sample with 4% PANI–cellulose nanofibril, the fixity decreased for certain
cycles. This is attributed to the interaction of the hard segments of PU with PANI–
CNC leading to some morphological disruptions [32]. Figure 4 shows shape
recovery behavior for the PU and its composite containing PANI–cellulose hybrid
nanomaterial. As reported, the first cycle behaves differently due to the rear-
rangement of domain morphology at high temperature during first deformation.
However, during the subsequent cycles, the property becomes repeatable. Up to
fourth cycle, all samples show a recovery between 63 and 78% if the actual strain
happening in the sample following the first cycle is considered, and the calculated
recovery can be >85%. However, more useful properties will be achieved if the

Fig. 4 Plots of thermomechanical tensile response of a neat PU and b PU containing 2 wt%
PANI–cellulose nanofibril composite [32]. Copyright 2011. Reprinted with the permission from
Wiley
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PANI–cellulose nanofibrils are redoped after synthesis or during mixing with PU
since the solvent employed may cause partial dedoping of PANI.

Similar composites containing PU as the base matrix and PANI-coated cellulose
nanofibers were reported by Casado et al. as well [33]. In their work, they have
obtained both the recovery and fixity properties, respectively, above 60 and 94% for
all composites containing different concentrations of PANI and PANI–cellulose
nanocrystals. In addition, the cycling process does not affect the shape fixity and
recovery ratio of the PU, though the recovery stress decreases with the increase in
cycle. For the PANI composites, the recovery ratio decreases with cycling as well
as with the increase in filler concentration, whereas the fixity was not affected. For
the PANI–cellulose composites, the recovery ratio was lower than the matrix and a
minimum is observed at 1% concentration. The electrical conductivity of the
PANI–cellulose composites was higher than that of PANI composites due to
enhanced interactions between the two nanoparticles. But because the electrical
percolation of fibers through PU was not achieved, good conduction levels were not
reached.

The conducting polymer, polythiophene, also improved the shape recovery of
PU when both polymers are made into form of a blend [34]. This recent investi-
gation showed that 80–92% shape recovery was observed for all PU/polythiophene
blends and its composites containing various concentrations of amine-
functionalized MWCNTs. The recovery of this particular composite is well
demonstrated in Fig. 5.

The maximum shape recovery of 92% observed for the MWCNT blend com-
posite is attributed to the high stored energy due to the fine dispersion of nanotubes
in the blend. The shape recovery was tested by varying the polythiophene con-
centration from 0.3 to 1 wt%, and an increasing trend was noticed due to the
increase in crystallinity. In addition to the crystallinity influence, the high electrical
conductivity and mechanical properties due to modified MWCNT addition are also
responsible for the good shape recovery in blend nanocomposite.

4.2 Conducting Fillers in Shape Memory

Conducting fillers such as carbon nanoparticles, fullerenes, carbon nanotubes
(CNTs), graphene derivatives, and metal nanoparticles are added to various poly-
mers to develop composites exhibiting good shape memory. The influence of CNT
concentration and deformation temperature on the shape fixity and shape recovery
ratio of epoxy composites was reported by Zhong et al. [35]. The samples were
deformed at different temperatures, and the shape fixity was calculated based on the
sample deformations. The results obtained are shown in Fig. 6. When deformed at
100 and 150 °C, the samples are in rubbery state and the deformation happens due
to the conformational rotation of the network chains and all deformations are frozen
by vitrification, whereas at 25 °C, the sample is at glassy state, and other than the
conformational chain rotation, the deformation of C–C bonds and angles also occur
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Fig. 5 Shape recovery of a PU/polythiophene containing 1 wt% of polythiophene b PU/1%
polythiophene blend containing 3 wt% amine-functionalized MWCNT heated at 60 °C [34].
Copyright 2016. Reprinted under creative commons attribution license

Fig. 6 The dependence of shape memory effects on the deformation temperature and weight
percent of CNTs. ( 25 °C; 100 °C; 150 °C) [35]. Copyright 2013. Reprinted
with the permission from Elsevier Ltd.
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leading to poor shape fixity ratio. The results also indicate that the shape memory
effect is little influenced by the CNT addition and change is mainly from the
temperature-dependent characteristics of the polymer [35]. Moreover, the rein-
forcement of CNT becomes maximum at a specific temperature at which proper
stiffness and good conformational motion of polymer chains are achieved.

CNTs prepared from carbon fibers by vapor growing were added to PU, and the
composite specimens were tested for static tensile and thermomechanical cycle tests
[12]. The stress at the maximum strain and the residual strain was increased when
vapor-grown carbon fiber (VGCF) concentration added to PU was increased (1.7,
3.3, and 5 wt%) . During the first cycle, the strain recovery ratio was 80% for the
PU/CNT composite and decreased with VGCF addition, whereas for the second
cycle, it became 90% and subsequently increased to 95% at more number of cycles.
This training effect for the shape memory polymer was well reported before as well
[36, 37]. At 3.3 wt% VGCF weight fraction, the nanocomposite showed about
twice recovery stress than the neat polymer. Thus, other than the shape memory
application, the reported material is proposed to have sensibility to temperature as
well. In another work, the CNTs were electrically induced into aligned chains in a
polymer/carbon black composite where the CNTs serve as long-distance conductive
channels capable of bridging the CB aggregations [38]. The electrical resistivity for
the synthesized polymer composites containing chained CNTs was lowered 100
times when compared with composites containing randomly distributed CNTs.
Such shape memory composites were actuated by very low electrical power.

Smart shape memory materials based on graphene and graphitic derivatives have
recently attracted wider attention [39–43]. The shape recovery of the thermally
responsive epoxy nanocomposite containing 0.1% of graphene was better compared
to the neat polymer due to its lower cross-link density [44]. The graphene disper-
sion can strongly affect the shape memory property, and the poorly distributed
graphene often hinders the crystallinity of the base polymers like PU [45]. The
graphene modified with methanol enhanced the compatibility with PU, thus
enhancing the shape recovery. However, such composites showed lower conduc-
tivity and thus the resistive heating efficiency. The three-dimensional shape
memory behaviors for the polyimide and its composites with graphene are shown in
Fig. 7 [46]. Here, glass transition temperature was used as the triggering temper-
ature. Graphene addition has reduced the viscous deformation of the polyimide
from 5 to 3% and enhanced the strain recovery rate from 89 to 96%.

By chemical oxidation–reduction method, uniform graphene distribution was
achieved in epoxy polymer and high recovery stress and recovery time were
obtained for all composites containing graphene from 0.5 to 2% [47]. Hybrid
nanocomposites containing graphene and metal particles were also reported to be
used as shape memory. For instance, synergic combination of thermally exfoliated
reduced graphene oxide and the Iron(III) acetylacetonate nanoparticles was added
to PU, and the ultra-fast shape recovery along with high thermal conductivity and
mechanical property enables it to design magnetoresponsive shape memory poly-
mers for multifunction applications [48]. For graphene oxide-filled PVA

332 D. Ponnamma et al.



Fig. 7 a Three-dimensional shape memory stress–strain–temperature data of a neat polyimide,
b 0.5 wt% polyimide graphene nanocomposite, and c 1 wt% polyimide graphene nanocomposite.
Two-dimensional demonstration of change of strain and stress, with temperature and time a-1 neat
polyimide, b-1 0.5 wt% polyimide graphene nanocomposite, c-1 1 wt% polyimide graphene
nanocomposite [46]. Copyright 2012. Reprinted with the permission from American Chemical
Society
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composites, water-induced shape recovery was also observed [49] due to the
decrease in Tg and the polymer chain stiffness.

The thermoresponsive shape recovery of styrene-based shape memory polymers
containing Ni (nickel) particles is reported by Lan et al. [50]. During preparation of
the composite, an external magnetic field is applied so that perfectly aligned Ni
chains are formed within the material. This causes the electrical resistivity of the
samples to decrease and allows 80–85% recovery while Joule heating. However,
the complete recovery in short time interval is still need to be investigated for the
thermosetting styrene-based composite. Electrically conducting epoxy composites
containing CNTs are reported recently by Liu et al. [51]. At 0.75% concentration of
MWCNT, the recovery rate and all the mechanical properties were found to be
enhanced. The material showed good cyclic stability.

4.3 Electroactive Shape Memory

The electroactive shape memory effect is observed when electrical field is applied to
the composites for programming. The most important requirement of a sample to
show the electroactive shape memory is the sample conductivity. As a stimulus,
electricity enables resistive actuation of shape memory polymers containing con-
ductive fillers. Such electrical triggering avoids external heating and enhances the
technological potential of materials [52]. The review by Liu et al. [52] illustrates
different polymer composites useful in electroactive shape memory. The composites
include polymer reinforced with CNTs, electromagnetic fillers, metal particles, and
their hybrid combinations.

The surface temperature change occurring in the polycaprolactone composite
containing polyethylene glycol-modified MWCNT composites at various applied
voltages along with shape recovery images is shown in the Fig. 8 [53]. The elec-
troactive shape memory is compared with thermoactive effect showing a faster
recovery in the latter case. The less recovery for electrical stimulus is due to the

Fig. 8 Photographs showing shape recovery process of the cPCL/PEG-M samples a in the hot
water at 55 °C and b in the supplied voltage 60 V and c temperature changes of the composites
used as a function of decayed time when a constant voltage was applied to the samples [53].
Copyright 2010. Reprinted with the permission from American Chemical Society
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slow heat loss and faster thermal transfer. However, the electroactive shape memory
showed noticeable change when the sample is subjected to biodegradation.
Comparing with the thermal stimulation (recovery ratio decreased by 22%), the
electroactive method decreased the shape recovery ratio by 90% in 4 weeks of
biodegradation. This can be attributed to the separation of the functionalized nan-
otube network within the polymer chains and thus loss in electrical conductivity.
The effect of biodegradation and cytotoxicity confirms the material applicability in
biomedical field.

Conducting PPy was added to PU block polymer by chemical oxidative poly-
merization method [8], and the shape recovery property was studied. At 6–20 wt%
concentration of PPy, the conductivity of the composites was obtained in the order
of 10−2 S/cm. The composite was deformed by heating above the transition tem-
perature of 40–45 °C, and a good recovery of 80–90% was observed for the
composite containing 20 wt% of PPy in 25 s when electrically triggered at 40 V.
But for the composite containing 10 wt% of PPy, the recovery time was little higher
(30 s). This substantiates the requirement of good electrical conductivity and
minimum extent of elongation at break other than the high crystallinity of soft
segments to show electroactive shape memory effect compared to thermally
induced shape recovery.

Electroactive shape memory of the conducting PPy–MWCNT–PU composite
synthesized by the chemical oxidative in situ polymerization of pyrrole in a surface
layer of PU–MWCNT film was reported by Sahoo et al. [54]. The room temperature
conductivity of the obtained composite was very high (about 0.098 S/cm), and by
thermal heating, the sample was deformed. With the application of 25 V, the
sample was recovered by 90–96% of its original shape in 20 s. They have also
investigated the effect of applied voltage on surface temperature [55]. At less than
15 V, the sample was not able to be heated above the transition temperature. When
the voltage was above 20 V, the surface temperature increased with time, and at
25 V, the sample was heated above 45 °C in 10 s. The authors confirmed that high
degree of crystallinity for the soft segments as well as both high electrical con-
ductivity and mechanical properties is the major requirements to achieve elec-
troactive shape memory compared to thermomechanical shape memory effect.

In another study, the surface-modified MWCNT was added to PU/polylactic acid
(PLA) by melt blending method, and the resultant composite was tested for the
shape memory at 40 V [56]. In 5 s, about 95% of the deformed structure is
recovered for both modified and unmodified CNT-filled PU/PLA blends. However,
complete recovery of the modified CNT-filled sample took place in 15 s, but for the
unmodified CNT-filled sample, 40 s was taken. By increasing the number of cycles,
the recovery ratio decreased for both modified and unmodified nanocomposites.
This is due to the molecular segment orientation in the direction of external force
and thus the formation of frozen-in crystals on repeated cycling. The less defor-
mation recovery ratio for the modified CNT-filled PU/PLA nanocomposite is
caused by the rise in crystallization percentage. By electrical resistive Joule heating,
the actuation of a shape recovery polymer filled with conducting porous carbon
nanofiber paper is reported by Lu et al. [57]. The usual problems associated with the
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shape memory property such as electrical resistive heating due to high-quantity
filler, high voltage applied, and the inferior recovery effect were solved in their
report by using carbon nanofibers and the styrene-based shape memory polymer
matrix. With 1.2 g carbon nanofiber and a voltage of 12 V, complete shape
recovery was achieved within 140 s. The final composite has good electroactive
response as well as relatively better shape memory compared to all polymer
composites containing conductive fillers.

