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Preface

The purpose of this book is to concentrate on recent developments in smart and
functional soft materials. The articles collected in this book have been contributed
by excellent researchers with long-standing experience in different materials. I hope
that the content presented here will be of interest to broader readers, not only
scholars in these fields but also people with other disciplines. The book contains
seven chapters in two sections: (1) “Smart soft materials” and (2) “Functional

soft materials” The book provides detailed and current reviews in these different
areas written by experts in their respective fields and will be useful for engineers,
scientists, and students who are interested in these areas.

Introductory chapter: The way to fulfill science fiction

Smart soft materials

* Research on shape memory alloys and magnetorheological fluids for use in
pneumatic actuators

* Future prospects: shape memory features in shape memory polymers and their
corresponding composites

e Magnetorheological elastomers: materials and applications
¢ Dual response of materials under electric and magnetic fields
Functional soft materials

* Anintroduction to wearable technology and smart textiles and apparel:
terminology, statistics, evolution, and challenges

* Increased-value oxide powders for polymeric fibrous matrices with tailored
surfaces for clothing wear comfort: a review

Xufeng Dong, PhD

Associate Professor,

School of Materials Science and Engineering,
Dalian University of Technology,

China
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Chapter1

Introductory Chapter: The Way to
Fulfill Science Fiction

Xufeng Dong

1. Introduction

The history of human civilization is accompanied by the progress of materials.
Several hundred thousand years ago, our ancestors went out of Africa, and they
began to use stones to make weapons to fight with wild animals or build residence.
Several thousand years ago, the early civilized human have mastered the skill to
make pottery wares. About 3000 BC, the inhabitant of the Crete Island has entered
the Bronze Ware Period. Then there was the Iron Age, and while work efficiency
has been greatly improved, battles between different countries became more brutal.
Since Bessemer Sir Hery invent the converter steelmaking technology in 1856, the
industrial revolution entered the Steel Age, which cause the dramatic progress of
civilization. We have used steel to make big machines, cars, airplanes, huge ships,
skyscrapers, long-span bridges, rocket ships, and so on. During the past 100 years,
we have synthesized a large number of polymer materials, which provided us with
various tools, wares, clothes, etc. with good properties but low weight and low cost.
Recently, smart soft materials that could response to an external stimulus (such as
electric field, magnetic field, sound, light, temperature, pH, and so on) as well as
functional soft materials that are electronic conductive, magnetic conductive or
thermal conductive have attracted considerable attention. They have application
potentials in various fields, including artificial muscles, soft wearable materials,
sensors, actuators, soft batteries, soft screens, etc. To some extent, they are the way
to fulfill most of the “black technology” that described in some science fictions.
Following two sections will give a brief introduction on several main smart soft
materials and functional soft materials.

2. Smart soft materials
2.1 Shape memory polymers

Shape-memory polymers (SMPs) are those polymers that have the ability to
“memorize” a macroscopic (permanent) shape, be manipulated and “fixed” to a
temporary and dormant shape under specific conditions of temperature and stress,
and then later relax to the original, stress-free condition under thermal, electrical,
or environmental command. This relaxation is associated with elastic deforma-
tion stored during prior manipulation [1]. Shape-memory polymers have aroused
great attention from scientists and engineers due to their capacity to remember
two shapes at different conditions. Potential applications for SMPs exist in almost
every area of daily life, such as self-repairing auto bodies, kitchen utensils, switches,
sensor, intelligent packing and tools, and so on [2]. Other potential applications are
drug delivery [3], biosensors, biomedical devices, microsystem components, and
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smart textile [4]. Since polymer can be made biodegradable, they can be used as
short-term implants where removal by surgery can be avoided.

2.2 Dielectric elastomers

Dielectric elastomers (DEs) are an electronically actuated polymer material.
They are the typical investigated electro-active polymers (EAPs) and consist of a
low stiffness elastomer placed between two conductive electrodes [5]. The shape
or volume of DEs can be changed by external electrical stimulation and can be
restored to their original shape or volume when the electrical stimulation is with-
drawn. DEs have the characteristics of large actuation strain, high bandwidth, high
energy density and high conversion efficiency, good environmental adaptability,
long fatigue life, and excellent bionic performance. A feature of DEs is that they can
not only convert electrical into mechanical energy actuators (DEAs) but also trans-
duce mechanical into electrical energy generators (DEGs) [6]. In the future, DEs
are to be used reliably in applications that include soft robotics, medical devices,
artificial muscles, and electronic skins [7].

2.3 Electrorheological composites

Electrorheological (ER) composites have been considered as one kind of intelli-
gent materials, and their rheological properties can be instantaneously and revers-
ibly changed by the applied electric field [8]. As one pioneering example of ER
composites, electrorheological fluids (ERFs) are commonly composed of polariz-
able particles and nonconducting liquid. Their rheological properties including
viscosity, shear stress, and yield stress can be switched reversible when an electric
field is applied [9]. Due to the special properties, ER fluids can be applied in various
fields, such as clutches, brakes, accurate polishing, tactile displays, and sensors. As
another kind of ER composites, electrorheological elastomers (EREs) also usually
filled with dielectric particle as the dispersion phase, which is quite similar to ERFs.
However, rubbers or gels are adopted as the matrix in EREs, which enables them to
overcome the defects of particle aggregation and sedimentation of ERF [10]. Under
the external electric field, EREs can present a reversible change in storage modulus,
loss modulus, and loss factors. Owing to these unique advantages of EREs, they are
thought of as promising materials for building base isolation, vibration reduction,
noise control in mechanical equipment and electro-active actuators [11].

2.4 Magnetorheological composites

Magnetorheological (MR) composites are a kind of smart soft materials whose
rheological properties can be actively changed by applying magnetic fields [12].
Magnetorheological fluids (MRFs) and magnetorheological elastomers (MREs) are two
main kinds of magnetorheological composites. Magnetorheological fluids are composed
by dispersing magnetizable particles in non-magnetizable fluids. Their rheological
parameters such as viscosity and yield stress strongly depend on magnetic field [13].
They can be used to fabricate smart dampers, clutches, actuators, human muscle simula-
tors in various fields. The main difference between the magnetorheological elastomers
and the magnetorheological fluids is the fluids-matrix that is replaced by polymer-
matrix, in most case is elastomers. Compared with MR fluids, MR elastomers present
magnetic field dependent dynamic viscoelasticity, including storage modulus, loss
modulus, and loss factors [14]. Such unique properties make them to be employed ina
wide range of engineering applications such as suspension bushings, seismic protection,
engine mounts, adaptively tuned vibration absorbers, and stiffness tunable isolators [15].
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2.5 Field responsive gels

Field responsive gels (smart hydrogels) are smart gels which are capable of
responding to external stimuli by changing their physic-chemical properties, such
as volume, water content, permeability, and hydrophobicity [16]. Field responsive
gels take advantages of the hydrophilic and the high swelling ratio of conventional
hydrogels and the environmental responsive properties of functional groups or
nanoparticles. With an array of triggering mechanisms, including pH, temperature,
external chemicals, light, electrical fields, and shear stresses, these field responsive
gels enable precise control over fundamental material properties, such as swelling,
porosity, viscosity, physical structure, and modulus [17]. With this level of external
control, numerous applications within medical and industrial fields have moved
into the realm of possibility, such as well-controlled drug delivery, inexpensive and
accurate biosensors, artificial muscles, smart films/matrices for tissue engineering,
immobilization of enzyme and protein, and adsorption of heavy metals [18].

3. Functional soft materials
3.1 Magnetic responsive polymer composites

Magnetic responsive polymer composites are a kind of functional soft materials
that respond to weak magnetic stimuli (static or alternating magnetic field) witha
significant effect (e.g., movement, heat generation, magnetic or optical signal) [19].
To date, using composites of polymer matrix and magnetic fillers (micro/nanopar-
ticles) is the most elegant and efficient way to obtain magnetic responsive polymer
materials exhibiting high amplitude magneto-response. Magnetic responsive polymer
composites can be divided into three categories according to their resulting proper-
ties: (i) magnetically driven deformation soft materials, including ferrogels, magneto-
active or magnetorheological elastomers, which could be deformed (stretching,
bending and rotation) in a controlled manner in homogeneous fields or gradients
[20]; (ii) magnetically guided materials for magnetic separation and magnetic target-
ing in the field of biomedical applications, ranging from drug and cell delivery to
diagnostic purposes [21]; and (iii) magnetically actuated thermo-responsive materials
for remotely controlled drug delivery and shape shifting [22]. Due to their attractive
controllable properties, magnetic responsive polymer composites have potential
applications in the biomedical, coatings, microfluidics, and microelectronics fields.

3.2 Electronic conductive polymers

Electronic conductive polymers (ECPs) which are polymers with highly
n-conjugated polymeric chains take the attractive advantages with the properties of
both conventional polymers and electronic properties of metals or semiconductors.
Typical conductive polymers consist of polyacetylene, polyaniline, polypyrrole, and
polythiophene. Recently, these ECPs have been paid much more attention in polymer
research than conventional polymers because of its unique properties, such as excel-
lent conductivity, large surface areas, and shortened pathways for charge/mass trans-
ports, similar to that of the large aspect ratio and multifunctional conductive fillers.
Different synthetic strategies and issues regarding morphological control methods,
such as in-situ polymerization, hard template methods, heteroatom-doping, and so
on, have been explored and developed to prepare various conductive polymer nano-
structures, which is beneficial to the development of high-performance devices based
on these typically nanostructured conductive polymers [23]. With rationally and
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desirably designed nanostructure, as a result, these ECPs exhibit excellent electrical,
mechanical, and optical properties. Especially, the conductivity of ECPs can be tuned
in a wide range up to 10~ S cm ™, although that of neutral conjugated polymers is
rather low, usually in the range between 10™*° and 10 S cm™". Compared with other
conventional polymers, the electrical properties of ECPs result from their conductive
networks. The electrical properties can be enhanced by the addition of conductive
filler, although this procedure leads to poor process-ability and weak mechanical
properties [24]. Owing to simple processing tunable properties and easy control of
its structure and morphology, ECPs used as one of the most promising candidates

in research activities have been studied in wide range of applications, such as energy
conversion and storage, sensors, actuators, and biomedical devices [25].

3.3 Thermal conductive polymers

With the development of all classifications of polymers, polymers with high
thermal conductivity are of great interest in thermal management systems.
Thermal conductive polymers are composed by polymers and filled composites
[26]. Polymers have the advantages of good process ability, light weight, low water
absorption, high electrical resistivity, high voltage breakdown strength, corrosion
resistance, and low cost [27]. Availability of these polymers can expand the plastics
industry by partially replacing metals and ceramics in heat transfer devices and
systems leading to energy and cost savings. Thermal conductive polymers possess
agreeable thermal conductive property. The thermal conductivity of a polymer
depends greatly on its morphology and the structure of chains including backbone
bonds and side chains, and the inter-chain coupling [28]. What’s more, some
factors also influence the thermal conductivity of polymers, such as crystallinity,
crystal form, orientation of polymer chains, and orientation of ordered domains
in both thermoplastics and thermosets were addressed. As for thermal conductive
polymers, structure and properties of polymer and fillers (carbon nanotubes, metal
particles, and ceramic particles), morphology of the composites, the interaction of
polymers and fillers determine the thermal conductivity.

3.4 Bio-medical polymers

Bio-medical polymers as a material intended to interface with biological systems
to evaluate, treat, augment or replace any tissue, organ or function of the body, and
boundaries for the use of bio-medical polymers are still expanding [29]. The design
of new bio-medical polymers is now focused on mimicking many functions of the
extracellular matrices of body tissues, as these can regulate host responses in a well-
defined manner [30]. However, developing bio-medical polymers with characteris-
tics that could appropriately regenerate tissue or replace the native tissue is a major
challenge in this field to date. Recently, naturally derived polymers, such as colla-
gen, alginate, chitosan, and cellulose, have been regaining much attention owing to
their inherent biodegradation and biocompatibility, and both physical (roughness,
mechanical strength, hydrophobicity, porosity, etc.) and chemical (functionality,
drugs, biomolecules, genes, etc.) properties have been modified and their effective-
ness were evaluated in performing the desired application, which includes wound
healing, drug delivery, tissue engineering applications, and so on [31].

3.5 Semipermeable membrane

A semipermeable membrane is a porous membrane that allows selective dif-
fusion of typical molecules and ions, rather than bio-macromolecules, through
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the substance [32]. The semipermeable membrane can be a biofilm or a physical
membrane, such as animal bladder membrane, casing, eggshell membrane or an
artificial semipermeable membranes as cellophane, collodion membranes, and so
on [33]. Whether the substance can pass through the semipermeable membrane
primarily depends on the differences in concentration on both sides of the mem-
brane. Generally, it only diffuses from one side of high concentration to the side of
low concentration. Besides, it also depends on the particle size of the substance that
only particles in smaller diameters than the pore size of semipermeable membrane
can pass freely. The semipermeable membrane is mainly used for reverse osmosis
and ultrafiltration in membrane separation technology [34]. During the past few
decades, semipermeable membranes have been investigated and applied in several
different applications, including desalination of saline water, wastewater treat-
ment plants, gas separation plants, fuel cells, etc. The research and applications of
semipermeable membranes that transfer heat and water vapor in energy exchang-
ers for building, heating, ventilation, and air-conditioning systems are a new
development [35].
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Chapter 2

Research on Shape Memory Alloys
and Magnetorheological Fluids for
Use in Pneumatic Actuators

Edmundas Kibirkstis, Darius Pauliukaitis

and Kestutis Vaitasius

Abstract

Adaptive vibrating actuators operating under autovibration regime were devel-
oped using materials with shape memory (SM). Mechanical characteristics of such
type vibroactuators can be adjusted by changing geometrical parameters of cham-
ber or throttle. It allows to expand the application of pneumatic vibroexciters and
use them in different technological processes. Pneumatic vibroactuator elements
that consist of magnetorheological (MR) fluids are proposed for micro-throttle and
microcompressor design. The main properties of used MR materials and theoretical
background of their mechanical and physical parameters are presented, some
results of experimental and theoretical research of actuators are introduced and
conclusions of the performed research are formulated.

