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The current generation of smart materials
has diverse dynamic features that enable
them to adapt to the environment and
make them the materials of the future.
There are four of these aspects of which
at least one is incorporated in a functional
smart-material based device: smart mate-
rials can be sensors or actuators, they can
be controlled or they can have biomimetic
characteristics.

Sensors are either bonded to the surface
of a structural material or are embedded
within a smart material to produce an elec-
tric signal thanks to the static or dynamic
changes in of the structural material. Actu-
ators are typically excited by an external
stimulus, such as electricity, in order to
change the stiffness and damping proper-
ties in a controlled manner. The control
capability permits the dynamic behavior
of the material to respond to an external
stimulus according to a prescribed control
algorithm associated to microprocessors.
Biomimetic characteristics are inspired by
biological patterns in order to equip mate-
rials with the possibility of self-diagnosis,
self-repair, and self-degradation of a broad
range of structural materials.

Among materials with the above fea-
tures, electrorheological (ER) fluids, mag-
netorheological (MR) fluids, magnetorhe-
ological (MR) elastomers, and electroac-
tive polymers (EAPs) are in the spotlight
of both the most active research activity
and of the most commercial interest. For
this reason, I expand and highlight grand
challenges of these four smart material
classes.

Electrorheological fluids (ER fluids) are
smart suspensions of soft conductive par-
ticles in viscous liquid medium. ERs can
be reversibly solidified from and to a
free-flowing liquid state in the presence
of an external electric field. This transi-
tion is associated to significant changes in
the rheological characteristics of the fluid

including the generation of yield stress,
increased shear viscosity and elastic prop-
erties. Despite the abundant research per-
formed on ER fluid technology over last
two decades, there is no commercial ER
fluid device available up to now.

In order to overcome this, the com-
munity needs to resolve to create an ER
fluid that can produce high yield stress.
A so-called giant electrorheological (GER)
fluid, producing 50-60 times higher yield
stress than conventional ER, is under devel-
opment (Wen et al., 2003, 2004) involv-
ing barium titanyl oxalate nanoparticles
coated with a thin urea layer (nanoparti-
cles: 50-70 nm, urea layer dielectric con-
stant 60 at 10 Hz, 3-10 nm thick, can pro-
duce yield stress up to 130 kPa at 5 kV/mm
field strength).

Yet, unmet market needs of for ER fluids
consist of the need to be non-toxic to both
humans and the environment, to be chem-
ically durable and physically stable without
particle settling issues, to have low power
consumption and manufacturing cost, to
have a wide working temperature range
covering —40 to 200°C, to be compatible
with sealing materials, to be non-abrasive
and non-corrosive to the device, and to
have rapid on/off responses.

Furthermore, significant research effort
is invested in commercializing the ER fluid
with surfactants and additives, which can
potentially broaden the applicability of ER
fluids while maintaining a user-friendly
point of view.

Magnetorheological fluids are smart
suspensions of soft magnetizable particles
in non-magnetic liquid medium. Anal-
ogously to ER fluids, their phase and
their rheological properties can be altered
by an external magnetic field. However,
contrarily to ER fluids, they are com-
mercially applied in a broad spectrum
of areas due to their field-tunability.
Shock absorbers, brakes, clutches, seismic

vibration dampers, control valves, and pre-
cision polishing are just a few examples to
illustrate their use.

Derived from the thermal decomposi-
tion of iron pentacarbonyl, carbonyl iron
(CI) particles are widely employed as a
dispersed phase for MR fluids because of
their outstanding magnetic properties and
suitable particle size. Nevertheless, further
engineering development of CI particles
is impeded by sedimentation and stabil-
ity problems caused by the large den-
sity difference between CI particles and
the medium. Various strategies have been
proposed to this issue: adding stabiliz-
ers or additives, and modifying the mag-
netic particles with coating technology.
Dispersion stability can be improved by
occupying the interspaces between mag-
netic particles and to prevent the physical
contact of CI particles. Prevailing meth-
ods exploiting these ideas involve intro-
ducing nano/sub-micron sized fillers such
as carbon nanotubes, graphite nanotubes,
graphene oxide, fumed silica, glass bead,
and organoclay (Powell et al., 2012).

Coating techniques provide an effective
way to reduce particle density and pre-
vent chemical oxidation of magnetic par-
ticles. Introducing suspension polymeriza-
tion in the core-shell coating procedure,
with CI particles as a core material, one can
obtain a 2 ~ 10 wm coating thickness. This
is much thicker than that of the compos-
ites prepared by a dispersion polymeriza-
tion, which yields about submicron coating
thickness. Dual-step coating on the CI par-
ticle surface with carbon nanotubes as the
final layer would not only reduce the den-
sity of the CI particles but also provide
rough surfaces. The resulting composites
are expected to be for improving dispersion
stability while retaining MR characteristics
(Park et al., 2010).

The rheological properties of MR flu-
ids, including yield stress analysis as a
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function of magnetic field strength, are
important not only because of the effect
on their MR performance but also because
of their further potential industrial appli-
cations. This provides a strong motivation
for researchers to continuously improve
them by experimenting with novel recipes.
In addition, more work should be seri-
ously considered on the chemical stability,
low sedimentation, low abrasiveness, and
high durability to achieve more practical
applications.