Electric field-triggered shape recovery of the surface-functionalized MWCNT
(5%)-filled PU at a constant voltage of 40 V was monitored, and complete recovery
of the thermally deformed sample was achieved within 10 s [58]. The electrical
conductivity in the order of 10−3 S cm−1 for the surface-modified MWCNT com-
posites at 5 wt% was lower than that of the untreated MWCNT; however, it
exhibited electroactive shape recovery with an energy conversion efficiency of
10.4% as well as improved mechanical properties. Nanodiamond in various per-
centages (ranging from 1 to 10 wt%) was added to PU to investigate the elec-
troactive shape memory. The deformed sample in liquid nitrogen recovered 95% of
its original shape in 40 s at a voltage of 40 V. Here, the authors have compared two
synthesis methods—solution mixing and melt blending, and the latter showed
comparatively lower recovery due to less conducting nature of the sample [59].

A synergic combination of carbon nanofiber and a few layer graphene (FLG) in
the form of buckypaper was made, and the electrical actuation and optimization of
temperature distribution of a typical shape memory polymer composite were tested
by coating with the FLG/carbon nanofiber buckypaper [60]. The graphene
enhanced the electrical conductivity, and the carbon nanofiber bridges the gaps
among FLGs, thus again adding to the conductivity value. Electroactive shape
memory was also reported by Liu et al. [61] in their developed polymer-infused
conductive carbon scaffolds using reduced CNT and graphene compound aerogel as
a scaffold and epoxy resin as a matrix. The 3D networks within the aerogel increase
the conductivity (16 S m−1) and make the material low dense (6 mg mL−1). When
such aerogels are added to epoxy matrix, the resultant composite displayed con-
ductivity of 5.2 S m−1, and other than shape memory device, the composite can be
applied in designing electromagnetic shielding, actuators, and thermal sensors.

Epoxy resin is also strengthened by carbon nanofiber, and the final composite
exhibited good shape recovery and the capability of high-speed electrical actuation
[62]. Figure 9 shows the electroactive shape recovery of the composite. The sample
conductivity of about 30.5 S/m was observed due to the large level of intercon-
nections between carbon nanofibers and the negligible concentration (no free ends)
of conducting nanofiber termini. The complete shape recovery in 2.1 s, at 20 V, is
shown in Fig. 9a. Dramatically, faster recovery is observed with the increase in DC
voltage as shown in Fig. 9b and is also in accordance with the standard sigmoidal
function. The induction and recovery time as a function of applied voltage (Fig. 9c)
show the significance of voltage in regulating the shape fixity and recovery. It is
found that at 15 V, both induction and recovery time were the minimum.

Electrically triggered shape memory has been precisely controlled by achieving
a quasi-state shape between the permanent and temporary shapes upon adjusting the
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electrical energy input by Liang et al. [63]. They have investigated the synergistic
effect of carbon nanofiber and carbon nanofiber paper on the shape recovery of
epoxy polymer and successfully come up with faster, accurate, and repeatable
recovery. Using the same base epoxy polymer, good electrical actuation was
achieved with the incorporation of reduced graphene oxide paper as well [64].
For the composite, complete shape recovery was noticed at 6 V within 5 s.

Fig. 10 Infrared thermal images of reduced graphene oxide paper/epoxy-based shape memory
composite under 6 V a 2D surface temperature distribution of shape recovery photographs and
b 3D surface temperature distribution photograph at 5 s [64]. Copyright 2015. Reprinted with the
permission from Elsevier Ltd.

Fig. 9 Electroactive shape recovery of epoxy/carbon nanofiber nanocomposites. The sample has a
“P”-shaped geometry, as in (b) inset. a Presents time-resolved photographs showing the fast
recovery of the nanocomposite under 20 V DC voltage. b Shows the recovery profiles under 20,
15, and 10 V. The voltage was applied at time “0” for all the samples. The solid lines are fit curves
using a three-parameter sigmoidal function. c Plots the induction and recovery times for the three
voltages studied [62]. Copyright 2010. Reprinted with the permission from Royal Society of
Chemistry
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Figure 10 shows the shape recovery and the surface temperature distributions
monitored for the sample through an infrared thermal camera. As shown in
Fig. 10a, the temperature increases to 102.39 °C with an increased temperature of
74.8 °C compared to the temperature at 1 s. The temperature increase is above Tg,
and the uniform distribution of temperature is observed by the maximum red color
in Fig. 10b. This also proves the uniform electric heating performance of the
composite sample. They have also observed that the shape recovery time at 4 V is
about 5 times higher than that at 6 V, good energy efficiency at lower voltages. The
lower recovery time at higher voltage is attributed to the high entropy achieved at
higher voltages (temperature).

Combination of in situ generated silver nanoparticles, carbon black, and carbon
nanofibers was used to reinforce epoxy matrix [65]. For neat epoxy, the resistivity
was about 1016 X cm, whereas with 4 wt% carbon black, the value became
103 X cm. Both carbon black and nanofiber reduced the glass transition tempera-
ture of the matrix, and above Tg, the surface temperature of carbon black
nanocomposite was rapidly increased, with proper voltage. While carbon black
reduced the stiffness and yield properties of epoxy, silver nanoparticles improved
the flexural yield stress. In the final composite, silver particles stabilized the surface
temperature at higher voltages and prevented the thermal degradation of the sample.

Functionalized CNTs decorated with Cu (copper) particles were reported to
enhance the shape recovery of PLA composites [66]. A solution dispersion

Fig. 11 Electroactive shape recovery behavior of the Cu-CNT dispersed PLA/epoxidized
soybean oil nanocomposite (Cu-CNTs content of 2 wt%) at a DC voltage of 40 V [66].
Copyright 2015. Reprinted under creative commons attribution license
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blending followed by solvent casting was applied to prepare the composite con-
taining 1–3 wt% of Cu-CNT and PLA/epoxidized soybean oil in 9:1 ratio. The
sample was deformed to U-shape by heating them in hot water and then electrically
triggered at 40 V (Fig. 11). Composite containing 2 wt% of the filler exhibited a
prompt recovery in 35 s due to more efficient and fast heat conduction though the
composite. At 2 wt%, maximum filler dispersion decreased the polymer–filler
interfacial contact electrical resistance and enhanced the electrical conductivity.
This caused faster transfer of electrons within the composite, and thus, the Joule
heating during electrical actuation is dominated.

Very recently, the advantages of 3D porous CNT were effectively utilized to
achieve faster electrical actuation [67]. At 0.2 wt% of CNT, electrical conductivity
of 1.29 S/cm was obtained for the composite. The nanocomposite recovered its
shape in 21 s when triggered by a voltage of 7.5 V. At 10 V, the recovery time was
reduced to 10 s. In addition to the experimental results, theoretical simulations were
also done using the finite element method to investigate the Joule heating and
thermal transport process.

5 Conclusion

Shape recovery of a typical polymer nanocomposite can be arranged through the
modification of the structure of the material. Examples of modifications include
chain conformations within the polymer, dispersion of the nanoparticles, and their
orientation [68]. Various conducting polymer composites have proved their sig-
nificance in attaining good shape recovery. In this chapter, we review some of the
developments in this particular area of conducting composites in shape recovery.
Also, we discuss the basics of shape memory and the shape recovery of the con-
ducting polymers, fillers, and their composites. Electrically triggered or electroac-
tive shape memory are also presented. The chapter explains composites possessing
conductivity and the role of electrical conductivity in shape memory.
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Abstract In recent years, extensive progress has been made in the development of
primary and applied aspects of fabrication of transparent conductive electrodes espe-
cially in flexible, stretchable, low-cost, and lightweight electrode materials for the
enhancement of energy generation devices. Fabrication of high-performance trans-
parent conductive flexible plastic is necessary for industrial-scale manufacturing with
an extensive range of applications. Transparent electrodes (TE’s) are optically trans-
parent to visible light and are electrically conductive. These qualities are important for
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many renewable energy conversion processes. As transparent electrodes, they are
widely used in industry, especially in optoelectronic devices. TE’s are essential
components for touch panels, organic photovoltaic (OPV) cells, liquid crystal displays
(LCDs), and organic light-emitting diodes (OLEDs). Functionalized nanomaterials
having the characteristic properties such as flexible, stretchable, and lightweight-based
TE’s are promising substitutes for commonly used indium tin oxide (ITO)-based TE’s
for future flexible optoelectronic devices. This chapter broadly summarizes recent
developments in the fabrication, properties, modification, patterning, and integration
of functionalized nanomaterials for the applications of optoelectronic devices. Their
challenges and potential applications, such as in touch panels, optoelectronic devices,
liquid crystal displays, and photovoltaic cells, are discussed in detail. Despite many
challenges, nanomaterials such as carbon nanotube and graphene TE’s have exhibited
various applications in optoelectronic devices and some commercially available
products such as touch panels of smartphones. An account of recent developments in
the fabrication, performance, and significant opportunities for the industrially used
transparent conductive electrode, followed by a brief introduction, is provided.

Keywords Transparent electrode � Graphene � Carbon nanotube � Optoelectronic
devices
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1 Introduction

Today, the demand for transparent screens is enormous and growing rapidly. The
touch-screen-based electronics have changed human life to a greater extent. From
the beginning, electronics follows the Moore’s law, i.e., smaller electronic elements
based on the semiconducting materials such as silicon. Currently, the frontier of
electronics mainly depends on the large-scale microchip industries that cost billions
of dollars. However, there are some approaches to improve the current technologies
from hybrid functional nanomaterials. Perhaps, the most interesting among these
new directions lightweight, small, portable electronic devices such as smart tablets
and wearable devices have become widespread in everyday life. Large-area power
sources such as solar cells and rechargeable batteries will be required for a
long-time operation, and a significant demand for large is for transparent displays.
Thus, flexible and transparent device components are a key technology for the
development of future portable devices that could be folded and placed in a pocket
and then opened out at the time of use, such as a newspaper or magazine. Many
electronic devices are manufactured on transparent, conductive substrates; such
devices include displays and solar cells. The most commonly used transparent
conductive substrates are doped metallic oxide glass, and indium tin oxide
(ITO) glass is used most frequently. However, present electronic devices are heavy
and cannot be folded, because of the heavy and brittle nature of ITO glasses [1–4].

Meanwhile, from the application point of view, flexibility is one of the additional
requirements for transparent conductive films [TCFs]. The main material used in
TCF on a commercial scale is the tin-doped indium oxide (ITO) layer showing
lowest resistivity, which is a prevailing material in flat-panel displays. Nowadays,
vacuum process is frequently used to deposit ITO films. However, this process
requires costly equipment and can cause the release of material waste. Furthermore,
ITO films are too brittle to be used in flexible devices and exempted their use in
flexible devices [5]. Apart from that, indium is a scarce material, causing fluctua-
tions in ITO costs [6]. Due to these reasons, there is a delay in the new production
and innovation of TCFs based on ITO materials. The advanced markets are desired
for curved screens and flexible transparent conductive materials having optoelec-
tronic performance which can be fabricated easily at low cost on plastic substrates.
Thus, the disadvantages of ITO prompted several efforts in discovering substitute
materials to use in electrically conductive, transparent, flexible materials such as
carbon-based nanomaterials, zinc oxide (ZnO)-based transparent-conducting oxides
[11–13], graphene [9, 10] and nanotubes [7, 8]), nanowire grids [18, 19], metal
microgrids [16, 17], noble metals (Au, Ag) [14, 15], and graphene–silver nanowire
(NW) hybrids [20]. The noble metals exhibit flexibility, stretchability, transmit-
tance, and superior conductivity but these are uncompetitive for low-cost trans-
parent conductor’s devices due to expensive and their abundance.