Keywords: pneumatic actuator, magnetorheological fluid, microcompressor,
micro choke, shape memory element

1. Introduction

Smart materials can be used in various technologies, including the structures of
pneumatic actuators on air cushions. These actuators may be applied in different
technological devices: in vehicle suspensions, rotary mechanisms, vibrating
damping systems, various medical devices, etc. Some properties of actuators with
elements of shape memory alloy and magnetorheological fluid are analysed in
this study.

2. Theoretical background of the use of materials containing shape
memory elements in pneumatic actuators

Functional capabilities of pneumatic actuators [1] can be extended via the vari-
ations of their ignition chamber volume or the geometrical parameters of their
choke [2].

The structure of any pneumatic actuator containing a shape memory (SM)
element, i.e. a variable volume chamber, is provided in Figure 1. Such transducers
may be used in vibratory machinery, pneumatic shock-absorber structures and
regulatory, guidance, positioning and other equipment.

13 IntechOpen
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Schemes of pnewmatic vibroexciters constructions, (a) simplified scheme of vibrodrive: 1—oscillatory mass; 2—
spring; 3—exciting chamber of vibrodrive; P,—supplied gas pressure; Py—pressure inside chamber; x—move
of oscillatory mass; r,—radius of the air supply channel; and rx—chamber radius. (b) Simplified scheme with
element made from smart material: 1—piston; 2—arc-shaped plate with SM material; 3—frame, 4—exciting
chamber; 5,6—cooling and heating elements, respectively; 7—spring that pushes piston 1 to the plate 2; re—
exciting chamber radius; and lx—chamber height.

Any ignition chamber of a pneumatic actuator consists of transmission
(Figure 1b), which is made of plunger 1, SM arch element 2, cooler 5 and heating
elements 6. SM transmission element 2 is situated in case 3. Transmission 2 contacts
heating 6 and cooling 5 elements. Its plate 2 is being heated, and the heat is being
transmitted to the arch element. When the arch material reaches the reverse mar-
tensitic transformation temperature, it begins to incline in the opposite direction,
and when it reaches the opposite position, the system starts cooling. When the arch
material reaches temperature which is lower than its phase transformation
temperature, the arch escapes to the backwords direction.

By experimental study of shape memory alloys, it was found that temperature
range is about 10-16°C when direct and reverse martensitic transformation happens
with SM material (NiTi alloy). So, it is important to mention, in a separate case, the
system shown in Figure 1b without complex feedback control elements 5 and 6.

Based on previous research works [3-5], the plate containing the SM material
(nickel and titanium alloy) has been researched as a uniform plate without its
decomposition into the core and the outer layer although they could be described as
having different deformation properties. Those works offered simplified methods
for the calculation of deformations in plates containing SM material. Suppose the
plate is situated on a horizontal axis and one or both of its ends are fixed. Its centre
is being affected by force which is directed along vertical axis. If the effect of
transverse forces that appear during the deformation is ignored, a homogenous
bending of the plate in the direction of Y axis can be described using the equation

of Euler:
23
14 (d—y) 1 0 (1)
dx

where E refers to the Young’s modulus, J refers to inertia moment and P refers to
force which affects the centre of the plate. If both ends of the sample are fixed,
marginal conditions of Eq. (1) will be as follows:

y(0) =y() =0 2

2

dy
E]—= + P
]dx2 Y

where [ refers to the plate length.

Properties of SM material used are presented in Table 1.

The number of experiments led to drawing the curve which shows the correla-
tion between mechanical stress with temperatures in nickel and titanium alloy plate
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(Figure 2). Based on theoretical assumptions contained in the mentioned works

[3, 7-17], such calculations can be also used in chains containing SM elements.
While heating the plate up to the austenitic temperature, the sinusoidal bending will
be obtained:

asin ¢ (3)

l

where a refers to the maximum bending of the plate.
Taking into account Eq. (1), the close solution of bending in the direction of Y
axis in the sample whose both ends are fixed can be found [3, 7]:

_2l " i ™ 4ol a) (4)

y(&)

T 01

where the minimum marginal stress is described as

n’EJ
1= "5 (5)
2
IS
Martensite start temperature, M; 18.4°C
Martensite finish temperature, Mf 9°C
Austenite start temperature, A, 34.5°C
Austenite finish temperature, A¢ 49°C
Transformation constant, Cy; 0.008 GPa/°C
Transformation constant, C4 0.0138 GPa/°C
Transformation constant, o, 0.1 GPa
Transformation constant, o™ 0.17 GPa

Table 1.
Properties of NiTi material [6].

6, MPa ——— | =

400 |

300}

M=68°C

M,;=25°C
200 - A=75C
Axtio’c |

tT-273:45°C
100! ; b o !
0 50 100 150 t,°C

Figure 2.

Correlation between mechanical stress and temperature in nickel and titanium alloy plate: 6,—reaction stress;
or—martensitic transformation stress; Mo, and M,—direct martensitic transformation (A- > M) temperatures,
initial and terminal, respectively; and A, and A,—reverse martensitic transformation (M- > A) temperatures,
initial and terminal, vespectively [3].
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and the arched axis is described by a sinusoid

3
:2—l U_Glsinﬂ—g (6)

7 o1 l

y(6)

while inertia moment of the plate section in regard to neutral axis is equal to

_bi?

=7

@)

If S = bh is the plate section area (Figure 3), E is an elasticity module of
nickel and titanium alloy (app E = 15.65 x 10" Pa).
The force acting upon the plate with SM effect can be defined by the formula

SEud(X<T — To), when To<T<Ap
F =< So,, when Ag <T <A (8)
SE,qa(T — A1), when T >A;

where T, a and E,; are temperature, thermal expansion coefficient and adiabatic
Young’s modulus, respectively. By Egs. (5) and (8), the smallest critical force, when
temperature changes between initial and final reverse martensitic transformation
temperatures (Ay < T < A;), will have the following expression:

2
P="7 ©)

When the temperature varies between A, and A, the plate regains its present
sinusoidal shape. When the temperature approaches critical temperature Tk,
corresponding critical stress ok, the plate acquires the linear shape.

Pneumatical vibroexciter with exciting chamber radius rx = 15 x 10> m and
height I;c = 20 x 10> m has been analysed in the numerical research. A smart
material element in exciting chamber has used a titanium-nickel plate whose length
=25 % 10> m, height 4 = 1.5 x 10 > m and width b = 20 x 10 > m. By the
experimental study [3], approximate Young’s modulus for NiTi alloy is
E = 15.65 x 10" Pa, initial and final, respectively, reverse martensitic transforma-
tion temperatures Ay = 75°C or A; = 110°C.

According to Egs. (3)-(9), a programme simulating the bending of plate has
been proposed. The plate axis bending shapes in the direction of Y axis according to
the plate length under the various reaction stresses o, are shown in Figure 4a.

The numerical researches have showed that a middle point of plate moves within
0.19 x 10> m in the direction of Y axis when the reaction stress is equal
0, = 463.4 MPa. When the reaction stress is o, = 464.0 MPa, the maximum dis-
placement of the plate middle point is about 0.91 x 10> m. According to the alloy

h
. RZ
ij

|La

A [

~
<y

Figure 3.
Scheme of a nickel and titanium alloy plate.
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Figure 4.

Deformation of the NiTi plate with the fastened ends: (a) shapes of bended plate under various stresses, curve yo
(&), when o, = 463.4 MPa, the maximum deflection of bended plate is 0.19 x 10> m; curve y1(&) when

6, = 464.0 MPa, the maximum deflection of bended plate is 0.91 x 102 m; and when curve ymax (&) when
6, = 480.0 MPa, the maximum deflection of bended plate is 4.26 x 102 m; (b) view of bended plate.

characteristics presented in the paper [3], the maximum stress could be
6, = 480.0 MPa, and maximum deflection could reach the value 4.26 x 10> m. The
critical stress was estimated to be o = 321 MPa.

When stress exceeds critical stress (temperature varies between Ay and 4;), the
sample acquires a sinusoidal shape. It happens when stress exceeds critical margin:

n*a®
6>(1+W>6K (10)

Inequality (10) comes from Egs. (3) and (4).

When temperature gets close to its critical margin tx °C and the stress gets close
to its critical level respectfully ox, bending of the sample decreases and obtains the
shape of a line.

The area of the arched plate will be

L

SB::Zb (11)

where L refers to the parameter of ellipse which is found having entered the
complete elliptic interval of level 2 into Legendre form and e refers to elliptic
eccentricity:

!
L=4;

J /1 —e?sinydy (12)
0

According to literature [4], linear deformations of the plate can be calculated

L Ss/2—1b

b (13)

Having evaluated methods of identifying bending of the plate under various
stresses (Egs. (4)-(6)) and the deformations under the identified bending
(Egs. (11)-(13)), the authors have developed the software for calculating maximum
bending values in plates containing SM materials when their critical stress is known,
with additional capability of predicting the shape and the maximum force of bend-
ing in the plate. The obtained results are presented in Figure 5.

SM materials possess two rather distinctive properties: shape memory effect
and superelasticity. Further, we will analyse a mathematical model aimed at
the calculation of energy absorbed by the plate containing SM elements while it is
being bent.
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Figure 5.
Dependence of deflection of NiTi plate with the fastened ends on the various reaction stresses.

Further on, we will identify the correlation between maximum bending of the
sample and the force which affects it in heating and cooling phases. The overall
deformation of the sample ¢ is equal to the sum of elastic deformation ¢° and phase
transition deformation £":

e=¢ 4 (14)

According to the Bernoulli equation, the deformation can be expressed as
follows [5]:

2
e = L—J; (60 — 6) (15)
where 6, refers to initial bending and & refers to bending after the effect of
force F.
Elastic deformation ¢° can be expressed as

=2 (16)

where o refers to stress which occurs after the effect of force F, while E refers
to Young’s modulus.

The experiments [5] allowed identifying that deformation which occurs in the
transition of phases which is directly proportional to martensitic fraction z,:

" = yz, (17)

where y refers to maximum superelastic deformation.
The sum bending of the plate can be stated as follows:

0 = 0o + Osma + OpxT (18)

where &y refers to initial bending, dspra refers to bending which occurs in the
transition of phases and dgxr refers to bending after the effect of force F.

Final expressions of bending for the process of heating and cooling are stated
as follows:

o Bayl? | AL? .
5 =350+ = (T — Af) + WF (heating) (19)
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B 3a2yL2 1 4-L3 .
5 =60+ = (T Mf ) +bEh3F (cooling) (20)

where a; is a constant (measure unit K™ '), A’¢is temperature of terminating the

austenitic phase and M’ is temperature of terminating the martensitic phase.

Equations (19) and (20) make clear the existence of direct correlation between
the temperature and the bending of the plate which describes its thermomechanical
behaviour.

Egs. (19) and (20) can be used for the calculation of bending in the plate
containing SM elements and for the evaluation of minimum force which is neces-
sary aiming to fix a certain shape of the plate. The numerical research has shown
that force which is necessary for the counter-bending of plate varies from 370 to
135 N (it is equal to force being triggered by the plate), when temperature varies
from 80 to 100°C.

Numerical results between the maximal displacement of middle point of bended
plate and the various reaction stresses are shown in Figure 5.

Based on Eq. (6), it is possible to calculate restricted volume Vp;, of bended plate
Eq. (21) and find a changed capacity of exciting chamber:

Vpr(or) =

[SYSE—

1
|6 e.00acac (21)
0

Vm = Vi — Vpr(Omax) (22)

Vi = nri’lx (23)

The biggest volume of exciting chamber Vi when the plate has linear shape is
expressed in Eq. (23). By using the above set of chamber and plate parameters, it
has been found that volume of exciting chamber could be reduced from
Vi = 1.767 x 10> m> to V), = 1.63 x 10> m> (about 7.5%).

The volume of exciting chamber influence on vibrations of working body of
vibroexciter is illustrated in Figure 6. During the numerical researches [18], after
choosing particular geometrical parameters (71, lr1), initial tightening Hz, value of
mass 7, of working body of vibroexciter and amplitude of vibrations were

A;=451x103mand frequency f; = 16.81 Hz (autovibration shape X; in
Figure 6). When the volume of chamber was reduced in 3%, the amplitude of
vibrations decreased to a value A; = 4.39 x 10> m, and frequency increased to
f>=16.92 Hz. When the volume of camera was reduced in 7.5%, amplitude of
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Figure 6.

Autovibrations of mass 1 of vibroexciter in 1 s period: X ,—without element with SMA; X ,—when element with
SMA works and decreases the volume of chamber in 7.5%.
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vibrations become Az = 4.10 x 10> m and frequency heightened until f; = 16.98 Hz
(autovibration shape X, in Figure 6).

2.1 Brinson’s model

One dimensional composite mathematical model of internal variables has been
offered by Brinson et al. [19, 20].

This model quantitatively evaluates the absorption of deformation energy and
allows predicting marginal load which is necessary for the beginning and the ter-
mination of a martensitic phase transformation induced by stress [6, 19, 20]. There,
martensitic fracture variable is being decomposed into two components depending
on stress and temperature.

In this case, the distribution of deformation within the place is not completely
linear: material properties vary from martensitic to austenitic state along the thick-
ness of the plate. While bending, there might be three stages of load defined. In the
first stage, the SM sample is in austenitic stage along its thickness. In the second
stage, when the load is being increased, the martensitic phase transformation,
which is being induced by stress, starts in outer layers. Further increase of load
provokes plastic deformations that are not included into the energy absorption
calculation model [6, 21].