Magnetorheological elastomers (MREs)
are composites where magnetic particles
are suspended in a non-magnetic solid
or gel-like matrix. The strength of MREs
is typically characterized by their field-
dependent modulus. Under dynamic load-
ing, MREs exhibit linear viscoelastic prop-
erties even at a large range of strain ampli-
tude up to 50% (Li et al., 2010). A number
of non-parametric and parametric mod-
els have been developed to describe MREs
performances. For example, a quasi-static
model was proposed to explain the mod-
ulus increase by calculating the magnetic
interaction between the adjacent particles.
Finite element methods were also used to
analyze the modulus increase under var-
ied magnetic fields. Most models are based
on the dipole model for particle energy
interaction, and they rely on the assump-
tion that the particles are the same size and
shape. These results showed that the field-
dependent modulus of MREs varies with
the square of the saturation magnetization
of the particles.

Magnetorheological elastomers are
capable of sensing: MRE resistance is
dependent on the deformation strain
and applied magnetic field. By includ-
ing graphite as additives, MREs can also
show a controllable electrical resistance by
adjusting the applied normal force and the
magnetic field which, in turn, provides a
possibility for MRE to function as a sensing
material (Tian et al., 2011).

Current rubber-based MREs have a rel-
atively high initial stiffness, which results
in relatively low MR effect. The use of
composites as a matrix instead of rub-
ber in order to get an ultrasoft MR with
low initial shear modulus has significantly
enhanced this. The low initial shear modu-
lus, however, weakens the support the MRE
could provide, which results limiting its
applications.

The interaction between the matrix base
and the magnetic particles is another yet-
to-be-investigated challenge, with a focus
on both mechanistic studies and working
principles of MREs.

In the future, I expect research on soft-
ening the stiffness of MREs. With the help
of a decreasing shear modulus and increas-
ing magnetic field, one could move toward
innovative engineering far beyond their
current use for shock absorbers and vibra-
tion isolators. Furthermore, by making use
of multifunctional MREs, it is even imag-
inable to fulfill MRE sensing, actuating,
and damping capabilities in one package.
Thus, the future trends of MRE research
not only include materials innovation but,
in large part, also application and device
development.

Electroactive polymers are polymer-
based composites in which electronic
or ionic properties are embedded. EAPs
exhibit a large displacement in response
to external stimuli and hence can offer
operational similarity to biological mus-
cles. This is the reason why EAP materials
have a really promising future in biolog-
ically inspired actuators. They may drive
various mechanisms for manipulation and
mobility including microrobots, micro
flying objects, tactile, and animatronic
devices.

Generally, the EAPs are divided into
two major categories based on their acti-
vation mechanisms: electronic (driven by
electric field or Coulomb forces) and ionic
(involving mobility or diffusion of ions)
(Bar-Cohen, 2001). The electronic poly-
mers, such as electrostrictive, electrosta-
tic, piezoelectric, and ferroelectric poly-
mers require a high activation field, close
to the breakdown level. In contrast, ionic
EAP materials, such as gels, polymer—
metal composites, conductive polymers,
and carbon nanotubes require low drive
voltage.

Several different types of EAP materials
have been developed and investigated on
both material characteristics and applica-
tion devices.

For example, cellulose, a renewable
biopolymer has been rediscovered as an
active material that can be used for sen-
sors and actuators (Kim et al., 2006). In
this context, cellulose forms electroactive
paper (EAPap) and has advantages in terms
of biocompatibility, biodegradability, easy

modification, eco-friendliness, and low
price. Cellulose EAPap has a piezoelectric
effect because regenerated cellulose has
a non-centro-symmetry of monoclinic
crystal structure. Ions and water mole-
cules can easily interact with its abundant
hydroxyl groups, causing an ion migration
effect.

Another ionic EAP, ionic polymer metal
composite (IPMC) exhibits a large bend-
ing strain with low drive voltage. Strong
emphasis has been put on investigating var-
ious ionic polymer membranes for high-
performance IPMC actuators and over-
coming some drawbacks of ionic poly-
mer actuators to improve stability and
reliability. A highly durable and water-
floatable IPMC has been reported by
employing hydrophobic and asymmetri-
cally laser-scribed reduced graphene oxide
paper electrodes (Kim et al., 2014).

The next generation of EAP materi-
als will have good deformation, stability,
and efficiency. This, however, requires a
bold departure from current EAP research
since much of it tends to focus on the
development and understanding of new
polymer materials. Moreover, shortcom-
ings of currently available EAP include
the increase of actuation force, decrease
of the response time, decrease of the volt-
age requirement, and the enhancement
of the robustness under unpredictable
environment.

Beyond these four smart material classes
that are currently emphatic in our daily
lives, shape memory alloys, piezoelec-
tric materials, magnetostrictive materials,
and electrostrictive materials are also very
attractive for future studies. The next
decade will bring a deeper understand-
ing on the atomic and molecular level of
our current smart materials in addition to
the fundamental mechanisms associated to
the intelligence of these. These two lines
of research will definitely boost the dis-
covery of novel smart materials and their
innovative applications.
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