Recent reports suggest the similar performance for noble metal NWs to ITO; for
instance, the Ag NWs showed high transparency with low sheet resistance (Rs)
higher than the performance of ITO [21]. Spin coating or vacuum transfer processes
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were practiced to deposit Ag NWs on flexible substrates [16, 22, 23]. But the mass
production of Ag-based optoelectronic devices is often hindered by the high cost of
this material. Copper (Cu) is another candidate for TCFs due to its high intrinsic
conductivity and Cu NWs can replace ITO and Ag NWs. In addition, Cu is
abundant and less expensive with only 6% less conductivity when compared to
silver [24]. The high electric conductivity and high optical transmittance are
reported for Cu NW films [25–27]. Though the Cu NWs have much significance,
their easiness to get oxidized at ambient conditions affects the stability and needs to
be improved. The carbon-based nanomaterials such as graphene and carbon nan-
otubes (CNTs) also did not show relatively higher optoelectronic performance
compared to ITO [28, 29]. But they have all special properties required to fabricate
the miniaturized electronics. The advantageous properties of using graphene as a
transparent electrode are important when approaching realistic applications [30–
39]. The prospective applications of graphene as electrodes in an extensive range of
devices including light-emitting diodes [35–37], touch screens [33], organic
memories [31], organic solar cells [38, 39], field-effect transistors [30], molecular
junction devices [32], and liquid crystal displays [34] have been reported. However,
graphene films need to be further modified to ensure such applications, via syn-
thesis [40–43], tuning of their work functions [44, 45], transfer [46, 47], and doping
[33, 48, 49]. In this chapter, we report recent research progress on functional
nanomaterials as promising conductive transparent materials. Finally, it covers the
functional nanomaterial synthesis, methods to fabricate TCFs, and their wide range
of applications based on the optoelectronic properties.

2 Functional Materials

Since the discovery of nanomaterials, its unusual properties have been exploring the
vast applications in electronic industry. The synthesis, purification, and analysis of
nanomaterials have an important role on their properties. Currently, researcher has
been motivated into the enhancement of mechanical, thermal, optical, and electrical
properties of nanomaterials and their composite films. Very recently, researchers are
involving in searching alternative material for the replacement of ITO as a trans-
parent electrode. Few functional materials such as silver nanowires, copper nano-
wires, carbon nanotube, and graphene are possessing good flexibility and
transparency, which paved their way to fabricate the flexible and transparent elec-
trodes. These unique nanomaterials show excellent elastic modulus and yield
strength, irrespective of their relative electrical conductivity as compared to the
standard ITO films. Moreover, it can be easily dispersed in common solvents by
simple ways. Hence, simpler and lower-cost techniques can be applied to fabricate
the thin-film electrodes. In addition, solution-based processing method is compatible
with roll-to-roll coating techniques, which enhance to produce a large-scale indus-
trial production of transparent electrodes. Two-dimensional (2D) carbon allotrope
graphene becomes novel kind with a unique band structure, excellent thermal,
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mechanical, and electrical properties [50]. Besides, high electron mobility and high
transmittance of graphene is a well-known property [50, 51]. Transparent electrodes
of graphene have much interest in research nowadays, and there have been much
efforts to utilize this terrific property [52]. In the transparent electrode fabrication,
several methods have been reported [53] and synthesis of graphene is the most
important issue. Currently, chemical vapor deposition (CVD) techniques have been
documented as the most promising method for the preparation offlexible transparent
electrode. But multilayer graphene films are necessary for electrodes, with high
resistance value fabricated by complicated multiple growth and transfer processes
[51]. For the achievement of outstanding electrical and optical properties of trans-
parent flexible electrodes, combination of graphene with other conducting material is
necessary [54]. Combination of CVD-grown graphene with microstructure of metal
has been reported. For instance, Ag nanowires and graphene combination has been
reported for the fabrication of flexible transparent electrode [55]. The difficulty of
distribution of Ag NWs on film limits its additional developments. Thus, the hybrid
electrodes reduce the resistance in one side and improve the flexibility on the other
side. High in-plane electrical conductivity, easy and low-cost processing, and high
mechanical compliance demonstrate potential applications for flexible electrodes.
Flexibility of transparent electrode materials can be enhanced by combining with
elastomeric polymer substrates, such as polydimethylsiloxane, poly(ethylene
terephthalate) and polyimide to fabricate highly stretchable and flexible electrodes.

3 Metal Wire-Based Transparent Conductive Films

3.1 Synthesis of Copper Nanowires (CuNWs)

Vacuum thermal decomposition [56], chemical vapor deposition [57], and
electro-spinning [58] methods were used for Cu NWs synthesis. In the last decades,
hydrothermal synthesis [59], reduction of a precursor solution [60], and catalytic
synthesis [61] are mostly used to synthesize NWs including chemical solution
methods (CSMs). CSMs have become favorable advantages such as the feasibility of
large-scale production, larger choice of precursors, and the conditions of the solvents
and reactions over other methods. Synthesis of Cu NW at low temperature by CSMs
at ambient conditions is easier than vacuum-vapor processes in terms of scaling-up
and commercialization. Using reducing agent, metal ions transform into metal atoms
and a capping agent was utilize to bring metal atoms into the NWs in all CSMs.

3.2 Fabrication of Cu NW Thin Films

Copper nanowires should be deposited on a substrate tomanufacture TCFs that can be
potentially replacing the dominant transparent conductor. The methods adopted to
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obtain thin films regardless of the types of materials are reported bymany groups such
as vacuum filtration [62, 63], spin coating [64–66], Meyer rod coating [67],
nitrocellulose-based ink printing [68, 69], drop-spray coating [70, 71], and vacuum
filtration and spray deposition [72]. Generally, the fabricated TCFs show high sheet
resistance value due to contact resistance (Rs) between NWs. However, solving this
sheet resistance problem is the major challenge for the researchers, and different
methods to reduce contact resistance to attain lower Rs values of nanowire networks
have been suggested. He et al. [64] reported that Cu NW electrodes fabricated using
electrospun fibers to get an excellent mechanical and transparency properties of
material. We can understand from Fig. 1 that metal NW connected completely as a
pattern which leads to creating high-conductivity networks using electrospun nano-
fiber fabricationmethod. In virtue of the superior results compared to the performance
of ITO along with the low cost and possibility of mass production, replacement of
ITO-based deviceswithmetalNWs is believed to happen in the near future. Reduction
of Rs using ultrafast plasmonic nanoscale welding was developed using a polarized
laser under ambient conditions. Initially the formation of percolation networks for the
NWs on different substrates follows laser irradiation due to the plasmonic effect
laser-induced heat at the junctions of each NW generated. As a result, the NW
junctions were welded together and resulted in theRs of CuNW. TCFs can be reduced
significantly [62]. NW alignment is responsible for the improvement of the electrical
performance of NWTCFs. Kang et al. [73] fabricated transparent electrodes using Ag
NWs (Fig. 2) by developing capillary printing technique. The solution of AgNWwas
deposited and spread to produce uniformly aligned NWs by controlling the
nanochannels. The conductivity and transmittance of the film improved the lower
percolation threshold of aligned NWs, even though processing was applied for the
alignment of Ag NW and Cu NWs. In addition, optothermal heating [74], thermal
annealing [75], and mechanical pressing [76, 77] reported progressing electrical
performance of silver nanowire electrodes, and it can be applied to copper nanowire
electrodes as well. However, the point to be considered is the easiness of Cu to

Fig. 1 Scheme of copper nanowire network electrode fabrication. (1) Electron-beam deposition of
a copper film on the transparent substrate. (2) Electrospin PAN nanofibers on the copper-covered
substrate. (3) Solvent vapor annealing. The insets show the schematic fiber cross-sectional shapes
before and after solvent vapor annealing. (4) Metal etching. (5) Removal of PAN fibers by
dissolution [64]. Copyright 2014. Reproduced with permission from American Chemical Society
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oxidation. In contrast, still there are a lot of improvements need to become to use Cu
NWs as flexible transparent and conductive films.

3.3 Applications of CuNWs

The replacement of ITO films in various optoelectronic devices is investigated by
using excellent performance of transparent and electrically conductive Cu NW.
Therefore, they have probable application in various optoelectronic devices such as
solar cells [68], OLEDs [78], sensors [79], and touch screens [62]. Zhu et al. [62]
designed a CuNW based TCF’s for the wide range of optoelectronic applications.
The electrical and optical properties of TCFs can be different for each application.
For example, Rs value of touch screens requires 50–100 X/m2 and more than 85%
transmittance, whereas for solar cells, Rs value can be below 20 X/m2 and needs
more than 90% transmittance [80]. Figure 3a shows the excellent mechanical
durability of Cu NWs surrounded on the surface of a transparent glass
fabric-reinforced plastic from the cyclic bending tests. Both oxidation and thermal
stability tests for long term were done for the material, and consistent electrical
performance was seen even after 15 days (Fig. 3b). These results along with it more

Fig. 2 Solution-printed highly aligned Ag nanowire (NW) arrays: a Schematic of the capillary
printing process using a nanopatterned polydimethylsiloxane (PDMS) stamp to produce highly
aligned NW arrays; b Schematic showing the alignment process during capillary printing of
unidirectional NW arrays. The solvent-evaporation-induced capillary force produces highly
aligned networks by dragging confined NWs at the solid–liquid–vapor contact line. [73].
Copyright 2015. Reproduced with permission from American Chemical Society
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abundance compared to In or Ag make Cu NWs a promising material for the
sustainable and efficient production of transparent conductors.

3.4 Synthesis of Ag NWs

Synthesis of Ag NWs was carried out using a one-step polyol method [81], from
two solutions—about 1.0 g AgNO3/40 mL ethylene glycol at room temperature
and 0.8 g polyvinylpyrrolidone (PVP) (Mw = 360,000)/in 50 mL ethylene glycol
at 60 °C with stirring rate at 300 rpm. Later the prepared dissolution was mixed
with 13.6 g of FeCl3 solution (600 µmol L−1 in ethylene glycol) and the mixture
was, and stirred with magnetic bead at 300 rpm at room temperature for the
duration of 3 min. The mixture was heated at the temperature 110 °C without
stirring for the duration of 12 h. Finally, the acetone was added to the solution at
1:4 volume ratio to get AgNWs precipitate for the subsequent steps.

AgNW precipitate mixed with ethanol at a ratio of 1:15 to control the thickness of
PVP nanolayer by stirring the mixture at 150 rpm for 15 min at room temperature,
followed by the centrifugation at 3000 rpm for the duration of 3 min; after cen-
trifugation, the supernatant was removed and the remaining residual precipitate was
dispersed in the ethanol solution and washed repeatedly. The repetition of washing
procedure applied one cycle of ethanol washing (E1) and followed by twice (E2),
thrice (E3), or four times (E4) to obtain different AgNWs. Then deionized (DI) water
was added to E4-AgNWs and mixed at either 25 or 90 °C, with stirring at 150 rpm
for 15 min, to obtain W25-AgNWs and W90-AgNWs. Meanwhile, dimethylfor-
mamide (DMF) mixed with E4-AgNWs at either 25 or 140 °C, keeping the con-
ditions of stirring as the same to form D25-AgNWs and D140-AgNWs. Both the
resultant solutions of AgNW ink in DI water and DMF were centrifuged at 3000 rpm

Fig. 3 a Bending test results of a CuNW_GFRHybrimer film (Rsh = 35 X sq−1) and a reference
ITO/PEN film (Rsh = 15 X sq−1). Top and right axes are for the ITO/PEN (the inset represents the
experimental setup for the bending test; bending radius is 5 mm). b A plot of sheet resistance
versus annealing period for the CuNW_GFRHybrimer film at 100 °C, respectively [72]. Copyright
2014. Reproduced with permission from American Chemical Society
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for the duration of 3 min to obtain AgNW precipitate. However, these three solvents
on PET were different; then, the AgNWs were finally dispersed in methanol for film
coating. All these AgNW inks were at 1.2 wt% concentration.

3.5 Preparation of Ag NWs Thin Films

High-transparency Ag NW thin-film preparation on polyethylene terephthalate
(PET) has been demonstrated by Cui et al. For this, 2.7 mg/mL concentrated
Ag NW ink in methanol was used as shown in Fig. 4a. The stable dispersion of
AgNWs ink solution is found up to the duration of 3 months at room temperature.
After some period, nanowires stick each other gradually to form irreversible
clumps. Sonication of Ag inks with a bath sonicator for 10–30 s to accomplish
uniform, agglomeration-free films. Figure 4b explains the easily scaled-up coating
of Ag NW films using the Meyer rod setup for a laboratory scale using slot die [76].
The Ag NW ink of 200 µL was dropped on a 120-µm-thick PET substrate to the
transparent conductive film and the solution was either pulled or rolled using Meyer
rod (RD Specialist Inc.) by leaving a uniform, thin layer of Ag NW ink on the
substrate with a 4–60 µm wet thickness. The thickness of liquid is mainly deter-
mined by the rod wire distribution, i.e., the wire diameter and the spacing. Then the
infrared lamp was used to dry and wet coating of Ag NW on PET, and uniform heat
was supplied to avoid agglomeration or coffee rings [82]. Controlled drying is a
critical parameter for achieving a uniform film coating [83]. Figure 4c shows an 8
in. � 8-in. uniform coating of Ag NWs on a PET substrate. Finally, methanol leads
to the best uniform coating than other different solvents, such as ethylene glycol
(EG) and ethanol. For the process of tuning the ink viscosity for uniform coatings,
AgNWs ink concentration is having major role. Because of the mechanical force,
the wet coating easily moves around if the ink is diluted. Sheet conductance is
improved by annealing process which serves in two steps; initially, film was dried
at 65 °C and made to complete dry at 120 °C in an oven. Usually, ink concentration
and the Meyer rod size determine the film thickness. Figure 4d shows a silver
nanowire film coating on PET substrate with a sheet resistance of 50 X/m2.