The deformation energy expression according to Brinson is as follows:

he E, E)\ W~ E WK
g“r(h_he)(ﬁ_l)“r(l_E—.l) 2he +E—,1 6]’13 > (24)

while martensitic fraction, which is induced by stress, is stated as

SN NC RN I
58—2COS{G§V—6}7|:60(1+E1<113 1>)} G;‘ Cu(T Ms)}—f—z (25)

U= hLG()E()

where oy are ¢ refer to stress and deformation, respectively, which call for the
martensitic transformation; E; and E, refer to Young’s modulus before and after
martensitic phase transformation, which had been induced by stress, respectively;
o" and of” refer to transformation constant; and &, refers to the thickness of sample
core in austenitic stage.

Brinson model evaluates the absorption of deformation energy in SM alloy in
both superelasticity and martensitic stages. In addition, it defines the correlation
between deformation energy and the thickness of SM plate core.

3. Magnetorheological fluids for use in pneumatic actuators

3.1 Theoretical and experimental background of the micro choke with
magnetorheological fluid transmission

Some particularities of the application of magnetorheological (MR) fluid trans-
missions in microcompressors and pneumatic chokes had been described in scien-
tific works [21-33].

Commonly, magnetorheological fluids are used in three flow modes, as shown in
Figure 7. Magnetic poles are stationary, and MR fluid is flowing due to a pressure
difference perpendicular to magnetic field in valve mode. In the case of shear mode,
one of the magnetic poles is moving with respect to the other pole, and the MR fluid
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Figure 7.
MR fluid flow modes: (a) valve mode, (b) shear mode, and (c) squeeze mode [31].
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Figure 8.
Micro choke structure containing magnetorheological fluid transmissions: 1—solenoid; 2—constant magnet;
3—tube; 4—magnetic fluid; 5—silicone; and Q,, Q,—working medium flow.

is being sheared. MR fluid is placed between two approaching plates and com-
pressed, while magnetic field lines pass through the fluid in squeeze mode [31].

The MR fluid application in valve mode is presented in this research. Magnetor-
heological effect can be used in controlled choke structures which might be
characterised as low power and pressure (see Figure 8).

This structure consists of the solenoid 1 with a constant magnet of ring shape 2
and bladdery tube 3 coaxially fitted into its cylindrical opening. Tube 3 is filled with
4, which consists of the plug of toric segment shape in a silicone bag, along the
constant magnet 2. Under choking, geometrical measures of MR fluid 4 plug and its
magnetization force, which is being hold at the internal wall of bladdery tube 3,
depend on the gradient of magnetic field created by the constant magnet 2 and
solenoid 1. If the solenoid 1 is powered by supply voltage from a control unit (no
indication of it in the drawing), the field strength and the shape of free surface of
MR fluid plug in a working gap change. The diameter 4 of the opening also changes
under choking. Thus, it proceeds to the work medium flow regulation.

The substantiation of the mathematical model is based on the ferrohydrostatic
equation [33, 34]:

gradp = pg + poMgradH (26)
and the correlation of pressure capillary jump on a free surface
p=po— K1 +K) (27)

where K; and K, refer to the main curvatures of normal sections on a free
surface, a refers to surface stress coefficient, p, refers to pressure of external
environment, p refers to fluid pressure, p refers to density, g refers to free fall
acceleration, o refers to vacuum magnetic penetration, M = M(H) refers to fluid
magnetization and H refers to magnetic field penetration.
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First, let us deduce formulas of main curvatures of normal sections. Suppose
x =7(s)cos¢g, y =r(s)sing, z =2z(s) (28)

It is known that main curvatures of normal sections on surfaces can be expressed
through coefficients of the first and the second Gauss form as follows:

EN —2FM + GL

Ky +Ky =
TR EG — F?

(29)

In this case

PN 2 o\ 2
E— (%) 4 (2) £ (& =7 cos?p+ 77 sin’p+57 = +27 =1, (30)
0s 0s 0s

F= g—fg—; %% %% =~ cos’p - rsing +r’sin%p -rcosp =0  (31)
G= (3_")2 + <@>2 + (%)2 = sin?p +v* cos2p = 1'* (32)
0s 0s 0s
L ln) -
VEG — F*
(=
where
7o = (r cos¢,r sing,z) Fox = (' cos ¢, 7' sin ) (35)
17;5 = (—rsin¢,rcos¢,0) 17;52 = (—rcos¢, —rsing, 0)
After integration of Eq. (26) according to z
r = —g p%z - ﬂ—OM;H* log <PII_; shﬁ) +C —Zﬂ (36)
When s = 0, there are following terms:
7(0) = Ro, ' (0) = —sinag, 2'(0) = — cos ay, (37)
And when s = s*,
2(s*)=0,7(s*) =0,5'(s*) = -1 (38)
The task is solved in the non-asymmetric form:
(7)) =7 | Bo—— — Asp(7,Z) + C (39)

7(0)

The digital algorithm with non-inertial variables is investigated:
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wherei =1,..., N — 1

h| B
Fgl=—2 [ 0 sz — A (v} =) — C" + b 0] sinag — cosag (41)

210%)° 1 "%

n+1 0
o w1| Bo__, 2t
== 55+11 + Zs;Lzl - 2%i - 1¢( ) " - ’—n (42)
(0) "i

There are two sets of items E”; and F”; such that for each set of elements, C is
valid:

gt =EZ +F] (43)

After the analytical studies, the relationships are obtained:

A D! + C'F
Zz(l+1 =— i Z;’H—l ;L i~ i—1 (44)
B} —CJE},"""" " B! - CIE},
and
An AVL
E'< 5 1 <1 (45)
B} — (14 2c0h*)CY A"+1 200h*Cy
Two sets of ¢; and V; are determined:
Vn+1 e n+1 +v (46)
i — <1t
where
5 e 1 “
— Vi
19”
V= ﬁ i>1 (48)
1 1<
After analytical study is found:
Vi+l _ v7v—1 (49)
N1 — ey

MR fluid magnetic field strength in a working gap has been measured, and the
shape of MR fluid plug on free surface has been set [33].

In order to prevent the damage that might be done by pressure transmitted
through the micro choke P; on the shape of MR fluid plug on free surface under
choking, pressure P; should not reach the free surface magnetic field force, which
has been created.
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Figure 9.
Scheme of the identifying magnetic field: (a) measuring directions 3—0 and 4—0; (b) measuring points A and B.

Distance from the outside of glass tube h, x10 > m Magnetic field strength H, x10> A/m

Direction 4-0 Direction 3-0

Point A Point B Point A Point B

0.5 46.871 44.006 47.587 49.179
1.0 36.526 35.651 31.672 34.139
1.5 31.911 24.112 25.942 29.682
2.0 24.987 20.611 19.178 19.417
2.5 20.451 16.870 20.531 15.120
3.0 16.313 10.425 14.801 10.504
3.5 12.812 5.730 11.539 7.639
4.0 11.459 1.751 10.504 4.138
4.5 6.287 1.035 4.218 1.592
Table 2.

MR fluid magnetic field strength in a working gap of the micro choke.

Experiments allowed identifying [33] magnetic field strength at concentrators
(points A and B, Figure 9) moving from the outside of glass tube to the centre in
two perpendicular to each other directions, i.e. from point 4 to point 0 and from
point 3 to point 0, in steps of 0.5 x 10~ m. Research results are presented in
Table 2 and Figure 10.

3.2 Study of microcompressor with MR fluid
The operation principle of the microcompressor drive with MR liquid under

study has been presented in paper [35]. Figure 11 shows part of the general micro-
processor view.
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In the cylindrical system of axes, when the coordinate axis coincides with the

rotor axis, the motion of viscous incompressible MR fluid vane is described by
Navier-Stokes equations [36], which are expressed as follows:

o' 1S, R+vr

o' Fry o (R+1)? (50)
" 108 R+
_ % = m (—2) -0 (51)
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Figure 10.

Correlation between the magnetic field strength H and the distance from a tube wall being measured in two
directions: (a) 40, 1, measures taken at point A; 2, measures taken at point B; (b) 30, 1, measures taken at
point A, and 2, measures taken at point B.

Figure 11.

Scheme of an actuator with MR fluid: 1—MR fluid vane; 2—permanent magnet; 3—silicone shell; R—stator
radius; R, rotor radius; e—eccentricity; a, b and c, d—free surface of MR fluid; G—centrifugal force; o—rvotor
angular velocity; S and N—poles of permanent magnet; and v, shear stresses.
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MZ . . ! . . .
where Fr,, = ,“01/\)/[%1 is magnetic Froude number; S,, = In Sh?g is a nondimensional
(H.
. . . . / . . . .
coordinate function of the magnetic field; » = %ﬁ’f is a nondimensional relative

coordinate; p is the density of the magnetic fluid (kg/m?); & is the mean thickness of
the working aperture between the rotor and the stator (m); %, is the vane velocity at
the stator (m/s); ug is magnetic permittivity (H/m); M; = ¢,,,M,, is magnetic
saturation of the magnetic fluid (A/m); ¢,,; is the number of particles in a volume
unit; M, is magnetic saturation of a particle (A/m); H, = /Z—fn is the intensity of the
magnetic field (A/m); k is Boltzmann constant; T is temperature (K); m = V3, M,
is the magnetic moment of the particle; V,, is the volume of the magnetic particle

(m?); & =4 (}:;H is the argument of Langevin function, r = (R + 1"/)

v 1o ”] ;v = uov is the azimuth component of velocity (m/s);

G (R+r/) o (R+r’)2
and v’ is nondimensional velocity.

When studying the efficiency of the drive, it is important to know MR fluid
pressure upon the stator surface. When #’ = 1, the vane pressure upon the stator

surface is [35]
R+7\* [ R Y
R+1 R+1
6(R+1)

+ 28 () =2(7. 0) - 200, 0+,

! ! 1 / / 1
p *paer Sm_sm(07 (pu)] +§

+

(52)

The performed calculations have shown that the maximum pressure developed
by the actuator reaches 10.8 x 103 Pa, when 7 = 5000 r/min, q =0.8and
5=2x10"%m.

For experimental study of an actuator with MR fluid, a stand (Figure 12) was
made with the following technical parameters: the internal diameter of the stator
D, =18 x 107> m, the external diameter of the rotor D, = 15 x 10> m, the rotor

N
LALN
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O P
g,

o
%)

Y

Figure 12.

Scheme of an experimental stand for the actuator with MR liquid: 1—transducer; 2—control panel;

3, 4—power supply; 5—impulse generator; 6—diaphragm; 7—micromanometer; 8—telltale manometer;
and 9, 10—uvalve.
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working length L = 8 x 10> m, the eccentricity ¢ = 5 x 10> m, the volume of the
working chamber V = 6 x 107 m>, the number of permanent magnets is 4, the
supply voltage U = 15 V, the supply current I = 0.7 A, the rotation frequency of the
rotor # = 0+5000 r/min, the MR fluid magnetic saturation M = 51.7 kA/m, the MR
fluid density p = 1585 kg/m3 and the diameter of magnetic particles

Ry = 9.01 x 10~ m [35].

The distribution of magnetic field in the working aperture of electromagnetic-
magnetic systems with MR fluid determines the magnetic-hydrodynamic charac-
teristics of the fluid. Therefore, the magnetic induction in the transducer’s working
aperture was measured with teslameter (by inserting a sensitive element with Hall
sensor into the aperture). The measurements were made both at the surface of the
rotor and the stator at 30°. The results of the measurements are presented in
Figure 13. It has been determined that the highest value of magnetic induction is in
the narrowest place of the working aperture at the rotor surface, reaching 0.745 T.
The dissemination of magnetic induction at separate poles (magnet) does not
exceed 1.2%. The experimental stand was also used for determining the values of
the pressure and efficiency generated by the transducer. When the transducer rotor
with the magnetic fluid vanes is rotating, the pressure difference developed in
diaphragm is registered by micromanometer. According to the manometer read-
ings, the pressure and the efficiency developed by the transducer are calculated.

The dependence of the pressure generated by the transducer on the MR
fluid vane-filling coefficient while changing the rotation frequency is shown
in Figure 14.

0.8 0.8
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B, T+ \ e B, T PN
)" 1 4 / ]
06 : 0.64—\ A\ .
% 3 2 E
0.5 0.5
0.4 0.4
0 60 120 180 240 0° 360 0 60 120 180 240 0,° 360
a b
Figure 13.

Dependence of magnetic induction in working aperture upon the rotor turn angle: (a) at the votor surface;
(b) at the stator surface; 1—first magnet; 2—second magnet; 3—third magnet; and 4—fourth magnet.
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Figure 14.
Dependence of pressure p generated by the transducer upon the MR fluid vane-filling coefficient while changing
the rotor votation frequency: (a) frequency changed from 670 to 2610 r/min; (b) from 3060 to 5000 r/min.
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Figure 15.

Dependence of efficiency developed by the transducer upon MR fluid vane-filling coefficient q, when changing
the votor votation frequency n: (a) frequency changed from 670 to 2610 r/min; (b) from 3060 to 4615 r/min.

As seen from the presented charts, the value of the pressure generated by the
actuator depends directly on the MR fluid vane-filling coefficient and the rotation
frequency. The highest pressure value is obtained when MR fluid-filling coefficient
is close to 0.9. The generated pressure increases with increasing rotation frequency
(up to 13.7 kPa, when n = 4615 r/min). Figure 15 shows the dependence of the
transducer’s efficiency upon MR fluid vane-filling coefficient while changing the
rotation frequency of the rotor.

The study results show that the transducer’s capacity also depends on the rota-
tion frequency of the rotor and MR fluid vane-filling coefficient. However, only at
low rotation frequencies of the rotor (up to 2000 r/min), the capacity rises gradu-
ally with changing MR fluid vane-filling coefficient. The maximum value of the
efficiency achieved is 0.37 x 10~ ° m?/s.

4. Conclusions

4.1 The performed study of the shape memory elements in pneumatic actuators
leads to the following conclusions

The numerical researches have showed dependence of the maximal displace-
ment of middle point of bended plate when both plate’s ends are fastened, on the
reaction stresses. A numerical methodology has been proposed which describes the
changeable volume of chamber with smart material element.