3.6 Optoelectrical Properties of AgNWs

For the applications of optoelectronic devices, transparent AgNW electrodes must
meet certain mechanical requirements [76] and chemical properties to certify device
stability during and after the fabrication process. The film adhesion to the substrate
will measure using the mechanical tape test. Without encapsulated, AgNW electrode
shows a large resistance increase after performing the tape test (finger pressure was
applied). This tape test reported that the AgNWs have poor mechanical adhesion to
the plastic substrate [84]. Recently, ZF Liu et al. designed the AgNWs-based
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transparent conductive film by encapsulating the AgNW between PET/EVA and
graphene for the higher efficiency [84]. The flattening and fusion of NW junctions
enable excellent optical and electrical properties of NW network electrodes. The
bridging effect between AgNWs and graphene domains also facilitates the electrical
conduction of the hybrid film. Encapsulated graphene/CuNT/EVA/PET hybrid films
exhibit excellent optoelectronic properties (94% optical transmittance at 550 nm
with sheet resistance of � 8 X sq−1), shown in Fig. 5a. The encapsulated
graphene/AgNWs/EVA/PET films also show outstanding performance with 90%
optical transmittance (550 nm) at 22 X/m and 84% at 10 X/m, superior to other
transparent electrodes based on AgNWs or CuNWs, ITO, pristine CVD graphene,
chemical-doped CVD graphene, and carbon nanotubes. Figure 5b shows the sheet
resistance of the encapsulated graphene/NWs/EVA/PET films tuned by varying the
number density of NWs. For pure AgNW film whose number density is larger than a
percolation critical density, Nc, continuous NW network can be formed, and elec-
trons can percolate across this NW network. Hence, if the number density of AgNWs
is larger than Nc, then the conductance is dominated by the relatively high

Fig. 4 a Ag NW ink in ethanol solvent with a concentration of 2.7 mg/mL. b Meyer rod coating
setup for scalable AgNW coating on plastic substrate. The PET plastic substrate is put on a flat
glass plate and a Meyer rod is pulled over the ink and substrate, which leaves a uniform layer of
Ag NW ink with thicknesses ranging from 4 to 60 µm. c Finished Ag NW film coating on PET
substrate. The Ag NW coating looks uniform over the entire substrate shown in the figure. d A
SEM image of Ag NW coating shown in panel c. The sheet resistance is *50 X/m2 [76].
Copyright 2010. Reproduced with permission from American Chemical Society
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conductive AgNW networks, rather than graphene (Fig. 5b). Note that in this
number density region, the encapsulated AgNW film shows 60–90% decrease in
sheet resistance than the random pure AgNWs networks with the same NW number
densities, which is presumably due to the graphene conduction channel and the
decrease of the inter-nanowire contact resistance due to the fusion of wire-to-wire
junction in the hot lamination process as discussed above. When the number density
of AgNWs is smaller than Nc (Fig. 5b), the conductivity of encapsulated AgNW
film is mostly dominated by the graphene channel. Moreover, the encapsulated film
possesses lower resistance than pristine graphene because the AgNWs act as addi-
tional conduction channels across graphene grain boundaries to bridge graphene
domains [85]. In addition to the outstanding electrical property, Fig. 5c shows the
encapsulated graphene/AgNWs/EVA/PET film demonstrates a flat, high

Fig. 5 Graphene and metal nanowire hybrid films as transparent, conductive electrodes. a Sheet
resistance versus optical transmission (at 550 nm) for the hybrid film of graphene and AgNWs or
Cu nanotrough. The performances of AgNWs, ITO, pristine graphene, HNO3-doped graphene, and
CNTs are shown for comparison. Note that the measured transmittance mentioned does not include
the absorption and reflectance from the substrate. b Sheet resistance versus number density of
AgNWs for pure AgNW film and graphene/AgNW hybrid film. (Inset) SEM image of hybrid films
with different nanowire densities, scale bar 1 lm. c UV–vis–NIR spectra of graphene/AgNW
hybrid films with different sheet resistance, showing a flat spectrum for broad wavelength range
and much better near-infrared transmittance than a commercial ITO electrode. d A 2D mapping
image of the sheet resistance for a graphene/AgNW hybrid film with the size of 4 � 4 cm2,
showing considerable uniformity of conductivity [84]. Copyright 2015. Reproduced with
permission from American Chemical Society
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transmittance in a broad, wide spectrum from 400 to 2000 nm, much better than the
commercial ITO electrode that is opaque in the near-infrared region. Wideband flat
spectra of the transparent electrode are used for many optoelectronic devices such as
near-infrared sensors and may improve the efficiency of the solar cell by using light
energy in the near-infrared region [86]. Production yield controllability and high
uniformity in the conductivity of transparent electrode are critical for the practical
applications. Figure 5d shows a sheet resistance distribution of an encapsulated
graphene/AgNWs/EVA/PET film with the area of 4 � 4 cm2 was tested at the
interval of 0.5 � 0.5 cm2 exhibit a mean value of 10.3 X sq−1 and a standard
deviation of 0.4 X sq−1, which evidence a reasonably high electrical homogeneity.
The homogeneity of conductivity is due to the optimized coating conditions of NWs
and the usage of graphene. Coated AgNWs film on the substrate is a conductive
mesh with many holes. The porous structure within the AgNWs network is occupied
by graphene, allowing the charge transport across the original nonconductive open
space, which greatly improves the electrical homogeneity [87]. Corrosion resistance
is a main problem for metal NWs-based transparent conductive electrodes because
the chemically unstable and the ease of oxidation may hinder the practical appli-
cations as transparent electrodes. Surface modification of AgNW and CuNW films is
necessary to significantly improve their performance. It has been reported that
graphene is chemically inert [88] and can be used for corrosion-inhibiting coating for
metallic nanostructures that are susceptible to atmospheric corrosion.

4 Carbon Nanotube-Based Transparent Conductive Films

4.1 Single-Walled Carbon Nanotube

Due to their unique 1D arrangement, excellent mechanical, electronic, and thermal
properties, single-walled carbon nanotubes’ (SWCNTs) research from decades
attracting considerable scientific interest which constructs them with great potential
in many applications. A stable and uniform dispersion of SWCNTs in different
solvents is a fundamental condition to accomplish many of these promising
applications [89]. The adjacent van der Waals interactions between SWCNTs
(*500 eV µm−1) and exceptionally high aspect ratio (typically >1000) encompass
a strong tendency to form large bundles, which strictly limits their properties and
applications in many fields [90]. The three foremost strategies such as covalent
functionalization [90], noncovalent functionalization, [91], and solvent exfoliation
[92] have been figured out to disperse SWCNTs in aqueous and commonly used
organic solvents with some advantages and disadvantages. Noncovalent function-
alization by adsorption and covering of some additives such as DNA, surfactants,
polymers, and peptides are regarded as most capable for the dispersion of SWCNTs
without worsening their intrinsic properties. Removing these additives is very
difficult, which results in additional electrical resistance at inter-tube junctions [93].
Covalent chemical functionalization modifies the sp2 carbon skeleton of SWCNTs
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to a certain degree without additives to a certain degree, thus inevitably altering
their intrinsic properties [90]. The utilization of this potential SWCNT for several
applications without any external additives. The dispersion of SWCNTs are highly
preferred to achieve excellent properties.

4.2 Basic Principle and Preparation of SWCNT Dispersion

Cheng et al. [89] proposed an idea about the preparation of SWCNT dispersion,
based on the fact that a few carbonaceous by-products (CBs) such as carbon
nanoparticles, amorphous carbon, and carbonaceous fragments are formed during
SWCNT synthesis [94]. These by-products are amorphous with less crystallinity,
but more chemically reactive and show low thermal stability compared to
high-quality SWCNTs [94]. Due to the reactivity difference between such particles
and SWCNTs, it is possible to use selective functionalization methods for CBs by
keeping the CNTs unaffected. This is proved by Green et al. by means of nitric acid
functionalization through which –COOH groups are attached on CBs surfaces
rather than SWCNTs side walls [95]. In another report, Huang et al. demonstrated
the use of GO as surfactant to distribute MWCNTs and graphite in water due to its
amphiphilicity [96]. When the CBs are functionalized with –COOH groups, these
also become amphiphilic and play the same role as surfactants in the dispersion of
SWCNTs. Figure 6 shows schematic representation of the preparation of soluble
SWCNTs. Floating catalyst chemical vapor deposition (FCCVD) was used for the
synthesis of SWCNTs [97] and purified by refluxing in 37% HCl to remove Fe
catalyst nanoparticles at some extent. The resultant as-purified SWCNTs are present
as big bundles (usually 10–50 nm in diameter) with few carbonaceous substances
firmly attached on their outer surface (Fig. 6a). It is reported that SWCNT bundles
can be intercalated, disentangled, and dissolved in superacids such as
oleum/chlorosulphonic acid [90]. In additive-free SWCNTs synthesis [89], the
as-purified SWCNT was selectively oxidized by oleum intercalation and nitric acid
treatment to obtain the soluble SWCNTs. The oleum intercalation treatment

Fig. 6 Schematic of the preparation of soluble SWCNTs: a tightly bundled SWCNTs, b oleum
intercalated SWCNT bundle, and c a soluble SWCNT [89]. Copyright 2011. Reproduced with
permission from Wiley-VCH
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decreases the interaction between adjacent SWCNTs and allows SWCNT bundles
to swell. Figure 6b shows the channels for oxidizing agents to infiltrate the bundles
and expose the CBs. With the controlled oxidation conditions, this treatment helps
to maintain the structural integrity and high intrinsic electrical conductivity of the
SWCNTs, while the CBs can be functionalized with COOH groups. Figure 6c
shows the presence of SWCNTs containing functionalized CBs attached on their
surface, making the formed structure an amphiphilic surfactant with hydrophobic
carbon network on one end and hydrophilic COOH groups at the other end, and this
helps the SWCNTs soluble in solvents.

4.3 Fabrication and Characterization of SWCNT TCFs

Stable and uniform dispersion of SWCNTs without altering their intrinsic properties
and exclusive of external additives are the main key factors for many applications.
TCFs are important apparatus in many electronic devices including organic
light-emitting diodes, flat-panel displays, touch screens, and photovoltaic cells [98].
The fabrication of TCFs by SWCNT with high flexibility and good electrical
conductivity has received much notice in recent years due to their impending for
replacing indium tin oxides as transparent electrodes. Fabrication of TCFs by
Hui-Ming Cheng group using the additive-free dispersed SWCNTs was demon-
strated. A similar method was investigated by Wu et al. [98] for the fabrication of
SWCNT TCFs on a glass or quartz substrate. Functionalized CBs were eliminated
from as-prepared SWCNT TCFs by short-time heat treatment method. Therefore,
the sheet resistance of the heat-treated SWCNT TCFs becomes 180 X sq−1 with
80% transmittance at 550 nm and the color changes to faint yellow due to the
oxidation of residual Fe nanoparticles, which can be easily removed by immersion
in HCl. In subsequent HCl treatment, there was an increase in transmittance (82%)
and a decrease in sheet resistance (147 X sq−1) which is attributed to slight HCl
doping of the SWCNTs [99]. A noticeable difference from the soluble SWCNTs is
that the agglomerated CBs, and effective removal of metal nanoparticles, preser-
vation of SWCNTs, and functionalized CBs certainly exist in the soluble sample
form, and their chemical and thermal stability is lower. The electrical conductivity
of the SWCNT networks was improved by usual and effective method of chemical
doping [100]. Optical and SEM images of HNO3-doped TCFs are shown in Fig. 7a,
b, which demonstrate a uniform and clear SWCNT network. For the HNO3-doped
TCFs, sheet resistance becomes 76 X sq−1 and the transmittance is 82%. Figure 7c
shows the thickness dependence of the sheet resistance and transmittance.
The AFM images to measure the thickness of the SWCNT films are shown in
Fig. 7c. A sheet resistance of 48, 76, and 133 X sq−1 and respective 73, 82, and
90% optical transmittance were observed for the 62-, 35-, and 20-nm-thick SWCNT
TCFs. The performance of TCFs fabricated from different materials is determined
by using the ratio of direct current conductivity (rDC) to the optical conductivity
(rOP) [101, 102]. It is reported that a higher value of rDC/rOP indicates an
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Fig. 7 a Transmittance spectra of the SWCNT TCFs before (solid line) and after (dash line) HCl
immersion. Inset: an optical image of HNO3-doped TCFs on a quartz substrate. b A SEM image of
SWCNT TCF. c Sheet resistance and optical transmittance performance of SWCNT TCFs with
different thicknesses. d Optical absorption spectra of the SWCNT films: (I) heat treated, (II)
HCl-doped, and (III) HNO3-doped TCFs. e AFM image of a transferred SWCNT film on a silicon
wafer. f Height profile along line AB in (e) showing a film thickness of � 35 nm [89]. Copyright
2011. Reproduced with permission from Wiley-VCH

Functional Nanomaterials for Transparent Electrodes 359



improved performance of TCFs. Compared to other SWCNT TCFs, additive-free
SWCNT dispersion exhibits better performance [89].

5 Graphene-Based Transparent Conductive Films

Graphene, the two-dimensional sheet of C atoms, is widely used as an advanced
carbon nanomaterial, since from its discovery in 2004 through the scotch tape
peeling [103]. Following this mechanical exfoliation from graphite, highly ordered
ideal graphene sheets of high Young’s modulus (1 Tpa), large surface areas
(2630 m2 g−1), high thermal conductivity (5000 W m K−1), high electron mobility
(2.5 � 105 cm2 V−1 s−1), and utmost chemical durability are expected [104]. The
analysis of transport properties of large-area graphene grown on SiC, Cu, and many
other substrates in addition to the chemical modification of graphene reports its use
in fabricating new energy materials. An improved method for the preparation of
graphene from Hummer’s method to CVD still remains challenging. The advanced
method for synthesis of graphene will be important for industrial large-scale pro-
duction of graphene as well as the fabrication of flexible devices. However, the
efficiency and performance of graphene-based devices depend on the proper pro-
duction methods for this material. For instance, the flake size and high edge to
surface ratio highly required for fuel cells and batteries are controlled by
high-volume liquid-phase exfoliation method. Following this method, storage
capacity also can be improved by regulating the functionalization. Large-area
growth through CVD produces material with high structural and electronic quality
for the preparation of transparent conducting electrodes for displays and touch
screens, and is being evaluated for photovoltaic applications. Bilayered graphene
growth by CVD is the research direction to overcome the sheet resistance problem
of the microscale crystalline monolayer graphene, less mature, and needs further
development. While many transfer techniques have been developed successfully
and required optimization of development on green transfer is desired. CVD and
solution-based processes for the preparation of large-area graphene film, which
have large applications and show one order of magnitude less resistance than
graphene films of solution processed, give high-performance electronic instruments
and transparent electrode. If the graphene materials are used as transparent elec-
trodes, they should have low sheet resistance and high transmittance on a large
scale. Graphene films synthesized by CVD using Cu foil show relatively higher
uniformity than stacked graphene flakes produced by reduced graphene oxide.
However, the graphene synthesized by CVD method is preferable than other
methods and also reduced graphene oxide synthesized by solution processing
method, which is cost-effective to obtain films of large graphene area. Therefore,
graphene films created by these two methods are actively used as transparent
electrodes for various device applications. Finally, graphene growth on the insu-
lating substrate, high-quality graphene on a metal substrate, and transfer techniques
are remaining as the big challenge for the industrial scale.
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5.1 Industrial Production of Graphene Synthesis
by Roll-to-Roll CVD Method

5.1.1 Roll-to-Roll Large-Area Graphene Growth

In 2015, the ZF Liu group demonstrated a roll-to-roll low-pressure chemical vapor
deposition was used for the growth of large-area graphene on industrial copper foil
[105]. The polycrystalline copper foil (99.9% purity, 18-lm thickness, 1-lm
roughness) was fixed between two rollers within the furnace tube. When the furnace
temperature reaches 980 °C, under 50 sccm H2 flow, the sample was annealed for
30 min without changing the gas flow. Graphene growth was carried out under a
gas mixture of 10 sccm of CH4 and 50 sccm of H2 for 30 min, and the Cu foil is
rolled up at a constant speed from the supplying roller to the receiving roller by the
winders. Cold water circulation in the receiving roller cools the graphene grown on
Cu and a similar process were repeated on the reused Cu.

5.1.2 Roll-to-Roll Lamination and Delamination
for Graphene Transfer

Generally, graphene films grown on copper substrates could find excellent interesting
many possible applications after deposited on transparent and flexible plastic such as
PET/EVA [105]. For the past several years, traditional graphene transfer fails to
achieve clean transfer; recently, ZF Liu group demonstrated green transfer [105] for
the industrial-scale applications. Large area of graphene grown on copper foil was hot
laminated with ethylene vinyl acetate (EVA, 50 lm thickness)—precoated with
polyethylene terephthalate (PET, 75 lm thickness) using a SG 330-SCL lamination
machine to design a Cu/graphene/EVA/PET stacked structure [105]. A container with
a specific set of rolling systems in hot DI water was used as the delamination machine
[105]. While the Cu/graphene/EVA/PET film was fixed on the middle roller, both Cu
and graphene/EVA/PET were fixed to the two opposite rollers at the ends.
Cu/graphene/EVA/PET stacked structure was separated after immersing into the hot
water (*50 °C) for 2 min.

5.2 Optoelectronic Properties

Simultaneous controlling of optical and electrical properties of graphene films is
critical for transparent conductive film applications with unique requirements. Both
optical and electrical properties can be regulated by carefully controlling the
thickness of the graphene film. This will affect the sheet resistance and transmis-
sions properties of the films. An efficient transparent conductor should have low
absorption of visible light and high electrical conductivity. The quantitative
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performance of transparent conductors is defined as the ratio between electrical
conductivity r and the visible absorption coefficient a and the value directly
indicates the performance [106]. If the value of r/a is more, the performance of
transparent conductors is more (Eq. 1).

r=a ¼ �1=Rs lnðT þRÞ ð1Þ

where Rs is the sheet resistance in X/m2, T is the total visible transmission, and R is
the total visible reflectance. When the transfer reaction completed, the structural
changes of graphene/EVA/PET plastic were analyzed by SEM (Fig. 8a, b). The
images obtained from SEM show islands of bilayer domain in continuous monolayer
of graphene, in which films of graphene were developed on copper [105]. The films
were uniform without cracks, and during the transfer process, there was negligible
stress-induced damage. This is attributed to the strong adhesive effect between the
graphene and the thermoplastic EVA supporting layer. The roll-to-roll green transfer
involves a direct delamination in hot DI water without using any chemicals. This
etching-free green method will not introduce any ionic contamination such as Fe3+ if
FeCl3 is used as an etchant of copper. Furthermore, copper can be completely
removed from the surface of graphene/EVE/PET. In support of clean transfer,
Fig. 8c illustrates the full XPS spectra for as-transferred graphene/EVA/PET plastic.
The predominant peaks at 284.5 and 530 eV, respectively, correspond to C1s and
O2s (sp2 C of graphene and the oxygen in EVA). In Fig. 8d, the graphene/EVA/PET
shows negligible Cu peak between 930 and 960 eV, which indicates the efficiency of
the chemical etchant-free method to transfer clean graphene from Cu substrate onto
the plastics. In Fig. 8e, an optical transmittance of *97.5% is shown for graphene
deposited on EVA/PET, suggesting the graphene as monolayer. Using the four-point
probe method, sheet resistance of the material is also measured (Fig. 8f) and uniform
distribution is observed over the 3 � 4 cm graphene/EVA/PET film. For the
undoped graphene film, the sheet resistance was around 5.2 kΩ/m2. Good optical
and electrical properties of this particular graphene/EVA/PET film demonstrate its
applicability in transparent electronic device.

5.3 Applications of Graphene as Transparent Conductive
Electrodes

5.3.1 Touch Screen

There are many modes of touch-screen technologies such as capacitive, surface
capacitance, projected capacitance, resistive, and surface acoustic wave [107, 108].
Out of those, resistive and capacitive are the mostly practiced and require a sheet
resistance of 300–1500 X/m2 at 86–90% transparency. Recently, Bae et al. [33]
fabricated the centimeter-sized graphene films with the abovementioned conditions
and successfully incorporated transparent electrodes with large-size graphene films
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into touch-screen panel devices (Fig. 9). In particular, they were able to achieve
30-inch graphene film on copper foil using CVD method and transferred onto the
PET for the touch-screen application. Through the film, 90% of light will pass and
had very low electrical resistance than ITO which consists of standard transparent
conductor. The incorporation of graphene-outperformed ITO into display of real
touch screen will increase the performance. ITO has applied in touch screens, which
used for record signatures in credit card purchasing. The touch screen made up by

Fig. 8 Characterization of graphene/EVA/PET film. a, b SEM images of graphene/EVA/PET in
low magnification and high magnification, respectively. c, d XPS broad spectra and fine spectra of
graphene/EVA/PET film, respectively. e Typical UV–vis–NIR spectrum of graphene/EVA/PET
film. f Distribution of sheet resistance of graphene/EVA/PET film with the size of 4 cm � 3 cm
[105]. Copyright 2015. Reproduced with permission from Wiley-VCH
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using graphene could handle twice as more strain as conventional ITO-based
devices. Figure 9c shows the electromechanical properties of graphene/PET
touch-screen panels [33]. Under 2–3% strain, the touch panel of ITO will breaks
easily, but with the help of printed silver electrodes graphene-based panel restricted
the break up to 6% strain.

5.3.2 Liquid Crystal Displays

Liquid crystals that are having light-modulating properties are used as displays in
many electronic devices such as liquid crystal displays (LCD). Droplets of liquid
crystals (LC) of micrometer-sized thin film which consist of polymers of optically
transparent placed within pores of polymers. The light passes through the LC
polymer will scatter and generate a milky film. If the ordinary refractive index of
LC polymer is equal to transparent host polymer, the advantages of electric field
result in transparent state [109]. When LCDs have potential to switch from
translucent to opaque states, the advantages of LCDs will be wide in the field of
computer displays, TV screens, instrument displays, and displays of aircraft
cockpit. The major role of conductive transparent films in LCD instrument is to
serve as pixel and common electrodes. Generally, low sheet resistance of 30–
300 X/m2 and high transparency of 87–90% are required for LCDs [110].
Comparable performance with ITO electrode has been reported for an LCD based
on 6 nm thick thermally reduced graphene oxide film [110, 111]. A schematic
diagram of a mechanically exfoliated monolayer graphene-based LCD fabrication
method is shown in Fig. 10a [112]. Figure 10b–f shows the transmission of
graphene-based LCD changes under both the white and monochromatic light, and
the threshold voltage of the graphene-based LCD was around 0.9 Vrms. The absence
of negative effect of graphene on the LCD alignment is marked by the uniform
change in graphene-electrode area. Contrast ratio (between maximum transmission

Fig. 9 a An assembled graphene/PET touch panel showing outstanding flexibility. b A
graphene-based touch-screen panel connected to a computer with control software.
c Electromechanical properties of graphene-based touch-screen devices compared with ITO/PET
electrodes under tensile strain. The inset shows the resistance change with compressive and tensile
strain applied to the upper and lower graphene/PET panels, respectively [33]. Copyright 2010.
Reproduced with permission from Nature Publishing Group
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and the transmission at 100 Vrms across the cell) was better than 100 under
white-light illumination. The graphene-based cell with excellent performance can
be effectively used as transparent electrode for ICDs. Usually the glass with ITO
served as transparent conductive film in which it can generate electric field across
the LCD. However, the properties such as instability and less flexibility will be
avoided for the development of fabrication of flexible and transparent electronic
devices. Diffusion of ions into active medium and chemical stability of metal oxide
are the most important issues for ITO-based LC devices and photonic devices.
Degradation of active medium by oxidation process which introduced by ITO [113]
and breakdown will take place at lower voltage. And also, in LCDs, the applied
electric field [114] will be screened by injected ions which can be trapped in
alignment layer. Therefore, these problems easily decreased using graphene and
thereby the stability of graphene reduces the ion diffusion order [112].