The presented engineering methodology enables to determine dependence of
force generated by plate with shape memory material on mechanical stresses.

The theoretical research has shown that the change of chamber volume affects
the parameters of autovibrations in vibroexciter. During the studies of the plate of
the titanium-nickel alloy TN-1, it was estimated that maximum deformation of
plate, whose length [ = 25 x 10> m, height 4 = 1.5 x 10> m and width
bh=20x103m, changed the volume of chamber in vibroexciter by 7.5%. It caused
an amplitude of vibrations to decrease in 9.1% and frequency to increase in 0.7%.
Other SM alloys which have different characteristics and better deformation prop-
erties in the direction of Y axis can be used in the construction of vibroexciters. In
some technological processes for precise vibroexciters, a minor change of the fre-
quency is also important.

The methodology of calculations used in present research evaluates the defor-
mation of the plate only approximately. For more precise calculations, it is neces-
sary to evaluate the temperature deformations, cross stress and the fact that part of
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the deformation energy is transferred to the heat used to replace the material
structure.

The obtained study results may be applied in designing equipment, containing
SMA elements.

4.2 The performed study of the transducer with MR fluid leads to the following
conclusions

The value of the pressure generated by the transducer actuator depends directly
on MR fluid vane-filling coefficient and rotation frequency. The highest pressure
value is obtained when MR fluid-filling coefficient is close to 0.9. The pressure
increases with increasing rotation frequency (up to 13.7 kPa, when n = 4615 r/min).

The efficiency developed by the transducer also depends on the rotation fre-
quency of the rotor and on MR fluid vane-filling coefficient. The maximum
obtained efficiency value is 0.37 x 10~ ° m?%/s.

At low MR fluid vane-filling coefficient q values—up to 0.67—unstable work
areas of the transducer caused by hermetic flaws of the system have been observed.

Findings of theoretical and experimental studies are sufficiently adequate; the
obtained pressure values do not exceed 15%.

Further studies are needed to ensure hermetic properties of the system with MR
fluid vanes.
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Abstract

Shape memory polymers and their related composites are formally known as
SMPs and SMPCs have been classified as innovative categories of smart materials,
in which they affected by a particular stimulus and consequently memorize the
original shape. As one of the most vital feature of shape memory characteristics,
Shape Memory Effect (SME) that been attracted significant attention from the
shape memory researchers and scientists. On the other hands, there are abundant
approaches can be implemented to actuate the SMPs and SMPCs deformation,
whereby the features of the electro-or thermal response associated with the
structural changes are predominant. In this chapter, a particular emphasis on how
the incorporation of micro/nano-fillers and particles or fibers do affect in the SMP
matrices, which it is intentionally carried out to improve the mechanical properties
and their related shape memory features of various types of shape memory poly-
mers. In the summary, the shape memory effect is been sustained to be an intrinsic
feature for the SMPs and based on this property, the implementation of the SMPs
have covered a wide range of applications according to the required functions and
performances.

Keywords: shape memory polymer, shape memory effect, shape fixity,
thermomechanical cyclic, CNTs, noble metals/fiber-based reinforcement

1. Introduction

As being a kind of smart materials, shape memory polymers (SMPs) and their
composites (SMPCs) are significantly attracting consideration [1, 2]. An excellent
type of polymers seems to have been disclosed to demonstrate shape memory
attributes [2-4], however, the various characterizations or even analysis techniques
of shape memory characteristics along with the changing circumstances among
various scientists (see Figure 1), which they possess intention that the claimed
characteristics of SMPs are not identical. Consequently, the correlation between
shape memory characteristics and the structures is not entirely recognized for
certain categories of SMPs. Thus, this can probably obstruct the growth and
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# Analysis: Shape Memory Polymers - Publications by Document Types from 2000-2019

# ANALYSIS: SHAPE MEMORY POLYMERS - PUBLICATIONS BY
COUNTRY/TERRITORY TYPES FROM 2000-2019

Figure 1.
Shape memory polymer publications based on (a) document type, (b) subject avea, and (c) country/territory.
“Scopus source accessed on January, 2019”.

development of high-performance of SMPs. Aside from that, in comparison with
the prompt boost of the variety of SMPs, the main uses of SMPs lags much behind.
One among the key factors is certainly utilized the characterization of the SMPs is
not going to produce the extensive properties for scientists. For that reason, the
analysis of SMPs is vital for the enhancement as well as implantations of SMPs.
Based on the Scopus database, a literature analysis was carried out through using the
keywords of “Shape Memory Polymers” and/or “SMPs” and the analysis graphs are
presented in Figure 1. This chapter presents a basic overview up to the date the
main employed characterization of the shape memory characteristics of polymers.

2. Shape memory effect in shape memory-alloys over -polymers

The shape memory effect in the shape memory alloys is typically execute based
on the test temperature of the austenite <> martensite transformation temperature,
in which it occurs with the deformation of the SMAs in the martensitic phase during
the loading and unloading at temperatures below My. After heating these deformed
alloys to a temperature above Ag, the austenite phase forms, and thus, the original
shape is recovered. In addition, these temperatures are typically will be indicated
based on the type of alloys. There are three main based-types of shape memory
alloys; Titanium-based, Copper-based and Iron-based SMAs. Figure 2(a) shows a
typical loading path 1 — 2 — 3 — 4 — 1, wherein the property of SME is observed
[5]. The parent phase transforms into the twined martensite (1 — 2) when it
undergoes the cooling process. The stress induced detwinning and inelastic strains
can occur when the materials are loaded (2 — 3). The maternsite phase is in the
same state of the detwinned structure without obtaining any recovered inelastic
strains even after the unloaded process (3 — 4). In the final step, the materials are
returned to the original shape by recovering the inelastic strains after being heated
above Af (4 — 1). On the other hands, there are two types of shape memory effects
can be occurred in the SMAs, namely, one-way and two-way SME. On the contrary,
the SME of SMPs (see Figure 2b) is mainly influenced by the presence of phases
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Schematic diagram of (a) stress-strain-temperature for the involved crystallographic changes during the
phenomena of SME [5], (b) one-way SME for SMPs.

Property SMAs (Ti-based) SMPs (Polystyrene)

Density/g.cm73 6-8 0.9-11

Deformation strain (%) <8 >800

Young Modulus at Temp.> Trans (GPa) 83 0.01-3

Recovery speed (min) Based on type of alloy <0.1 min- several min

Deformation stress (MPa) 50-200 1-3

Thermal conductivity (W.m LK™ 18 0.15-0.3

Cost ($) ~ 250 per pound ~ 10 per pound
Table 1.

The main comparison between the characteristics of SMAs over SMPs [1, 8].

that linked to the coiled or cross-linked polymer structure. The SMPs is deformed at
a temperature below the glass temperature (Tg), and the percentage of deformation
is mainly depending on molecular chains of polymer, in which they are controlled
by the chemical composition and physical cross-linked structure of SMPs. After
preheating the deformed polymers, these molecular chains are able to return back
to the original coiled-shape structure. The shape-memory transformation varies
according to the apparatus in which polymer molecules transpose between the
restricted together with random entangled conformations. As comparison with the
SMAs, the SMPs are able to exhibited only one-way SME, whereby, the SMPs
deformation at the called phase “soft” only along with the incorporation of the
external force [6]. The main benefits of SMPs over SMAs is dependent mainly on
their inherent attributes, for instance, they are lower cost and/or density, easier
manufacturing process associated with higher percentage of strain [7]. Table 1
details the principal differences in the SMPs and SMAs characteristics, in which the
SMPs are able to obtain up to 800% strain compared with the lower strain in the
range of 0.1-20% for SMAs or other types of materials.

3. Shape memory polymer features and properties

To give details about the shape memory characteristics of polymers, a number of
variables are essential. Initially, the variables can certainly reveal the characteristics
of polymers. Following by the differentiation of them from other sorts of attributes
of materials, shape memory capabilities are demonstrated by means of a variety of
thermomechanical cyclic procedures. Consequently, the specifications must be able
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to describe the natural shape memory functions too. Finally, the structure of the
variables must look into the prospective purposes. With taken the consideration of
these kinds of aspects, a number of variables were presented and also quantified
[9-11]. The variables are presented in the following subsections:

3.1 Feature of shape fixity in SMPs

Like appears to have been explained in the foregoing parts, the shape memory
behavior is initiated by heating the shape memory polymer to a temperature above
the transformation temperature (Tyyans) [12], it could actually cultivate considerable
deformations and this can be mainly predetermined by cooling the materials to a
temperature below the Ti,,,s, whereby, this parameter was advocated to define the
severity of a brief shape becoming fastened in a pattern of shape memorization
[12-14]. It ought to be pointed out that the numerous perplexed utilizations as well
as illustration appear in the characterization of SMPs. Regarding to the shape fixity,
further sorts of capabilities for instance strain fixity [9] and also shape preservation
[15, 16], stand for the exact same actual physical indication, in which the shape
fixity (Ry) is comparable of the extension ratio of the predetermined deformation to
the total deformation, which can be prearranged as:

Shapeﬁxity — permanent deformation/mml deformation (1)

Furthermore, the main mechanism of the shape fixity is attributed to the struc-
ture and thermomechanical conditions of the shape memory characteristics. The
latter condition is significantly been implemented in shape fixity determination as
well as the properties of shape memory materials. Wu et al. [17] shows the shape
recovery of commercial ether-vinyl acetate copolymer (EVA) with a 300% of pre-
stretching at the room temperature, as shown in Figure 3. It was revealed that as the
number of cycles increased the strain recovery reduced, in which the residual strain
starts from 136% and dropped to 112% after 20 min, and within the 9 h, it reaches to

w

~

-

s > - s
L= T T

»
Tensile Stress (MPa)

T T T

o 10 20 EL a0 50
Tensile Strain (%)

-
.......
F
-

Tensile stress (MPa)

(=2}
O = N W oa uoo
e

0 100 200 300

0 200 400 600 200 1000 1200 1400 1600 1800 2000

Tensile strain (%)

Figure 3.
Relationship curve of stress-strain of EVA at the voom temperatuve. Insets: (a) multiple cycles at different
strains; (b) cyclic test [17].
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94% and with increasing the time to 72 h, it ends up with 88%. It would be proven
that as the time increased; the rapid creep turns to be gradual creep within the first
9 h. Therefore, a long term of the shape fixity ratio was described according to the
value of residual strain. Julie et al. [18] demonstrated the shape fixity (Ry) of the
epoxy network based on the torsion test, whereby the Rr was found based on the
ratio of angle of torsion after unloading to the angle of torsion after loading. It was
found that the shape fixity of epoxy within a dimension of 100 x 10 x 1 mm? is
about 95% at a deformation angle of 360°.

3.2 Feature of shape recovery in SMPs

Shape memory recovery (R,) is mainly reflect the ability of any substance to
recover the memorized shape after being deformed at low temperature and subse-
quently heated above the transformation temperature (Tyans) [9, 12, 13]. It is
significant to notice that, in a shape recovery event, the full strain energy is emitted
by means of the two-recovery strain and stress. To a first approximation, neverthe-
less, the recovery stress to stain ratio is consistent for an identical material [19]. The
stored strain energy, alternatively, ought to be influenced by the internal material
energy needed in the deformation, despite the fact that the particular relationship is
not recognized, in another words, the quantity of energy loss throughout the shape-
fixing stage is not identified. Hence, there needs to be a minimum of a qualitative
correlation between recovery stress together with deformation energy (or even
input energy). Tobushi et al. [9] and Kim and coworkers [13] have performed the
thermomechanical test with multi-cycles in purpose of evaluating the performance
of SMPs and found the main determination of strain/shape recovery, in which can
be calculated using the following interpretation:

Deformation recovered in a certain cycle

Shape recovery = x 100% (2)

Total deformation in one cycle

While the shape recovery rate was determined by Li and Larock [20] after been
utilized a bending test on SMPs and came with the following formula:

Deformation recovered within heating process

100%.
Fixed deformation 8 ° 3)

Shape recovery =

According the above-mentioned equations of (2) and (3), it can be proven that
there are different mechanisms referring to the shape recovery in different per-
spectives. Julie et al. [18] obtained that the kinematic of the shape recovery of epoxy
networks is a function of the applied deformation angle. It was found that a com-
plete recovery (100%) was obtained and as the deformation increased the recovery
ratio tends to decreased. They also found that the lower heating rate is able to attain
a full recovery compared with the high heating rate. As both of two types of
recovery are mainly related to the molecular mobility that been coincides with the
variation of polymer viscoelasticity properties. They were also proven that the
torsion test provides a useful interpretation on the molecular mobility with the glass
transition when a uniformed deformation is applied. Moreover, the speed of recov-
ery process and deformation of recovery speed were named by Li et al. [20] and Luo
et al. [21], respectively, thereby, both terminologies were reflected the shape mem-
ory characteristics of polymers. The shape recovery process of different types of
shape memory polymers was studies by Liu et al. [22] using video camera records
within a rate of 20 frames per seconds. The results of their experiment revealed that
the polymer was capable to obtain a full recovery after 0.7 s. Whilst, Luo et al. [21]

37



Smart and Functional Soft Materials

found that the curve of shape recovery of SMPs as function of temperature and then
the shape recovery speed was determined based on the following equation:

_dR, _dT

S s “

whereas V, is representing the shape recovery speed, dR/dT is the ratio of shape
recovery Vs temperature, and dT/dt is the heating rate. On the other hands,
Tobushi et al. [9], Takahashi et al. [23], and Kim [13] were performed the tensile
test as thermomechanical cycling via a specially designed machine as shown in
Figure 4a to study the shape memory characteristics of polymers, in which the
tensile test process was isolated under a certain temperature and an extensometer
was attached to record the stress—strain data and a programmable software was used
to plot the final behavior of one or multicycle of relationship of stress versus strain
versus temperature and then the shape recovery and memory effect were deter-
mined. Figure 4b shows the final curve behavior of shape memory effect, thereby
the curve can be classified into four stages, as the first stage, the polymer sample is
heated to a higher temperature (i.e. > transition temperature), which often tem-
perature would be in range of 15-25°C. Second stage describes the strain behavior
that maintained a constant strain (e,,) followed with a cooling to a temperature
lower than the transition temperature (room temperature) to obtain the permanent
shape. The unloading process and the elastic recovery stress turns to reach a zero
value at a certain strain (e,), as presented in stage 3. An external heating process
was applied at a higher temperature to recover the original shape with a minimum
value of residual strain (g,) as demonstrated in stage 1’ or 4 based on the type of
polymer.

Tobushi et al. [21] have demonstrated the shape recovery (R;) of polymer at
different temperatures and the R; can be calculated based on the following equation:

R,(N) = [ ey (V) ] x 100% (5)

Em—&p(N —1)

The R;(N), &, and &, are the shape recovery, residual strain, and plastic strain,
respectively under a number of cycles (N), in which found that as the number of
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Figure 4.
(a) Tensile test as thermomechanical cyclic machine; (b) shape memory effect curve [9, 13, 23].
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cycles increased, the shape recovery maintained to attain 100%. While, Kim and
Lee [13] have found that the shape recovery using the following equation:

em—&p(N)

R,(N) = [ - ] % 100% (6)

Thereby, the shape recovery tends to decrease as the number of cycles increased
and shown a stabilized behavior after a number of cycles. Another studies by Liu
et al., [22] Lin and Chen [24] and Li and Larock [20] found that the employing of
the bending test is much easier and more approachable than tensile test for the
thermomechanical test. Figure 5 shows the mechanism of thermomechanical cycles
using the bending test, whereas the shape memory polymer sample with a strip
shape is bent to angle 6,,,,, at a higher temperature > transition temperature (T ans).
The deformed sample followed by cooling process at a temperature < Ty ans, in
which the sample been unloaded and shape recovery started to an angle represented
by Ofixeqa. However, with preheating the deformed sample, the original shape recov-
ered gradually associated with number of 6(T) recorded. At the final stage, the
sample turns to recover the final shape at angle of 0gy,). Therefore, the shape
recovery is determined using the following equation:

eﬁxed - gfinal

R, — x 100% )
gfixed

A compression test was also utilized to obtain the shape memory behavior of
polyurethane shape memory polymer foam MF5520 at a nominal glass temperature
of 63°C. The shape recovery behavior was obtained as the foams were compressed
at T > Tg, then cool it to the room temperature, and finally the shape recovery SMP
foam was investigated upon heating after different period time of hibernation. The
results revealed that at 80 and 93.4% pre-strain and 1 N applied load, the recovery
curves acquired the same trends without a full recovery as shown in Figure 6a and b,
conversely, removing the applied load, the shape recovery was attained. On the other
hands, the sample without hibernation displayed a reduction in the shape recovery as
the load increased. Gall et al. [25] was investigated the shape recovery of the thermo-
setting polymer (CTD-DP7 SMP) along with their corresponding composites using a
Dynamic Mechanical Analyzer (DMA). The prepared samples were placed in a three-
point fixture and the tip of probe was in contacted to the inner surface of SMP

’/" Bending

Shape Memory Alloy (SMA) 3 S Bmax
N\

~
Ss

Stress (o)

Strain (e)

Thickness

1 Undeformed shape

Figure 5.
Schematic drawing of bending test as thermomechanical cycles test.
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Extension behavior representing the shape recovery SMP foams hibernated at different time for the pre-strain;
(a) 80% and (b) 93.4%.

sample. With fixed probe contact, the shape recovery was recorded as the tempera-
ture was increased.

4. Parameters affects the shape memory effect in SMPs
4.1 Thermo-mechanical behavior

Lendlein and Kelch [12] described that the behavior of the shape memory for
SMPs is not only linked to the polymer properties, but it is also mainly controlled by
the structure and morphology associated with the manufacturing processes. There-
tofore, the shape memory effect of any type of polymers is demonstrating the
thermomechanical cyclic performance includes, shape recovery, deformation, and
shape fixing and each of these processes associated with the condition of
thermomechanical process are able to vary the shape memorization and thus affect
the shape memory characteristics. Hence, it is essential for further development and
advanced applications of SMPs to give a complete characterization. For instance,
Wang et al. [26] have carried out the thermomechanical cyclic for SMP composite
using the cyclic tensile test within 30 mm/min as displacement rate for 5 cycles, as
shown in Figure 7a and b. They revealed in their results that there is a huge
hysteresis between 1st and 2nd cycle, while these differences are attainment smaller
from 2nd, 3rd, 4th and 5th cycles. These variations are mainly attributed to the
existence of deformation, composite structure failure along with initial training
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Figure 7.
(a) Stress-strain curves of SMP composite under different loading-unloading cycles; (b) residual strain versus
number of cycles of the reinforced SMP with different percentage of chopped cavbon fiber [26].
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effect for the 1st cycle. Figure 7b illustrates that the variation of residual strain at
the room temperature versus the number of cycles, in which the residual strain
tends to increased precipitously with final stabilization behavior as the number of
cycles increased due to the resistance of the modified particles against the defor-
mation, which will be explained in details in Section 3.2.

Pieczyska et al. [27] have been studied the thermomechanical properties of
polyurethane theoretically and experimentally under different mechanical loadings
at temperature of 20°C above and below T, at a strain rate of 2 per second within a
strain range of 0.6/s. It was observed that when the temperature been slightly
dropped, the thermoelastic effect stepped affected. On the other hands, the thermal
images (see in Figure 8) are referring to the variations in the strain vales during the
loading-unloading process, whereby the uniform distribution of the temperature
replicated the deformation process in a macroscopically homogenously presented.

4.2 Particle/fiber reinforcement

The design of SMPs and SMPCs thermomechanical behavior can be vary based
on the changes in the polymer molecular structure and/or addition of functional
particles or fillers in purpose of forming multi-phases composite SMPs. The rein-
forcement categorization for the SMP composite can be inserted under the particle/
filler according to the type of applications. There are various types of particles can
be incorporated with SMP, for instance, Silicon carbide (SiC), carbon nanotubes
(CNT), nickel, carbon black (CB), clay, and Fe;0,4 [28-31] along with some others
different fibers based on the application requirements [32, 33]. Thus, these types of
additions or reinforcements are trigger to enhance the electrical and mechanical
properties of SMPs.
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True stress-strain curve during loading and unloading of PU-SMP along with thermal images that represented
different values of strain [27].
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4.2.1 Carbon-based reinforcement

Thermally induced shape memory polymers have been characterized as a
remarkable substance with a high recovery and shape memory effect is required,
however, their mechanical properties such as modulus and strength are still low.
Therefore, the incorporation of carbon nanotube (CNTs) with different types of
polymer is essential and their inadequate properties are able to improve after a
certain modification been considered [8, 34, 35]. On the other hands, the carbon
nanotubes have the presented a potentially implementation the nanoelectronics
devices, for example, electrochemical energy storage and artificial muscles.
According to the above-mentioned deliberations, Kai Yu et al. [36] have studied the
effect of carbon nanotubes on the shape memory effect of SMPs after being expo-
sure to microwave radiation. It was found that the CNTs particles have been
absorbed the electromagnetic radiation and converted to be an internal heating
source, thus lead to induce a shape recovery for SMCs, as shown in Figure 9.
Furthermore, increasing the frequency of radiation and/or amount of CNTs lead to
enhance the shape recovery, whereas the SMPs composite within 3 and 5 wt.% of
carbon nanotubes have shown a fully recovery in their shape, while, the SMPs
within 1 wt.% addition has a lowered recovery with 80% less than high amount and
the unrecovered shape has been resulted due to the insufficient amount of radiation
to overcome the caused friction between the CNTs and polymer matrix. From the
same point of view, another research was conducted poly(vinyl alcohol) (PVA)
filled by CNTs, in which the results revealed that there is a wide boarding in the
glass transition temperature and the initiated stress during the recovery was almost
double value compared with the conventional polymer [37]. Conversely, Raja et al.
[38] found that there no apparent for the shape recovery of PU/PVDF polymer
blend nanocomposites after been deformed in “U” shape and preheated using a hot
water with a temperature of 60°C for 2 h and followed by a direct quenching in cold
water, as demonstrated in Figure 10a. An external heating source using a DC
controller with a 40 V was attached to the ends of modified polymer strips to
activate/initiate the shape recovery. In spite of this, the modified PU/PVDF
nanocomposites with CNTs fillers, namely as PUPF-NTM10 has been recovered
after 15 s and others samples filled with pristine CNT, namely as PUPF-NTP10 has
been recovered the complete shape after 30 s with the external applying of electrical
impulse. It was also found that repeating the shape memory test (i.e. increase the
number of cycles) led to reduce the shape memory ratio as depicted in Figure 10b.

The influence of multi-walls CNTs on the shape memory effect of epoxy
nanocomposites was deliberate by Abishera et al. [39] as implementation in the self-
healing systems applications under different programming conditions. It was

SMP + 3 wt% CNTs
/ Microwave

Puro/sMP K —

Pre-stretched Self-bended

| <]
< o

A1 wt CNTs, B: 3 wt% CNTs, C: 5 wt% CNTs

Figure 9.
Sequence of the shape recovery process of the SMP composites under microwave radiation (2.45 GHz): (a)
deformation process and (b) modified SMP/CB/CNT sample shape recovery and temperature distributions.
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Figure 10.
(a) SME of unmodified PUPF-NTP1o0 pristine and CNT modified PUPF-NTS1o filled with PU/PVDF
nanocomposites; (b) recovery ratio versus number of cycles [38].

revealed that the changing in the programming conditions obtained an excellent
shape memory behavior, as well as, the incorporation of the multi-walls of CNTs
has indicated an improvement in the young modulus, strength, recovery speed and
shape fixity of epoxy associated with drops in the failure strain. Qi et al. [40] have
investigated the shape memory properties of polylactide (PLA)/thermoplastic poly
(ether)urethane (TPU) composites after been reinforced with carbon black (CB)
nanoparticles within the blending ratio of 70:30 by weight. Due to the continuous
phase of thermoplastic poly(ether)urethane (TPU), an outstanding shape memory
behavior was acquired for the novel ternary structure of PLA70/TPU30/CB,
wherein it resulted in the occurrence of the persuasive recovery driving force. In
addition, the addition of CB with different percentages displays a slight improve-
ment in the shape fixing ratio (R¢) of 90% (see in Figure 11), this may relate to the
elongated TPU phase retraction, in which resulted in a total rigid of polylactide
phase at 25°C. As the temperature increased more than Tg, the amorphous chains
of PLA started to move and thus release constrained TPU phase. The principal
contributor in the enhancement of shape recovery ratio (Rr) is the strong pliability
of TPU phase and addition of CB, as it was shown only 59% for the binary phase
of PLA70/TPU30 and increased to 80.2% as the CB was added, as shown in

Figure 11a and b. Moreover, the increment in the heating time under a consistent
30 V led to increase the shape memory ratio of the ternary phases of PLA70/TPU30/
CB6 and PLA70/TPU30/CBS8, as shown in Figure 11c. The fastest shape recovery
response for PLA70/TPU30 after 8 wt.% addition of CB with 90% ratio in 80 s, on
the other hands, the PLA70/TPU30 with 6 wt.% of CB approached the same ratio in
150 s, as illustrated in Figure 11d. Haibao Lu et al. [41] presented the shape memory
behavior of shape memory polymer nanocomposite (SMPs) after carbon nanotube
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Representation design of the shape recovery of (a) binary blends of PLA70/TPU30 and (b) ternary blends of
PLA70/TPU30/CBs; (c) recovery ratio (R,) versus CB contents and (d) shape fixing (Ry) versus time PLA70/
TPU30/CBg/s [40].
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Optical shape recovery of (a) pristine SMP, (b) nanocomposite SMP reinforced with 4 wt.% of BN,

(¢) nanocomposite SMP reinforced with 4 wt.% of BN and CNTs, and (d) shape recovery ratio versus time
for pristine SMP with and without BN/CNT reinforcements [41].

and boron nitride additions using a bending testing with an Infrared light-induced
as heating source. A full recovery 100% in 60 s was recorded for the modified SMP
with 4 wt.% boron nitride and CNTs, as shown in Figure 12(a-c), in which the
unmodified sample was obtained shape recovery lower than 80% in the same
exposure heating time, as shown in Figure 12d. This kind of improvements is
mainly attributed to the particle of boron nitride that have been improved the
thermal conductivity through the facilities of the heat transfer in the composite
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polymers [44, 45], and thus, CNTs and boron nitride additions have been drasti-
cally superior the infrared light-induced shape recovery.

4.2.2 Noble metals-based reinforcement

The effects of the nanosized noble metals-based, such as gold (Au) and silver
(Ag) nano-particles/wires on the structure and properties of SMPs have shown a
great interest for the researchers and scientists as a multi-responsive shape memory
polymer in composite form [8, 42, 43]. Due to the large surface and high plasmonic
resonance, these nanosized metals been offered a structure that able to absorb the
specific wavelength and convert it into heat energy, thus produce a remarkable type
of polymer with high shape actuation and wavelength activation.

4.2.2.1 Ag addition

The cross-link structure between the polymer and ion-metals as ligand coordina-
tion have shown a promising method to produce shape memory polymers with
noteworthy properties. An isonicotinate-functionalized polyester (PIE) was studied
by Wang et al. [44], which they described the effect of silver (Ag) addition to the
coordination of the polymer network structure to produce the strip specimens. The
shape memory effect was measured based on the DMA test, whereas the strips was
heated to 50°C for 1 min, followed by bending process into spiral shape. The shape
fixation was carried out by frozen the deformed strips at 0°C for 1 min. Lastly, the
strips were recovered the initial shape after being heated to 40°C using hot air. It was
found that the modified strip was shown an excellent shape recovery at 37°C for 60 s,
as shown in Figure 13. Another study on producing a film by Lu et al. [45], the shape
memory behavior was investigated using bending test, where the sample was bent in
U-like shape at 160°C and cooled to the room temperature (which it was about 22°C).
it was found that the sample contains the Ag particles decorated GO has recovered
100% after 36 s within an electric power of 3.87 Watt, as shown in Figure 14.