5.3.3 Solar Cells

Transparent conductive films are fundamental for the fabrication and working of
many solar cells. Several organic and inorganic solar cells based on graphene are
reported for their applications, e.g., dye-sensitized solar cells [115], hybrid
ZnO/poly(3-hexylthiophene) (P3HT) solar cells [117], organic bulk-heterojunction
(BHJ) photovoltaic cells [116], Si Schottky junction solar cells [118], and InGaN
p–i–n solar cells [119]. Low-cost, high-transparency flexibility, and low resistance
are the main keywords associated with graphene to be used for the fabrication of
graphene-based photovoltaic device applications. The driving force of designing a
graphene-based solar cell has been the huge potential of the technology to enable

Fig. 10 a Schematic diagram of our liquid crystal devices with typical layer thicknesses in
brackets: 1 glass (1 mm); 2 graphene; 3 Cr/Au contact surrounding graphene flake (5 nm
Cr + 50 nm Au); 4 alignment layer (polyvinyl alcohol) (40 nm); 5 liquid crystal (20 lm); 6
alignment layer (40 nm); 7 ITO (150 nm); 8 glass (1 mm). The graphene flake is surrounded by a
nontransparent Cr/Au contact. b–e Optical micrographs of one of our liquid crystal devices using
green light (505 nm, f 23 nm) with different voltages applied across the cell: (b) V, 8 Vrms; (c) V,
13 Vrms; (d) V, 22 Vrms; (e) V, 100 Vrms. Overall image width is 30 lm. The central hexagonal
window is covered by graphene, surrounded by the opaque Cr/Au electrode. f Light transmission
through the LCD as a function of the voltage applied across the cell. Inset: the same at low
voltages. Solid blue curve in green light (505 nm); dashed red curve in white light [112].
Copyright 2008. Reproduced with permission from American Chemical Society
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high-throughput production of cheap solar cells. Arco et al. [120] have demon-
strated graphene-based highly flexible organic solar cells (OSCs). However, sepa-
ration of the photogenerated electron–hole pairs and transferring the separated
charge carriers to the electrodes are considered to be the major challenges for the
successful implementation of these solar cells. The surface functionalization and
post-treatment of the graphene-based materials have shown very well controllable
surface as well as, interfacial properties and tailored work functions for the high
performance of the solar cells [121, 122]. The organic solar cell contains two
conductors, which can produce the electric field in the organic layer. The incident
light on organic layer was caused to excitation of electron from LUMO to HOMO
by leaving holes and forming excitons. The excited pairs will be separated by the
potential because of the different work function, and it can pull the electron toward
cathode and holes toward the anode. Charge carriers can be transported easily by
the development of additional functional layer. Graphene films synthesized by
CVD method are used as conductive and transparent electrode, by using thin layer
of titanium suboxide (TiOx)—the electrodes applied successfully in OSCs
(Fig. 11a) [38]. First, the glass substrate coated with graphene film acts as an anode
and also the graphene layer spin coated with thin layer of PEDOT:PSS. The spin
coating of BHI composite of P3HT and [6] -phenyl-C61, and butyric acid ester
[PCDM] was coated on graphene with PEDOT:PSS layer to form photoactive layer.
A thin film of TiOX was also spin coated for some devices. At last, thermally
evaporated aluminum was used as cathode (Fig. 11b). CVD-grown graphene at
different temperature was studied for the power conversion efficiency (PCE) of the
graphene electrode in OSCs, and PCE of *1.3% was found at 1000 °C-grown
graphene films. After the insertion of TiOX layer as hole-blocking layer, the PCE of
*2.6% was considerably improved (Fig. 11c, d). TiOX layer acts as an optical
spacer and facilitating better transport of charge carriers to each electrode as a
hole-blocking layer [123, 124] which increased photogenerated charge carriers
density and the PCE for graphene/ITO—photovoltaic devices [123, 124]. As a
result, the TiOX layer decreased the cathode photoactive layer contact resistance due
to dipole formation [125]. Hence, the PCE is the major factor in evaluating the
performance of solar cells. To date, graphene-based OSCs PCE values have been
reported to be in the range of 0.08–2.60% [126], much lower than OSCs using
conventional ITO electrodes (8.37%) [127]. This necessitates the improvement in
PCE of graphene-based OSCs for the commercialized OSCs.

5.3.4 Triboelectric Nanogenerator

Nowadays, triboelectricity was studied intensively by applying in power-generating
device, to convert mechanical energy into electrical energy [105]. Triboelectricity
has advantage over the other familiar method, here the device made up of
graphene/EVA/PET film, by the method of large-scale roll-to-roll fabrication; it has
advantages such as good conductor, high transparency, and high uniformity; and
these electrodes are also applicable to optoelectronic device fabrications. Peng et al.
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showed the applications in flexible and transparent triboelectric nanogenerator
(TENG).

TENG mainly consists of two layers and the schematic diagram of TENG of
graphene/EVA/PET is shown in Fig. 12a. The upper layer is made up of
graphene/EVA/PET; here graphene layer acts as electrode and also acts as friction
layer of TENG. Here we can also note that CVD-grown graphene has wrinkles and
ripples, which can prepare and validate on the plastic substrate by our RGT process.
From triboelectric effect, we can generate significant amounts of friction and surface
charge, and these create the wrinkles and ripples, which make graphene more
suitable for the high-output voltage applications.

The micro-pyramid-patterned PDMS lower layer transferred to friction layer of
graphene/EVA/PET. Arch-shaped TENG fabricated by dielectric layer of PDMS

Fig. 11 a Schematic diagram of a photovoltaic device structure with graphene electrodes and a
hole-blocking TiOX layer. b TEM cross-sectional image of a photovoltaic device. The insets show
high-resolution TEM images near the TiOX layer (top) and near the graphene films (bottom). c J–V
curves of photovoltaic devices with 1000 °C-grown graphene electrodes (circles) and with ITO
electrodes (diamonds). The curves without the TiOX layer (filled symbols) are compared to those
with the TiOX layer (open symbols). d Comparison of the PCEs used for graphene-electrode
photovoltaic devices with those used for ITO-electrode photovoltaic devices with TiOX layers and
without TiOX layers (pristine). The types of devices are indicated on the x-axis (800, 900 and
1000 °C: graphene-electrode devices; ITO: ITO-electrode devices) [38]. Copyright 2010.
Reproduced with permission from Elsevier Ltd.
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and electrode of graphene/EVA/PET. The bent shape of graphene/EVA/PET easily
turned to arch shape in which by releasing the pressure TENG regains its original
position. The air voids between PDMS and graphene in the two layers of 0.5 mm
space increase the strength of dipole moment and capacitance of the system in the
process of mechanical deformation. Figure 12b illustrates the working principles of
the arch-shaped TNG and its mechanism of coupling of contact electrification and

Fig. 12 Triboelectric nanogenerator device based on graphene/EVA/PET electrode. a Schematic
diagram of graphene/EVA/PET-based triboelectric nanogenerator. b Working mechanism of the
triboelectric nanogenerator. c, d Output voltage and current measured under a vertical compressive
force, respectively. e Photograph of the graphene/EVA/PET electrode-based transparent and
flexible triboelectric nanogenerator. Inset photograph shows that 56 LED bulbs were lightened up
by the nanogenerator. f Photograph of the nanogenerator fixed at a wrist to harvest mechanical
energy [105]. Copyright 2015. Reproduced with permission from Wiley-VCH
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electrostatic induction. The device is in neutral state and initially, there was no
charge on the surfaces of both the electrodes. When device is pressed or contracted
by using vibrator, the positive and negative charges are generated on graphene and
PDMS films, respectively, when they are in full contact [128]. The produced tri-
boelectric charges and opposite polarities are equally balanced; in this condition,
there is no electron flows between the electrodes.

After deformation started, the opposite triboelectric charges separate along with
the air gap which generates the dipole moment—it is the driven force for electron
flow from bottom graphene electrode to upper graphene electrode, when PDMS and
graphene films reach maximum separation than the flow of electron lost. If the
device is pressed again, the dipole moment disappears and as a result the reverse
flow of electrons in electrode occurs. Both the surfaces are in pressed state until the
generated electrostatic induction produces the output signals. If the irrational fre-
quency is 4.3 Hz, the maximum output voltage and current signal are up to 22 V
and 0.9 lA, respectively (Figs. 5d and 12c). In this way, high electrical energy can
be generative in a tiny TENG device with the size of 3 cm � 4 cm; the energy
liberated from this device can glow up to 56 commercial blue LED lamps connected
in a series and is shown in Fig. 12e. This TENG device can be operated by wrist
movement (Fig. 12f). The above explanations can be concluded that importance of
TENG device is that it is potential as wearable for accumulate energy from human
movements.

6 Conclusion

The promising next-generation conducting materials such as graphene, silver
nanowire, carbon nanotube, and copper nanowire are with the tendency to substi-
tute commercial electrode materials such as ITO (less abundant) in optical and
electrical devices. Regarding the practical applications, the properties including
flexibility, high optical transparency, low sheet resistance and superior mechanical
properties of metal nanowires (CuNWs and AgNWs), CNTs, and graphene have
attracted a great interest. The products of these materials have also been demon-
strated in wide-range areas such as LEDs, LCDs, touch screen, and triboelectric
nanogenerators (energy-harvesting nanogenerators). CuNWs, AgNWs, CNT, and
graphene films produce components smart technologies for flexible and transparent
electronic gadgets due to their combination of the transparency, conductivity, and
mechanical flexibility. With regard to easy large-scale manufacturing technique,
roll-to-roll synthesis of CVD-grown graphene and green methods has been shown
to be encouraging for the industrial-scale method to prepare transparent electrodes
in flexible and transparent devices. In the near future, it is important to realize to
overcome the key issues; however, further research should be focused at an opti-
mizing the synthesis, techniques to fabricate conductive thin film, improvement of
conductivity by doping, and cost of final product. The key challenges such as
low-cost processing and eco-friendly method will require continued innovative
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research and development. Currently, there have been huge numbers of reports on
electrical and optical device applications of graphene. We anticipate that future
scientific research will include the incorporation of graphene-based hybrid optically
transparent material to help achieve the future-generation transparent and flexible
electronics in many areas.
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Biodegradable Nanocomposites for Energy
Harvesting, Self-healing, and Shape
Memory

Deepu Thomas, John-John Cabibihan, Sasi Kumar, S.K. Khadheer
Pasha, Dipankar Mandal, Meena Laad, Bal Chandra Yadav,
S.I. Patil, Anil Ghule, Payal Mazumdar, Sunita Rattan
and Kishor Kumar Sadasivuni

Abstract This review aims to survey the rapidly expanding field of energy har-
vesting, self-healing, and shape-memory biodegradable composites by reviewing
the major successful autonomic designs developed over the last decade. We have
discussed the characterization of the composite and dispersion of the filler by
different methods such as grafting, chemical modifications. Also, we have high-
lighted the recent work on polymers and blends, hydrogels of biocomposites and
their controllable approach for adjusting desired properties. In addition to above,
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the design considerations critical to the successful integration of these components
in the commercial applications have been discussed. These materials have huge
demand in the development of robust modeling and design tools based on a fun-
damental understanding of the complex and time-variant properties of the material
and mechanization structure in diverse environments. The potential directions for
future advancement in this field are also discussed.
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1 Introduction

Biodegradable materials based on bio polymers are the real solutions for the
majority of current environmental problems. The biopolymers originating from the
renewable biomass help to maintain a sustainable nature. Other than the biomass,
the source of biopolymers can be microorganisms, petrochemical sources, and/or
synthetic polymerization processes. The biodegradable materials decompose to
water and CO2 under aerobic conditions whereas under anaerobic conditions,
methane will forme as an additional product. These materials are capable of sub-
stituting many petroleum-based products in technology and industry as well as it
allow the reuse of the composte after their use [1]. Very recently, biocompatible
electronic devices, operated inside the human body for a prolonged period without
pain, has been removed by disintegrating it without any surgery. In this context, the
time controlled, biodegradable nanogenerators for such implanted electronic devi-
ces will be of great interest. Many biological molecules such as proteins,
polysaccharides, and deoxyribonucleases are investigated for their application in
mechanical energy generation/piezoelectricity.