The behavior of the electro-response shape recovery of the surface modified of
SMP with Ag nanowires layer was investigated by Luo et al. [46]. The recoded data
of shape recovery versus time as shown in Figure 15a, the results exhibited that the
Ag modified samples were not only able to recover the full initial shape but also
with fastest speed recovery in shorten time compared with un-modified samples. It
was also found that the higher addition of Ag led to reduce the shape recovery, and
therefore, the external heating source was essential. As the heating increase, the
thermal transition was occurred and consequently the shape recovery developed.
Figure 15b shows that with the applied external heat of 5 volt, the bent angle turns
to be change within 3 s, this because the presence of nanofillers is capable of
conductive network reduction and subsequently increase the resistivity of the strain
sensitivity and conductivity [47].

Figure 13.
Shape memory effect of Ag-PIE in PBS at 37°C [44].
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Figure 14.

Shape memory effect of SMPs composite induced by joule heating based on (a) trend scale of temperature,

(b) reinforcement of carbon fiber grafted with graphene oxide, (c) reinforcement of carbon fiber grafted with
nanoparticles of Ag associated with GO decoration [45].
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Figure 15.
(a) Shape recovery ratio versus exposure time under a voltage of 5 V; (b) shape recovery demonstration under
different exposure times [46].

4.2.2.2 Au addition

A semi-crystalline PEO,ok polymer was prepared by Zhang et al. [42] using a
cross-linked loaded with nano-particles, whereas found that the gold addition is not
utilized to obtain/control the shape memory effect, however, it has also enhanced
the properties of self-healing of SMPs. An exceptional concern in such a form of
substances is the fact that SMPs necessitate an everlasting system structure (char-
acteristically cross-linked) that could be in confrontation with the substantial a
string movability and also inter-diffusion intended for the manufacturing of self-
healing properties (SHP) polymers. Within this purpose, the configuration of the
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Figure 16.

Optical healing/recovery procedure of a film made from a cross-linked PEO/AuNP using light controlled as a
source of heating: (a) Original film, (b) temporary shape obtained by folding the film along the lines a1, a2, a3
at 80 °C followed by cooling to room temperature; then two cuts were made as indicated by red arvows (b1 and
b2 in photo a), (c) the b1 cut was healed by exposing the crack to laser (12 W/emz2) for 5 s; (d) the first
unbending after 10 seconds laser scanning along the fold a1 at a power of 6 W/cm2, followed by the second
unbending under the same condition along the fold az2; (e) the other cut b2 remained in the film of an
intermediate temporary shape; (f) the cut b2 was optically healed under the same condition as for the cut b1;
(g) the third light-triggeved unbending along the fold a3 completed the permanent shape recovery.

SHP it can be more suitable to develop materials upon one single-polymer with the
two light-controlled shape-memory and optical recovery features. It was found that
the addition of small amount of AuNPs of 0.003 wt.% to the cross-linked poly
(ethylene oxide) (PEO) films was sufficient enough to deliberate the main shape
memory properties of produced films. The shape memory effect of the produced
films is shown in Figure 16.

In 2009, Hribar et al. [48] have been developed a modified polymer network,
namely B-amino esters, whereas the modified nanocomposites SMPs has demon-
strated shape memory effect using IR light as heating source within a temperature
above glass transition temperature (Tg). The results exhibited that the prompt
shape recovery was spotted until the transformation turn out the path of the beam
associated with a thermal transition in the polymer from glassy = rubbery net-
works. There are new perspectives for the actuated and functional shape memory
polymer that recently been used in different application, for examples: dry adhe-
sives, panels of light-tracking solar, light-guided for smart windows and even actu-
ators. Zheng et al. [49] have been produced a light responsive SMPs as micropillar
with a diameter of 10 pm mixed with 0.1-0.2 mol% of AuNRs in a hexagonal array
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Recovery time versus (a) bending angle and (b) laser power, of the reinforced SMPs with AuNRs at 45° pillar
angle [49].

using poly(dimethylsiloxane) mold as replica molding. To obtain a temporary
shape, the pillars were bent at different angles (6 = 30, 45, and 60°) at a tempera-
ture above the glass transition temperature (i.e., T = 20°C) and then following by
cooling process to the room temperature, as shown in Figure 17a and b. A heating
source was applied using a green laser with a wave-length of 532 nm for different
period of times and the shape recovery was monitored by optical microscopy. The
results revealed that within 0.08 W, as a laser power, the pillars need 40 s to
recovery their temporary shape, however, with raising the laser power to 0.3 W,
they grabbed the original shape within only 5 s. It was also found that when the
pillars are ground to be collapsed, the shape recovery will not be able to obtain a full
recovery (i.e.,100%), and this may attribute to the large force of adhesion between
the substrate and pillars, in which it has particularly a higher value than the stored
elastic energy of the deformed pillars.

Figure 18.

Optical observation of the shape transformation of cross-linked PEO film reinforced with AuNPs using a laser
as a temperature source; (a) original film, (b) deformed sample at 8o °C, (c) large-out of plane bending, (d)
gradient chain relaxation and (e,f) shape recovery after applying the laser heating source.
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A cross-linked poly(ethylene oxide) (PEO) loaded with 0.5 wt.% AuNPs was
experienced to bending loading and unloading along with an exposure to a laser
source within a wave-length of 532 nm and power of 0.15 W [50]. The deformation
process involved a stretching of the modified PEO/AuNPs to 90% (approximately
200% strain) at 80°C above the Tm, followed by cooling to the room temperature.
The top surface of the film was exposure to the laser in purpose of maintaining the
anisotropic relaxation in the polymer chains, followed by cooling a temperature
below Tm and consequently, resulted in fixing the temporary shape, as shown in
Figure 18(a-f), in which the main principles of the technology to exploited the
unique shape memory effect property in numerous types of photothermal based
shape memory polymers. On the other hands, the adaption of the light polarization
has also shown a significant effect on the shape memory property, in which it led to
control the photo-based thermal effect, as shown in 2013 study by Zhang et al. [51],
whereas the cross-linked network polymer of PVA containing of 0.02 wt.% AuNRs
film was stretched and heated to a temperature of 80°C, i.e., above the T, to
maintain the shape permanent transformation, as shown in Figure 19(a-c). A laser
in a linear polarization featured with a wave-length of 785 nm and 0.2 W/cm? was
applied. The results revealed that there is no shape recovery was obtained when the
polarization was perpendicular to the deformed film, even after 2 minutes of expo-
sure. Whilst, the deformed shape was fully recovered in 10 s when the polarization
turned to be in parallel direction aligned with stretching direction. The reason
behind the directional effects can be elucidated that there was no longitudinal
absorption in the perpendicular direction, thus resulted with no heat released.
However, with the parallel direction, the longitudinal absorption reached to the
maximum, and subsequently, the temperature increased above the glass transition
temperature (T,) that lead to reactivate the shape recovery.
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4.2.3 Fiber reinforcement

Generally, the enhancement in the shape memory polymer mechanical proper-
ties is still limited and their reinforcement with short fibers and/or particles is
irrationally to be proposed as structural substances [52]. Therefore, the reinforce-
ment with continuous fiber has been attentionally employed to improve the
mechanical properties of SMPs [53, 54]. Due to the highly potentialized SMPs,
their usages are widely fulfilled for various advanced applications, such as solar
arrays, trusses and antennas, which they essential with no moving segments [32].
Furthermore, the majority of researches with regards to SMPs composites are
involved in thermoplastic SMPs resins such as polyurethane SMPs. Nevertheless,
the comparatively inadequate thermal together with mechanical properties, for
instance, moisture, temperature and/or chemical resistance of thermoplastic SMPs
are not able to fulfill sensible demands [2]. Thermosetting SMPs, in spite of this,
established a marked improvement in the latter characteristics which enable it to be
extremely popular for many practical and or structural resources. The development
of the fabricated polyurethane SMPs reinforced with carbon-based fiber was
implemented for the industrial applications [55-57], a larger ratio of the bending
recovery was exhibited in the reinforced polymers compared with pure SMPs
sheets, from the same point of view, the epoxy-based SMCs namely EMC (Elastic
Memory Composite) was potentially executed for the structure of spacecraft
applications, as this EMC was developed in the early 1990s by Composite
Technology Development (CTD) [58, 59]. Gall et al. [60] have been investigated
the deformation micro-mechanisms of EMC and highlighted the development
interaction reinforcement between the epoxy EMC laminate as shape memory
polymers resins and fibers and found that because of the changing in the surface of
the neutral-strain and micro-buckling effects, the reinforced SMP was able to
produce a large value of compression strain compared with the traditional resin
composite. Furthermore, the development of composite of thermosetting styrene-
based reinforced with fiber was studied by Leng et al. [61], and found due to the
good strain capabilities and their relative properties, these types of reinforced-
polymers have been potentially chosen to take a part of the structure’s applications.
From the same perspectives, as a comparison with the pure SMPs, the carbon-based
fibers present better thermomechanical properties, and thus been proposed to be
use as multi-functional materials [32, 62]. The reinforcement of the glass and kevlar
fibers SMPs composite have obtained a superior improvement in the stiffness asso-
ciated with decrement in the recoverable strain, has been premeditated by Liang
et al. [52]. On the other hands, the chopped glass fibers were added to the thermo-
plastic SMPs and their influences on the shape memory characteristics were exam-
ined by Ohki et al. [55]. It was found that the reinforcement by 50 wt.% glass-fiber
entertains increment in the failure stress to 140% and reduced the recovery rate to
62%. Another study by Wang et al. [26] demonstrated the shape memory effect of
TPI SMPCs under the effect of different mass fraction of the chopped carbon-fibers
at three experimental temperatures of 299, 319, and 339 k, as shown in Figure 20a.
it was found that both experimental variables; temperatures and fibers reinforce-
ment have been remarkable affected the shape memory effect of TPI polymers. The
shape recovery ratios tend to rapidly increased as the applied temperatures
increased and reinforcement ratio of carbon fiber decreased (see Figure 20b),
which can be justified these variations that as the cross-linked structure are getting
dense, their movements are required more energy and the chain segment
movements would be required a higher free space. Therefore, as the temperatures
increased, the chain segments will have enough energy to release and thus perform
the shape recovery.
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(a) Shape memory effect behavior with the reinforced SMP along with (b) the shape recovery ratio [26].
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(a) Stress recovery curves for four percentages of fiber reinforcement; (b) recovery ratio of the reinforced SMP
composites with 23 and 37% mass fraction within diffevent partial loads [63].

Figure 21a and b displays the epoxy-based SMPs reinforced of carbon fibers
with four percentages ratio of 16, 23, 30, and 37% were designed by Li et al. [63].
The designed composites have demonstrated an excellent shape recovery at 120°C
within a ratio of 90% and obtained a full recovery 100% after 20 min at the same
temperature. The recovery ratio behaved proportionally with the mass fraction of
fibers and inverse proportional with the partial load level. Extensive researches
were carried out on different types of SMPs matrix and various fiber reinforce-
ments because of the increasing demands for different applications as been sum-
maries in Table 2.

5. Conclusions and remarkable observes
Shape memory polymers (SMPs) and their composite (SMPCs) have exhibited

exceptional features that led to proposed them to be implemented as advanced
materials for the current and potential applications. However, the traditional shape
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memory characteristics and features are quite limited to due to their abilities of
recovering the original shape using the heating source only. Therefore, the rein-
forcements with micro/nano-fillers and particles or fibers are essentially important
to be considered to meet the needed functions and performances. Furthermore, the
reinforced SMPs and SMPCs are not only demonstrated a significant mechanical
and shape memory properties, but also obtained noble features after being exposure
to any electro-or-thermal heating source. Based on the previous researchers, the
foreseeable future concepts of SMPs and SMPCs may well-rely on how to adopt the
benefits of this kind of properties, in addition to, exceptional attributes as advanced
alternatives. On the positive front, the practical applications probability of SMPs
and SMPCs are found extensively when displayed in the remarkably distinct appli-
cation principles which may have seemed in the recent peer-reviewed publications
and also patents. Moreover, we believe that the investigation of the advanced
features of these types of materials is still in development of new design and/or
incorporations. The actual vital, hence, can be found in the finding of substantial
beneficial functions wherefore SMPs and SMPCs are enablers or even no less than
tremendously excellent substitutes.
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Chapter 4

Magnetorheological Elastomers:
Materials and Applications

Taixiang Liu and Yangguang Xu

Abstract

Magnetorheological elastomers (MREs) are a type of soft magneto-active
rubber-like material, whose physical or mechanical properties can be altered
upon the application of a magnetic field. In general, MREs can be prepared by
mixing micron-sized magnetic particles into nonmagnetic rubber-like matrices.
In this chapter, the materials, the preparing methods, the analytical models,
and the applications of MREs are reviewed. First, different kinds of magnetic
particles and rubber-like matrices used to prepare MREs, as well as the preparing
methods, will be introduced. Second, some examples of the microstructures,
as well as the microstructure-based analytical models, of MREs will be shown.
Moreover, the magnetic field-induced changes of the macroscopic physical or
mechanical properties of MREs will be experimentally given. Third, the appli-
cations of MREs in engineering fields will be introduced and the promising
applications of MREs will be forecasted. This chapter aims to bring the reader a
first-meeting introduction for quickly knowing about MREs, instead of a very
deep understanding of MREs.

Keywords: magnetorheological elastomer, composite material,
microstructure, vibration reduction, energy absorption

1. Introduction

Magnetorheological elastomers (MREs) are a type of soft particle-reinforced
magneto-active rubber-like composite material, whose physical or mechanical
properties can be altered upon the application of a magnetic field [1-5]. MREs can
be usually prepared by mixing micron-sized magnetic particles into nonmagnetic
rubber-like matrices. In the presence of a magnetic field, MREs exhibit a magne-
torheological effect providing a field-dependent physical or mechanical property,
for example, a controllable modulus, due to the sensitive response of the magnetic
particles to the field. While the field is removed, MREs will reclaim their original,
natural property. It is believed that the embryo of MREs is firstly reported by Rigbi
and Jilken [1, 6] in 1983, although the discovery of the basic magnetorheological
effect can be historically retrospected to the 1940s for magnetic fluid [7]. MREs can
be regarded as a solid-state analog to magnetorheological fluids (MRFs) [8-12]. In
general, MREs exhibit a unique field-dependent material property when exposed
to a magnetic field, and can overcome major issues faced in MRFs, for example,
the deposition of iron particles, sealing problems, and environmental contamina-
tion. Such advantages offer MREs great potential for designing intelligent devices
to be used in various engineering fields, especially in fields that involve vibration
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reduction, isolation, and absorption [1, 13-16]. Recently, the study of the sensing
behavior of MREs explosively emerged, for example, for sensing mechanical and
magnetic signals [17-22].

From the first report of MREs with soft ferrite particles filling into natural
rubber [6], the research of the materials and related preparing methods of MREs
develops very quickly. Briefly speaking, MREs consist of three basic components:
magnetic particles, nonmagnetic elastic matrices, and additives. For the mag-
netic particles, higher permeability, higher saturation magnetization, and lower
remanent magnetization are highly desirable for obtaining stronger magnetic
field-sensitive effect. At present, the micron-sized carbonyl iron powder invented
by BASF in 1925 is widely used [23, 24]. For the elastic matrix, there are lots of
polymeric rubbers, for example, natural rubber [25, 26], silicone rubber [27-31],
poly dimethylsiloxane (PDMS) [32-34], etc., for consideration. According to need,
high modulus or low modulus can be chosen, but that the magnetic particles can be
locked in the matrix in the absence or presence of a magnetic field is a basic require-
ment. For the additives, they are determined according to the choice of the particles
and the matrix, and silicone oil is usually used as an additive in the fabrication of
MREs [1]. Depending on the choice of the matrix, the preparing methods of MREs
are many and various, and a high-temperature or room-temperature vulcanization
curing method is usually used. Attributed to applying a magnetic field in the curing
process, MREs can be prepared with anisotropic particle-formed microstructure.
This kind of MREs is called anisotropic MREs. When no field is applied during the
curing process, prepared MREs have isotropic particle-formed microstructure and
this kind of MREs is called isotropic MREs. It is worth mentioning that the proper-
ties of isotropic MREs can differ much from those of anisotropic MREs.

Due to magnetic field-sensitive response of the magnetic particles, the material
properties of MREs can be altered by using a magnetic field. For MREs, the mag-
netorheological effect is defined as the ratio of the value increment of a property
at a measured magnetic field to the initial value of that property at zero magnetic
field. In most studies, the distinctive change of the storage or loss modulus of MREs
is a common concern. The magnetorheological effect is characterized by the ratio of
modulus increment AG at a measured magnetic field to the initial modulus G,

i.e., AG/G,. For example, Figure 1 gives the magnetic field-dependent shear
storage modulus of MRE. The initial modulus G, of the MRE is about 0.6 MPa
resulting from the initial state of MRE materials. When applying a magnetic field,
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Figure 1.
The magnetic field-dependent shear storage modulus of MREs (modified from Refs. [13, 35]).
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the interaction between the magnetic particles of MRE will occur and result in the
alteration of the storage modulus. The modulus of this MRE can reach 1.5 MPa in the
presence of field and thus the relative change of modulus can be larger than 100%.
It should be noticed that, besides the magnetic field, the temperature [36-39], the
relative humidity [40], and even the y radiation [41] can influence the physical or
mechanical properties of MREs. Based on the magnetic field-induced change of

the physical or mechanical properties of MREs, lots of magnetorheological devices
have been designed. In the late 1990s, Ginder et al. [2, 42] and Carlson et al. [3]

had done the pioneering works and suggested controllable-stiffness components
and electrically-controllable mounts based on MREs. Recently, Li et al. [1] and
Ubaidillah et al. [43] have presented state-of-the-art reviews on magnetorheological
elastomer devices. From these reviews, one can conclude that MREs can be used in
many devices including but not limited to vibration absorbers, vibration isolators,
sensors, controllable valves, and adaptive beam structures.

In this chapter, the materials, the preparing methods, the analytical models, and
the applications of MREs will be reviewed. In the following section (Section 2), the
materials, i.e., the magnetic particles, the nonmagnetic matrix and the additives, as
well as the preparing methods of MREs will be introduced. In Section 3, the micro-
structures of prepared MREs, the analytical models of MREs, and some typical
macroscopic properties of MREs will be presented. The relationship between the
microstructures and the macroscopic properties will be qualitatively discussed.
Then the applications of MREs will be briefly introduced in Section 4. Finally,
Section 5 will give a summary of this chapter.

2. Materials
2.1 Magnetic particles

To the magnetic particles, higher permeability, higher saturation magnetiza-
tion, and lower remanent magnetization are highly desirable for obtaining stronger
magnetic field-sensitive effect. Among a variety of magnetic particle materials,
micrometer-sized carbonyl iron (CI) powder is currently widely used as a magnetic
particle for preparing MREs. For a quick recognition, Figure 2(a) shows an example
of the macroscopic image of CI powder. It shows that the CI powder is a very fine
powder material. Figure 2(b) and (c) shows the scanning electron microscopy
(SEM) images of CI powder (Type CN, produced by BASF SE Inc.) with different
magnifications. The diameter of this kind of CI powder is several micrometers.

In general, the size of the magnetic particles can range from several micrometers
to hundreds of micrometers [47, 48]. Figure 3 gives the size distribution of CI
powder from experimental test. The size distribution can be analytically modeled
by a lognormal distribution model as the following equation (Eq. (1)) shows.

_ 1 (ln(d)—‘u)z]
P(d)‘dame"p[' T @

in which P(d) is the probability density distribution function of the diameter of
CI powder material. 4 is the diameter of the CI particle. 4 and o are the expectation
and variance of In(d). The tap density of CI powder is usually about 3.0 g/cm® and
the real density of CI powder is about 7.0 g/cm’.

Beside the size distribution of CI powder, the magnetic property of CI powder draws
more attention of researchers. Higher permeability, higher saturation magnetization,
and less remanent magnetization of magnetic particles are always highly desirable for
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Figure 2.

Images of carbonyl iron powder. The upper subfigure (a) shows the macroscopic image [44] in daily view and
the lower two subfigures (b and c) show the SEM images with different magnifications [45].
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Figure 3.
The size distribution of carbonyl iron powder (Type CIP-CN) [46].

obtaining stronger magnetic field-sensitive effect. As is shown in Figure 4, CI powder
shows very high permeability, saturation magnetization, and very little remanent
magnetization. The value of saturation magnetization can reach more than 600 kA/m
and there is little remanent magnetization when magnetic field is removed. This mainly
results from the fact that the content of Fe element in CI powder is usually more than
97.5% in weight fraction. Attributing to the excellent magnetic property, CI powder is
widely used for fabricating materials including but not limited to MREs.
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Figure 4.
The magnetic hysteresis loop of carbonyl ivon powder (Type CIP-CN) at diffevent temperatures [49].

2.2 Elastic matrices and additives

A basic requirement of elastic matrices for fabricating MREs is that the matrices
have soft elastic property, meaning that the matrices can stably hold the magnetic par-
ticles under no magnetic field and have a finite deformation under a magnetic field.
For the elastic matrices, there are lots of polymeric rubbers that can be considered as
candidates, for example, silicone rubber [50], natural rubber [51], butadiene rubber
[52], butyl rubber [53], polyurethane [54], polydimethylsiloxane [55], epoxy [56],
etc. For instantly having a basic recognition of the matrices, the following Figure 5
gives some examples of image and applications of widely used silicone rubber.

The modulus of these matrices differs much from each other. For example, under
normal conditions, the modulus of silicone rubber can be lower than 1.0 MPa [27].
That of natural rubber often reaches several MPa [25]. The shear modulus of PDMS
varies with preparation conditions, but is typically in the range of 0.1-3.0 MPa
[55]. The modulus of polyurethane can range from 0.01 MPa to several hundred
MPa, attributed to its raw materials from fluid-like to solid-like [54]. Among a large
amount of rubbers, silicone rubber compounds have characteristics of both inorganic
and organic materials, and offer a number of advantages not found in other organic
rubbers. From Figure 5, one can know that silicone rubbers have mechanically low
modulus and good chemical stability and are nontoxic, nonpolluting, and human-
body-friendly in daily use. As is shown in Figure 6, compared to the modulus of
other rubbers, the modulus of silicone rubber is much lower within a large range of
temperature. Besides, the thermal conductivity of silicone rubber can vary in a wide
range. Based on the above-mentioned properties, silicone rubber can be chosen as an
ideal soft elastic matrix for preparing MREs and is widely used in fabricating MREs.
The other rubber matrices, with some unique mechanical or physical properties for
special usage, can also been used in fabricating MREs according to need.

Besides the magnetic particles and the elastic matrices, additives are also key
components for preparing MREs. Silicone oil is usually used as an additive in material
fabrication of MREs. When the molecules of the silicone oil enter the matrix, the gaps
between the matrix molecules are increased, and the conglutination of the molecules
is decreased. Apart from increasing the plasticity and fluidity of the matrix, the addi-
tives can average the distribution of the internal stress in the materials, which makes
a stable material property for MR elastomer materials [1, 58]. The other additives
include but are not limited to carbon black [59-61], carbon nanotubes [62-65], silver
nanowire [20], Rochelle salt [30], gamma-ferrite additives [66], etc.
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Figure 5.
The images of bulk material and related daily applications of silicone rubber [48]. The upper subfigure (a)

shows an image of bulk material of silicone rubber. The lower subfigures (b and c) give the examples of brush
and earplug made from soft silicone rubber.
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Figure 6.
The thermal conductivity and the modulus of silicone rubber (produced by Shin-Etsu Chemical Co., Ltd.

Japan) [57]. The thermal conductivity of silicone rubber can vary in a wide range. Comparing to the modulus
of other rubbers, the modulus of silicone rubber is much lower.

2.3 Preparing methods

A simplified illustration of the processing for preparing MREs is shown in
Figure 7. Usually, the magnetic particles and the matrix are mechanically mixed
with some additives into a mixture. The mixture has a very low yield stress, mean-
ing that the mixture can easily deform and usually creep with itself. Then the mix-
ture vulcanizes at room temperature (called room-temperature vulcanizing, RTV
[4]) or high temperature (called high-temperature vulcanizing, HTV [45]) higher
than 120°C. During the vulcanizing, in case of applying a magnetic field, the mag-
netic particles can move in the matrix and gradually aggregate forming chain-like
structures along the direction of the field. After the magnetic field-assisted curing,
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Illgstmtion of the processing for preparing MREs. The magnetic particles and the matrix are mixed with
additives into a mixture. When the mixture is cured with no external magnetic field, the mixture will be cured
into isotropic MREs. However, in the case of the mixture curing under a uniform magnetic field, the mixture
will be cured into anisotropic MREs.

Figure 8.
Prepared cylindrical (a) and block (b) MREs with different thicknesses from 6.35 to 2.54 cm [67].

anisotropic MREs, meaning that the magnetic particles form chain-like microstruc-
tures in MREs, can be prepared. When curing with no magnetic field, the magnetic
particles will disperse uniformly in the matrix after vulcanization and thus isotropic
MRE:s are prepared. Figure 8 shows some images of prepared MRE samples.

3. Microstructures and macroscopic properties of MREs
3.1 Microstructures of MREs

As abasic concern in the research of MREs, there are lots of studies focusing on
the microstructures of MREs. Almost every report about a newly prepared MRE
will show its microstructure. Figure 9 gives some typical SEM images with different
times of magnification of the microstructures of carbonyl iron powder-embedded,
natural rubber-based MREs samples. The volume fractions of iron particles for all
samples are 11%. Figure 9(a) shows the images of a MRE sample cured with no mag-
netic field. It shows that the carbonyl iron particles randomly and uniformly disperse
in the matrix. These two images are typical images showing the microstructures of
isotropic MREs. The other images, i.e. Figure 9(b-f), show the microstructures of
anisotropic MREs cured with magnetic field. As is shown, the magnetic particles will
aggregate forming chain-like microstructures. The stronger the magnetic field inten-
sity is when curing, the longer and thicker the magnetic particle-formed chains, as
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Figure 9.

SEM images with 200 times (left series of subfigures) and 1600 times (vight series of subfigures) magnification
of MREs prepared under a magnetic flux intensity B of (a) o mT, (b) 200 mT, (c) 400 mT, (d) 600 mT,

(e) 800 mT; and (f) 1000 mT [68].

the magnetic interaction of neighbor particles is stronger. When the magnetic field
is not strong enough, for example, 200 mT, the magnetic particles in the matrix can
only move within a small width of range, resulting in that the magnetic particles can
only form some short chain-like microstructures. The spaces between these chains
are small. With the enhancement of the magnetic field during curing, the spaces will
get wider and the anisotropy of MREs will get higher, implying that the properties of
MREs will get more anisotropic.

In recent years, the tendency to use quantitative methods instead of a qualitative
analysis for structural investigation of the structure of nano- and microstructures
has been increasing. Tomographic data open the possibility to achieve detailed
quantitative data using techniques of digital image processing [69, 70]. To experi-
mentally study the three-dimensional (3D) microstructures of MREs, Borin’s group
[71, 72] firstly used the X-ray micro-computed tomography (XuCT) method to
investigate the microstructures of MREs.