The extended lifetime, renewability, scalability, no recharging methods, etc.,
make piezoelectric power harvesting the most sustainable way of energy genera-
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tion. This mechanical energy harvesting is much effective in building the
self-powered systems, military monitoring devices, remote weather station, wireless
sensors, and biomedical implants [2]. The main advantage of this energy harvesting
method is its applicability in many fields where mechanical energy exists.

Nanogenerators based on the silk fibroin composites containing biocompatible
ferroelectric materials are reported. The transparent silk fibroin is also used to
develop transistors and many photonic devices. Wood is also studied for its
piezoelectric performance on account of the monoclinic symmetry and uniaxial
orientation of cellulose crystallites in the wood fibers. However, the piezoelectric
modulus of wood is about 5% of a quartz crystal. The seashells are also reported for
their piezoelectric and ferroelectric properties. Macrofiber composites (MFC) made
up of PZT fibers embedded in epoxy resin shows good piezoelectric behavior. This
material is lightweight, and its increased actuation strain energy density and robust
construction make them useful in automotive, aerospace, and other industrial
applications [3, 4].

The shape recovery by various stimulations [5–11] (for instance, magnetic-active
effect, water-active effect, electroactive effect, and photoactive effect [12]) has
tremendous applications in many industries [13–16]. In biomedical fields, safety
and poor degradability often limits the use of conventional shape-memory poly-
mers, in this context, biodegradable polymers have to be explored. PLA/HA
composites are reported for their excellent shape recovery [17, 18].

Biodegradable electronic devices made of natural and synthetic materials [19–21]
can transform electronically active permanent implantable biomedical devices into
temporary components [22–25], by avoiding risks of chronic implants [26].
Polypyrrole/lignin composites are reported for such application due to the redox
reactivity of the quinone groups in lignin and the high electrical conductivity of doped
Ppy (rPpy/lignin � 30 s cm−1) [27]. However, the organic electrolytes of poor
biocompatibility and toxic electrode materials cause many problems for implemen-
tation and clinical adoption. Recently, melanin pigments are also suggested as anode
materials for aqueous Na+ energy storage devices [21]. The lightweight and low-cost
electroactive polymers (EAPs) change their shape with an applied electric field, and
useful in artificial muscles and other smart electronic devices [28, 29].
Electrostrictive EAP is reported for its actuator application [30] and thus can be useful
in energy harvesting from environmental sources, such as human movements [31].

Mechanical damage on microscopic level is a serious issue which needs periodic
inspection and maintenance [32]. Self-healing materials solve this issue by
responding to microcracks through certain active phases within the material and by
proper repairing mechanism [33]. The self-healing process extends the durability
and sustainability of developed materials. The biopolymer chitosan notable for its
low toxicity, biocompatibility, and biodegradability [34, 35] is known for its
self-healing properties. Here, the sunlight triggers the healing mechanism through
the reaction of chitosan molecules with split oxetane rings from a ring-shaped
molecule and polyurethane paint [36]. The self-healing ability of nanofibers con-
taining embedded healing agents also prevent microcracking and delamination
[37–41]. Numerous investigation on self-healing process [42], the chemistry
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involved in it [43], biomimicing [44] the healing additives, and external stimuli to
initiate healing [45] were the subjects of major study.

Many shape-memory polymers (SMPs) are applied in orthodontic wires, pipe
couplings vascular stents, vibration dampers, and actuators [13, 46].
PLA/PCL/EC-bp biocomposites made by solution casting demonstrate good ther-
momechanical and shape-memory properties [13, 47–50]. Usually, the SMP retains
its shape by releasing the stress while changing its temperature (by cooling/heating)
[48, 51, 52]. Biodegradable SMPs will be a useful device for the minimall invasive
surgery [13, 14, 53, 54], temporary devices [55, 56], and scaffolding devices [13].
Zheng et al. reported the shape-memory behavior of poly(D,L-lactide) (PDLLA)/
hydroxyapatite (HA) composites [18]. PLLA is another biopolymer exhibiting good
shape recovery [57–62]. Shape-memory properties investigated by cyclic thermo-
mechanical study under stress/strain-controlled state and its quantification were the
subject of study of Sauter et al. [63].

2 Biodegradable Composites for Energy Harvesting

Kim et al. [64] synthesized a polyvinylpyrrolidone (PVP) composite made of Ag
nanowires, silk solution (30 wt%), and a few nanoparticles (BaTiO3, ZnSnO3, etc.).
The biodegradable property of the silk fibroin film were controlled by glycerol.
A nanogenerator was designed based on this composite as shown in Fig. 1a. It
consists of a one-dimensional Al wire at the inner side and an Al sheet at the outer.
An output voltage of 1.8 V and an output current density of 0.1 lA/cm2 are
obtained which were similar in performance with film nanogenerator. The whole
work suggests a promising application of robust textile nanogenerator in future
smart textiles.

An electrostrictive polymer composite was used to make energy harvesting
devices by Eddiai et al. [65]. Figure 2 shows the schematic representation of the
developed sample (Fig. 2a) and the equivalent electric circuit for the electric
impedance of a vibrating polymer (Fig. 2b). Here, CP represents the capacitance of
the clamped polymer, RP(x), the resistance attributed to the dielectric losses and
conduction (both parameters are functions of the relaxation frequency) and Iac is the
current. An electrical load, R, is also connected in series with the polymer, and P is
the power harvested on this load, P = RI2 (I, the current due to mechanical–elec-
trical conversion).

The power versus the electric load R is shown in Fig. 3, and the measurements
are correlated with modeling. This illustrates the influence of strain (S = 2%,
S = 4%, and S = 6.5% at 6 Hz) on the piezoelectric coefficient using FFT analysis
for a given electric field (13 MV/m). It is established that an optimal load resistance
near 75 MX exists in addition to the linear dependence of the harvested power and
the strain amplitude. Also, the change in mechanical parameters causes slight
increase in the optimal load.
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Schnepp and coworkers determined the shear piezoelectric constants −d14 = d25
for anisotropic nanorods with uniaxial symmetry. By investigating the properties of
optically active polymers and polypeptides, it is suggested that the piezoelectricity
is due to the internal rotation of dipoles. Biodegradable and optically active PLA

Fig. 1 a Schematic image and b a photograph of silk fibroin-based composite-type wire generator
which consists of aluminum wire, silk fibroin composite layer, and aluminum electrode c output
voltage and current density of the wire generator [64]. Copyright 2015. Reproduced with
permission from Elsevier Ltd

Fig. 2 a A schematic of the sample, b the equivalent electric circuit of an electrostrictive polymer
[65]. Copyright 2016. Reproduced with permission from John Wiley and Sons

Biodegradable Nanocomposites for Energy Harvesting … 381



was tested by elongation, and a value of d14 = −10 pC/N was obtained. The poled
films of submicron-thick aliphatic polyurea also exhibited pyro- and piezoelectric
effects. In that case, a piezoelectric constant of d31 = 10 pC/N was observed (up to
200 °C) [66].

In an oscillating field of maximum amplitude 2 V, the needle-like crystals
expand and contract as evidenced from the piezoresponse force microscopy
(Fig. 4). In response to the applied AC voltage, the nanorods show a uniform
out-of-plane response (solid bright region of Fig. 4a). The corresponding topo-
graphic image given in Fig. 4b further evidences the uniform perpendicular crystal
deflection. Figure 4c indicate the phase shift increase with increasing AC voltage,
again confirming piezoresponsive nature of the nanorods over the entire applied
voltage range. This was in accordance with the piezobehavior of a single-crystalline
ZnO. Similar investigations carried out on aragonite structure did not show any
piezoresponse.

Investigation of piezoelectric nature was done by various techniques such as
dual-AC resonance tracking (DART), piezoresponse force microscope
(vector-PFM), and switching spectroscopy PFM (SS-PFM). Strong piezoresponse
along the direction perpendicular to the platelet surface (close to local polarization
direction of intracrystalline biopolymers) was observed by vector-PFM technique
whereas strong piezoresponse for the interlamellar biopolymer is exhibited at a
parallel direction to the platelet surface. It is also established that the biopolymers in
nacre have similar ferroelectric hysteresis loops as polyvinylidene fluoride (PVDF)
and useful in energy storage applications [68].

Cellulose is another piezoelectric material, especially in its nanocrystalline form
[69, 70]. The chemical treatments on cellulose can enhance the piezoelectric

Fig. 3 The harvested power under different strain amplitude values at fe = 1 Hz and fm = 6 Hz
for a constant electric field of Edc = 13 MV/m [65]. Copyright 2016. Reproduced with permission
from John Wiley and Sons
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modulus, whereas gamma-ray irradiation has little effect on it. In wood, the
piezoelectric polarization can be effectively utilized in checking the shock velocity.
It is also reported that the piezoelectric modulus of polymethyl-glutamate thin film
is twice or thrice higher than quartz crystal. Similar performance and sensitivity are
obtained for two microphones: one, the ordinary dynamic microphones; the other
made of polymethyl-glutamate film. Piezoelectric property is also shown by bone,
silk, tendon, cellulose acetate, and synthetic polypeptides. Collagen fibers inside the
bone and tendon produce piezoelectric polarization inside the living body upon
mechanically energy [69].

The piezoelectric property of cellulose paper was further increased by stretching
method with different wet-drawing ratios. In addition to the piezoelectric charge
constant, the Young’s modulus also depends on the drawing ratio and the direction
of nanofibrils. Without drawing, the paper showed a piezoelectric charge constant
of 0.41 pC/N, and with drawing, it became 5.2 pC/N. At 45° alignment, the charge
constant was its maximum, 7.3 pC/N, and this was 18 times higher than that at 90°
alignment. In another study, the nanocrystalline cellulose (CNCs) films were tested

Fig. 4 a Out-of-plane piezoresponse image (perpendicular deflection), showing two distinct
out-of-phase regions (blue and white domains) and b corresponding topographic image for a single
langasite nanorod. c Plot of the phase shift against varying AC voltage in the out-of-plane direction
for the langasite sample (’) and a piezoelectric ZnO control (n) [67]. Copyright 2010. Reproduced
with permission from Royal Society of Chemistry
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for their polarization gradients and strain mechanics using contact mode atomic
force microscopy. The collective asymmetric crystalline structure of CNC causes a
good piezoelectric response, in terms of the effective shear piezoelectric constant
(d25) which was 2.1 Å/V, similar to a piezoelectric metal oxide reference film [71]
(Fig. 5).

Various CNC films with different degrees of particle alignment were analyzed
for the piezoelectricity. An average value was calculated for several repetitive
measurements for a given voltage. The applied voltage and the measured effective
displacement are found to be linear. CNC films with partial alignment showed a
piezoelectric constant of 0.97 Å/V (at 800 V/cm, 45 Hz), and a similar value,
1.10 Å/V, at 400 V/cm and 200 Hz. The degree of alignment for these two films
was 42 and 46%, respectively. When the frequency is high (2 kHz), high particle
rotation is expected, but low field strength at this stage (100 V/cm) will not be
sufficient for the effective particle polarization.

The main criterion for a CNC to be piezoelectric is its high-level orientation, and
electric fields at different strengths are usually applied to achieve this criterion. The
piezoelectric measurement using a contact mode AFM is schematically represented
in Fig. 6. The conducting diamond tips avoid sample-tip electrostatic interaction,
and the measurements were done at 23 °C and 50% relative humidity. By knowing
the slope of the measured tip displacement at the applied voltage, the piezoelectric
constant was calculated. The peak-to-peak voltage was changed by 2.5 V with a
maximum of 20 V.

Fig. 5 Vertical displacement of CNC films subject to externally applied electric fields. Included
are results for films produced under four different conditions during electric field-assisted shear.
The films with the higher degree of alignment produced a higher piezoelectric response, as
indicated by the slopes of the profiles. The displacements and voltages are both peak-to-peak
values [71]. Copyright 2009. Reproduced with permission from Elsevier Ltd
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3 Biodegradable Composites for Self-healing

The general mechanism of self-healing can be divided into the following four
categories: (i) self-healing by crack-filling adhesion, (ii) self-healing by diffusion,
(iii) self-healing by bond reformation, and (iv) self-healing by virgin property
strengthening in response to stress. Out of all these mechanisms, the one by
crack-filling adhesion is the most significant and well-investigated type.

Bisphosphonate groups and calcium phosphate nanoparticles are non-covalently
cross-linked in HABP.CaP and showed excellent self-healing behavior greater than
that in covalently cross-linked hyaluronan hydrogels. The recovery is observed for
HABP.CaP hybrids in <5 s (Fig. 7a), but in the case of its covalently cross-linked
analog (with same amount of CaP), HA.CaP, the healing was not seen. The
self-healing property is also quantified by measuring the storage and loss modulus
of both covalently cross-linked (HA + CaP) and non-covalently cross-linked
(HABP.CaP) nanocomposites under various strains of 1 and 1000% (Fig. 7b).

Spoljaric et al. synthesized hydrogels from NFC filled PVA–borax system and
observed good self-healing as illustrated in Fig. 8. The main reason behind this
effect is due to the hydrogen bonds present within the hydrogels which are readily
able to break and reform. However, the use of such hydrogels is limited and mostly
the self-healing process relies on pH, heat, or other external stimulus. Another
significant point to be noted is its ability to reform in the absence of external
stimulus. This can be attributed to the free −OH groups present in its structure that
can cause formation of hydrogen bonds as well as the sufficient polymer chain
mobility.

Completely autonomic, biomimetic, and efficient self-healing devices will def-
initely change the current biomedical scenario and favors the invention of advanced
equipment in many industrial applications. Self-healable and biodegradable poly-
meric composites can be good alternatives in orthopedic fixation due to their
appropriate stiffness, high strength, and strength retention.

Fig. 6 Schematic illustration of the AFM system used to measure the displacement of CNC films
in contact with an AFM diamond tip and under given applied voltages (10 Hz frequency) [71].
Copyright 2012. Reproduced with permission from American Chemical Society
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4 Biodegradable Composites for Shape Memory

The key characteristics of a polymer to be a typical SMP are the presence of a
stable network and the possibility of a reversible switching transition [74].
Examples for these stable networks include chemical cross-linking, molecule
entanglement, crystallization, and interpenetrating network. [8, 74–80]. Large
number of biodegradable polymers such as poly(e-caprolactone), poly(D,L-lactide),
poly(p-dioxanone)epoly(e-caprolactone) copolymer, poly(ethylene glycol)
monomethylether-monomethacrylate (PEGMA) also show shape recovery. Chen
et al. developed a biodegradable material from chitosan cross-linked epoxy com-
posite and explained its water-sensitive shape recovery [81, 82]. In another study,
Luo et al. also reported water-active shape-memory material from cellulose

Fig. 7 Self-healing behavior of non-covalently cross-linked HABP.CaP hybrid nanocomposites
containing 2 w/v% hyaluronan-bisphosphonate (DSBP = 8.1%) and 6 w/v% CaP nanoparticles.
a Schematic illustration and photographs of self-healing after failure induced by cutting.
b Recovery of non-covalently cross-linked HABP.CaP and covalently cross-linked HA + CaP
hydrogels after sequential shear strains of 1, 1000 and 1% [72]. Copyright 2014. Reproduced with
permission from Elsevier Ltd
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nanowhisker/SMPU nanocomposites [83]. Many water-active materials are syn-
thesized from the hydrophilic Cellulose nano-whiskers. In such materials, the
deformed cellulose nanowhisker/SMP composite recovers its shape, when exposed
to water stimulant, due to the change in enthalpy elasticity of the polymer network.
If a typical shape-memory polymer has well-separated thermal transitions, that can
exhibit MSME after multiple-step programming stages. Another filler used to

Fig. 8 Malleability and “reformability” of NFC–PVA–borax hydrogels (PVA:borax ratio 5:1,
NFC concentration 50 wt%): a the original hydrogel, b fracturing the hydrogel into several pieces,
c molding the pieces into a single material by hand, d the “reformed” single, continuous hydrogel
[73]. Copyright 2014. Reproduced with permission from Elsevier Ltd

Biodegradable Nanocomposites for Energy Harvesting … 387



synthesize biodegradable SMP is polyhedral oligomeric silsesquioxanes (POSS)
[84–89].

Figure 9 represents a reversible photodimerization-based SMP made of N,N-bis
(2-hydroxyethyl) cinnamamide (BHECA) in which the cinnamamide moieties
undergo the photodimerization process. Lendlein et al. [9] also synthesized similar
photoresponsive polymers with cinnamic acid and cinnamylidene acetic acid ter-
minal as the photoreversible switches.

The shape-memory property of PCL-based composites is mainly due to the
polymer’s entropic elasticity upon heating. The neat PCL shows the property
depending only on ambient heat whereas the PCL composites containing Fe3O4

nanoparticles alternating magnetic field induces heating. This is due to the
Brownian and Néel relaxation losses happening in Fe3O4 which is transferred to
heat. The shape recovery of PCL in hot water and that of PCL/Fe3O4 in an alter-
nating magnetic field is shown in Fig. 10. The recovery for the helicoidal c-
PCL/Fe3O4 system in hot water took place in about 30 s whereas the same spec-
imen took 130 s when inductively heated in the alternating magnetic field. This
proved the better reactivity of the composite to hot water when compared with the
magnetic field due to the slower heat loss and faster thermal transfer taking place in
hot water. Faster recovery can be achieved by increasing the frequency and by
using a heat shield for specimens when inductively heated [91].

Figure 11 well demonstrates the shape-memory property of PDLLA/HA com-
posites at different times. Here, the shape recovery was achieved upon heating the
specimen to 70 °C. Original shape is achieved at 60th second itself; however,
complete recovery is observed at the 100th second. The reason for shape recovery
of the PDLLA/HA composite is attributed to the crystalline nature of calcium
phosphate particles and amorphous nature of PDLLA polymer. When these two
components are mixed, the stationary phase and reversible phase come together,
which is an essential condition for shape-memory effect.

The variation of shape recovery with respect to temperature for the PDLLA/HA
composites are represented in Fig. 12. When the recovery temperature changed
from 70 to 76 °C, the recovery time starts to stabilize. Moreover, starting from the

Fig. 9 Synthesis of biodegradable multiblock polyesterurethane containing pendant photoactive
cinnamamide groups from biodegradable soft diol (polycaprolactone diol), biodegradable hard diol
(poly-(L-lactic acid) diol), and N,N-bis(2-hydroxyethyl) cinnamamide (BHECA) [9]. Copyright
2011. Reproduced with permission from American Chemical Society
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onset of 76 °C, the recovery time little decreased [92]. Copyright 2015. Reproduced
with permission from Elsevier Ltd.

Meng et al. investigated the shape-memory behavior of PLLA composites as
illustrated in Fig. 13. With 50 and 100% maximum deformation strain, good
recovery is reported (Fig. 13a, b). There is a different trend when subsequent cycles
are tested, this can be due to the molecular reorganization taking place because of
the crystallization, molecule orientation, and/or breakage of weak points during
deformation. However, the remaining cycles after the first one, show similar and
stable stress–strain behaviors. At 200% maximum deformation strain (Fig. 13c), the
PLLA loses its shape recovery in addition to the increase in irrecoverable defor-
mation with increasing testing cycles. The reason for this observation is attributed
to the crystallinity loss of PLLA with large deformation strain. This points out that
PLLA is not suitable for those shape-memory applications at large deformations.
Based on this result, the author’s synthesized chitosan/PLLA and checked the shape
memory at a maximum deformation strain of 100%.

Shape-memory property of chitosan/PLLA biocomposite containing different
concentrations of chitosan is well demonstrated in Fig. 14. For the experiment,
composite wires are fabricated by melt blending at 160 °C. The wires are further
cooled to normal room temperature to attain the permanent straight shape. The
wires became soft, when they were kept in hot water at 65 °C. Now the samples
were folded and cooled in air at room temperature. Thus, the deformed shape was
fixed and after 2-min time, the folded wires memorize its original shape when
triggered by keeping again in hot water at 65 °C. Quick shape recovery was
observed for the composites containing lower amounts of chitosan; however, for the
samples containing higher concentrations of chitosan, complete shape recovery is
not observed. Thus, it is concluded that chitosan has a negative effect in
shape-memory property of PLLA.

Fig. 10 Series of deploying helicoidal photograph a in hot water and b in an alternating magnetic
field. The composites with 15 wt% Fe3O4 and 2.5 wt% BPO were selected to finish taking
shape-recovery photographs when the specimens were responsive to 55 °C hot water and an
alternating magnetic field with a frequency of 20 kHz and a field strength of 6.8 kA m−1 [90].
Copyright 2009. Reproduced with permission from IOP Science
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In another study by Tsujimoto et al., shape-recovery property of polyESO/PCLs
composites were studied. Here, the melting/recrystallization of PCL acts as a
switching transition between the shape-memory/recovery effect and good recovery
was observed for 50/50 wt% composite sample. For this specific composite, orig-
inal shape was recovered after 25 s at 80 °C. It is also established that the recovery
time completely depends on the operating temperature and component ratio of the
samples. The major driving force for the recovery is elastic force generated in the
ESO-based network polymer during deformation in additional to the PCL crys-
tallinity. First, the PCL components melt causing the polyESO/PCL sample to
deform. Cooling proceeds with the melt crystallization of PCL and fixes the shape
with the internal stress of ESO-based network polymer. When the sample is
reheated above the PCL melting temperature, polymer chain mobility enhances and
the sample returns to original shape by the entropy elasticity of the ESO-based
network polymer [93].

Fig. 11 The photographs showing the process of shape-memory recovery of “science” word
made of PDLLA/HA composite taken with digital camera [18]. Copyright 2006. Reproduced with
permission from Elsevier Ltd
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Fig. 12 Recovery time of different recovery temperatures of poly(D,L-lactide)/hydroxyapatite
composites. Weight ratio: 2.5; thickness: 0.5, 1, 2, 3 mm. [18]. Copyright 2006. Reproduced with
permission from Elsevier Ltd

Fig. 13 The influence of deformation strain on the thermomechanical cyclic tensile curves of the
PLLA. a 50%, b 100%, c 200% [92]. Copyright 2009. Reproduced with permission from Springer
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The main areas of useful applications of biodegradable shape-memory com-
posites include biomedical devices, remote active medical instruments, deployable
space structures, energy, textiles, engineering structures, bionics engineering,
electronic engineering, civil engineering, dry/wet adhesives and fasteners, and
household products. The biodegradable polyester-based SMPs are widely used in
fabricating surgical sutures, catheters, and stents [94].

5 Limitations, Challenges, and Conclusions

Cost-effective and environmental friendly materials are the need of the hour, and
the main properties discussed in this chapter—piezoelectricity, self-healing, and
shape memory—contribute a major part to the development of bioelectronics.
However, the situation is not that much clear to immediately change the current
scenario. A lot of progress has to be made to make the synthesized materials in
laboratories technologically feasible, economically affordable, and environmentally
suitable. Energy harvesters based on PZT composite are capable of fabricating with
low cost, low maintenance charges, and in the increased operational temperature
range provided these devices have longer lifetime compared to batteries. The
suitability of the energy harvester at different vibration sources has to be ensured
for better efficiency. For self-healing devices, other than economic feasibility,
long-term healability must also be well studied. In shape memory, triggering by
external stimulus such as electric and magnetic fields (other than thermal), and
maintaining recovery temperature at ambient temperature (near 37 °C) stands as the
significant challenges. Usually blending with polymers of low melting point,
addition of specific nanoparticles, etc., is practiced to solve these issues. A few

Fig. 14 The shape-memory effect of the chitosan/PLLA (from top to bottom: permanent shape,
deformed shape, and recovered shape) [92]. Copyright 2009. Reproduced with permission from
Springer
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biopolymers exhibiting shape memory cannot work under large deformation strains.
As new materials, lot of progress also to be made in its design process. Usual
problems associated with polymer nanocomposites such as maintaining good
interfacial interaction and homogeneous composite fabrication are also to be
considered.

In summary, this chapter aims in providing a brief survey about the various
biopolymers and its composites useful in smart applications such as self-healing,
energy generation, and shape memory. A few biodegradable composites were
reported for converting mechanical vibrations to useful electrical energy without
compromising its robustness, flexibility, and longer life. Electrostrictive polymers
are also proved their ability in harvesting power from low-frequency vibrations.
Cross-linking and modification of nanocomposites enhanced the shape recovery,
and other than the thermal triggering magnetic/electric field was also practiced in
some composites. In other words, the conventional metals- and alloys-based
devices can be replaced largely by polymer based products with high efficiency,
lightweight, and low cost. Nanoparticles even in very low concentration improve
the mechanical properties and recovery stress of the polymer. The shape recovery of
a typical composite also depends on the concentration of component polymers,
strain rates, and triggering conditions. Thus, we believe that the future is going to be
really “smart” with these novel biodegradable materials.
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