Balasoiu et al. [70] allowed a detailed structural analysis of both isotropic MREs
and anisotropic MREs. Figure 10 shows the exemplary XuCT images of silicone
rubber-based isotropic and anisotropic MRE samples. The iron particles in these
MREs have an average particle size of approximately 35 ym. With XuCT images,
single microparticles and aggregates as well as their spatial position can be identi-
fied. As can be seen, the particles are distributed homogeneously in the isotropic
MRE sample and form chain-like structures in the anisotropic one. Figure 11 shows
two extracted particle-formed columns from the reconstructed XuCT image. In this
figure, the direction of the magnetic field was parallel to the longitudinal axis of
the cylindrical shape holders and to the gravitational force. From this XuCT image,
one can see how the particle chain forms and can go further to model MREs based
on the image. Recently, the motion of particles in MREs was investigated by using
XuCT [73]. It has been shown that XuCT is a powerful technique to investigate
the inner structure of macroscopic samples without destroying the specimen. The
XuCT technique also achieves high spatial resolution and allows the derivation of
valuable local and statistical information, such as particle size and position, from
the reconstructed 3D images. Furthermore, the nondestructive XuCT investigations
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Exemplary XuCT images of the isotropic (a) and anisotropic (b) MRE samples with ~5 wt% magnetic
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Figure 11.
Magnetorheological elastomer: (a) part of the reconstructed image of a MRE sample and (b) extracted

columns from the reconstructed tomography image. The directions of magnetic field and gravity are downward.

of the 3D microstructures of MREs introduce the possibility of investigating the
influence of the number and size of columns on the macroscopic mechanical and

rheological properties of MREs.

3.2 Analytical models

The study of the microstructure-based analytical model of MRE:s is always a

key work for deeply knowing about MREs. Some pioneering works had been done
studying the model of MREs in the late 1990s [74, 75] and a single-chain model was
proposed assuming that the MREs are fully filled with single chains (Figure12(a)).
From these studies, it was reported that the optimum particle volume fraction for the
largest fractional change in modulus at saturation is predicted to be 27%. Calculations
of the zero-field shear modulus perpendicular to the chain axis indicate that it does
not exceed the modulus of a filled elastomer with randomly dispersed particles of the
same concentration. In 2010, Li and Zhang proposed bimodal particle-based chain-
model of MREs (Figure 12(b)) [76]. In their work, theoretical and experimental
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a. Single b. Bimodal c. Composite d. Multimodal
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(Davis 1999) (Liand Zhang, 2010) (Metsch et al, 2016) (Liuand Xu, 2018)
Figure 12.

The evolution of the model of MRE:s from (a) single chain model [73], to (b) bimodal chain model [74], to
(c) composite chain model [75], and to the latest (d) multimodal chain model [77].

studies of the mechanical performance and magnetorheological effects of MREs
fabricated with mixtures of large and small particles were performed and an effective
permeability model was developed to theoretically analyze the MR effect of bimodal
particle-based MR elastomers. Six years later, a composite chain model (Figure 12(c))
was proposed [77, 78]. In this work, a particle chain composed of multiple kinds of
particles with different sizes of diameter was introduced and a modeling strategy
which accounts for elastic constituents and a nonlinear magnetization behavior of
the particles is pursued. Most recently, a 3D multimodal chain model [79] has been
proposed. In this model, magnetic particles with log-normal size distribution of
diameter were introduced as fillers in soft elastic matrix. At the same time, a finite
element model was built according to this model (Figure 12(d)). With the finite
element model, one can computationally study the macroscopic physical or mechani-
cal properties of MREs. In addition, as a basic issue, the study of the interaction
between two magnetic particles still keeps developing [80-82]. Moreover, besides the
microstructure-based analytical model of MREs, the phenomenological continuous
medium-based models were also studied [83-93]. These works focus on theoretically
and/or experimentally studying the magneto-viscoelastic models for MREs.

3.3 Macroscopic properties

The most important characterization of MREs is that their macroscopic physical
or mechanical properties can be altered upon the application of a magnetic field.
For a long time, most studies have focused on the magnetic field-induced changes
of the modulus or damping of MRE:s [1]. The shear storage/loss modulus or damp-
ing property of MREs can be measured by dynamic mechanical analyzer (DMA)
or rheometer. As examples, Figure 13 shows the magnetic field-dependent shear
storage modulus and damping of MRE samples. For some natural rubber-based
MRE samples with different weight fraction of carbonyl iron particles, one can find
that the magnetic field-induced change of their shear storage modulus can reach
near or above two times of their initial magnitude. Moreover, as a characterizing
of the damping property of MREs, the relationship between shear stress and shear
strain, under various magnetic field strengths of silicone rubber-based MRE, is
shown in Figure 13 (right). The results show that such MREs have controllable
damping properties. The increase of the stress-strain loop area with magnetic field
demonstrates that the damping capacity of MREs is a function of applied magnetic
field. These field-dependent mechanical properties make MREs much promising in
many engineering fields, especially in vibration reduction.
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Left: magnetic field-dependent shear storage modulus of different natural rubber-based MRE samples with 6o,
70, 80, and 90% of carbonyl ivon powder in weight fraction [25]. Right: stress-strain relationship of a silicone
rubber-based MRE sample at various magnetic fields [94].
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Simulated magnetostriction in MRE with structured particle distributions: (a) effective magnetostrictive
strains in the case of the particle chain being parallel to an applied magnetic field and (b) results for particle
chain being perpendicular to an applied magnetic field. [75].

Magnetostriction of MREs is also a key concern when studying MREs [75, 95-97].
Figure 14 shows the simulated magnetostriction in MRE with different volume
fractions of structured particle distributions. It shows that the magnetostriction
of MREs is magnetic field-dependent. The intenser the field is and the higher the
volume fraction of magnetic particle is, the larger the magnetostriction is. Further,
full-field magnetostriction/deformation of a silicone rubber-based MRE under
uniform magnetic field has been studied [98]. It shows that both isolated particles
and grouped particles result in the concave-convex deformation of the MRE sample.
Recently, the magnetic field-dependent electrical conductivity of MREs was
emergently studied [99-105]. These field-dependent properties make MREs much
promising in actuating and sensing.

4. Applications
In 1993, Kordonsky pointed out that magnetorheological effect can be a base
of new devices and technologies [106]. Years later, Carlson and Jolly gave an

introduction of magnetorheological devices [3]. By possessing variable physical
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or mechanical properties when subjected to a magnetic field, MREs are natural
candidates to be developed in many applications. In 2014, Li et al. [1] presented a
state-of-the-art review on MRE-based devices. From this review, one can find that
MREs can be used in many devices including but not limited to vibration absorbers,
vibration isolators, sensors, controllable valves, and adaptive beam structures.

4.1 Vibration absorbers

Ginder et al. [107] firstly constructed a simple one-degree-of-freedom mass-
spring system—an adaptive tuned vibration absorber—that utilizes MREs as
variable-spring-rate elements. After that, the research on vibration MRE-based
absorbers developed quickly (e.g., Refs. [13, 108-112]). Figure 15 shows the sketch
of a designed MRE-based vibration absorber composed of a semi-active vibration
absorption unit and a passive vibration isolation unit. The vibration absorption unit
is composed of a magnetic conductor, a shearing sleeve, a bobbin core, an elec-
tromagnetic coil winding, and a circular cylindrical MRE vulcanized between the
shearing sleeve and the bobbin core. The magnetic conductor, the bobbin core, and
the electromagnetic coil are supported on the shearing sleeve through the MRE. The
magnetic conductor and the bobbin core are connected by a bolt, and the shearing
sleeve is fixed to the lower housing. The outer surface of the shearing sleeve is in
clearance fit with the inner surface of the magnetic conductor, and the magnetic
conductor can move vertically along the shearing sleeve. The MRE works in pure
shear mode, and the magnetic conductor, the bobbin core, and the electromagnetic
coil form the dynamic mass of the MRE-based vibration absorber together. The
proposed MRE-based vibration absorber can absorb the vibration energy and thus
reduce vibration.

4.2 Vibration isolators

Vibration isolators are devices which can isolate an object, such as a piece of
equipment, from the source of vibration. Vibration isolators can be categorized
into two groups: base isolation and force isolation, and the isolating modes have
active and passive vibration isolation [113]. In Ref. [1], Li et al. had given a review
on the application of vibration isolators for mechanical engineering and civil
engineering. There are many works that focused on the study of MRE-based vibra-
tion isolators, for example, Refs. [16, 91, 92, 114-118]. Figure 16 shows an example
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Figure 15.
The 3D drawing (left) and the schematic representation (right) of a MRE-based dynamic vibration
absorber [109].
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Figure 16.
MRE-based isolator: cross-sectional view of designed layout (left) and fabricated prototype (vight) [116].

of the designed layout and prototype of MRE-based isolator working in squeeze/
elongation-shear mode. It shows that the initial vertical stiffness and damping
coefficient of the magnetorheological elastomer isolator are 1.14 x 10° N/m and
495.8 N-s/m, respectively. The relative increase in stiffness and damping is 66.57%
and 45.55%, respectively. Due to the properties of controllable stiffness and damp-
ing of MRE, the isolation transmissibility and root mean square of acceleration
response can be reduced by 41.2% and 65.3%, respectively. The proposed MRE
isolator can be used as a controllable stiffness device and has great potential in the
field of vibration suppression for heavy equipment. [116].

4.3 Other applications

In addition to the field-sensitive elastic property, MREs possess several functions
such as magnetoelasticity, magnetoresistance, magnetostriction, piezoresistance,
and thermoresistance [1, 119]. The reasons for these functions are the changes in
the spacing between the magnetic particles due to external loadings, which produce
variations of the physical or mechanical properties of the MRE materials. Based on
their field-sensitive properties, MREs have been developed for use as sensors and
actuators, for example, force sensor [120], magnetoresistive sensor [18], magneto-
sensitive strain sensor [20], flexible tri-axis tactile sensor [21], self-powered
tribo-sensor [22], combined magnetic and mechanical sensor [17, 121], soft actuator
[122], actuators for valves [123], MEMS magnetometer [124], etc. Moreover, the
microwave response [125, 126] and 3D printing properties of MREs [127-129] have
also been recently reported. It is worth being pointed out that the application of
MRE: is explosively developing.

5. Summary

In this chapter, the materials and applications of MREs are briefly reviewed.
Firstly, raw materials, including the magnetic particles, the rubber-like matrices,
and the additives, are introduced. As the kind of the raw materials is getting more
and more inconstant, there are a variety of raw materials that can be used to prepare
MREs. Attributing to the variety of the raw materials, the kinds of prepared MREs
are much various and the study on the MRE materials is a long-lasting discovery
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or inventive subject. Meanwhile, the XuCT technique can be used to study the
microstructures and microstructure-based mechanisms of MREs. With the devel-
opment of MRE materials, the property of MREs gets more and more various. The
application of MREs has quickly developed in the engineering field of vibration
reduction and the application range of MREs is getting wider and wider. In addition
to the conventional applications in vibration reduction, the sensing and actuating
applications of MREs are recently explosively developed. Moreover, the microwave-
response and the 3D printing of MREs are newly emerged subjects, which can be
much promising in engineering applications in the near future.
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Chapter 5

Dual Response of Materials under
Electric and Magnetic Fields

Mehmet Cabuk

Abstract

The electrorheological (ER) effect is known as the change in the rheological
behaviors of ER fluids under applied electric field E. When an E is imposed, ER
fluids show phase transition from a liquid to a solid-like state due to the interactions
of polarized particles. This solid-like behavior of particles is due to the increasing
viscosity of suspensions. ER materials belong to a family of controllable fluids.

ER fluids are dispersions of solid particles in a hydrophobic insulating dispersion
medium. These solid particles play a very important role in the ER activity of
dispersions. As the dispersed phase, diverse materials such as polymer blends, gels,
biodegradable materials, clays, graphene oxide, hybrid nanocomposites, copoly-
mers, ionic liquids, and conducting polymers have been proposed. In the magne-
torheological fluids, this control is provided with magnetic field. Various magnetic
particles such as carbonyl iron and iron oxides have been suggested as MR material.
The combined effect of magnetic and electric field produces intensified rheological
changes in the suspensions. This synergic effect is termed as electromagnetorheo-
logical effect (EMR). The EMR effect provides a new strategy to control the rheo-
logical properties of dispersions.

Keywords: electrorheology, magnetorheology, nanocomposites, smart fluids,
dual response

1. Introduction

The electrorheological (ER) effect is known as the change in the rheological
behaviors of ER fluids under applied electric field E. When an E is imposed, ER
fluids show phase transition from a liquid to a solid-like state due to the interactions
of polarized particles. This solid-like behavior of particles is due to the increasing
viscosity of suspensions. There are two main driving forces behind the viscosity
increase in ER fluids. Fibrillar structure of polarized molecules with applied electric
field and ion aggregation near the electrode surfaces are responsible for the viscos-
ity increase. Essentially the ER effect in a liquid is related to the motions of ions or
polar molecules [1, 2] (Figure1).

In the nineteenth century, the apparent viscosity of pure nonconducting liquids
was believed to increase with the applied E. This effect was called as electroviscous
effect rather than the ER effect [3]. Many other solution systems showed that
the electrolyte solutions have very much stronger electroviscous effect than the
pure liquid. After this time, Winslow studied the E-induced viscosity increase of
solid semiconducting particles dispersed in a low viscosity and high insulating oil
medium [4]. The E-induced effect was much stronger than the electroviscous effect.
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Therefore, the ER effect was termed as “Winslow effect.” Winslow effect is regarded
as the formation of fibrillated chain structures by the dispersed particles between
the electrodes of a measuring system. Efforts have been carried out to elucidate

the ER mechanism and to improve ER performance of dispersions that meets the
industrial requirements.

ER fluids exhibit large reversible changes in their rheological properties when
they are subjected to external E. Many studies have been carried out on the mecha-
nism and application of ER fluid. One important property of the ER fluids is that it
shows quick response to electric field. This inherent behavior has pioneered many
researches to various engineering applications [5]. Some of these are machine
mounts, shock absorbers, and smart structures. The rheological properties of ER
fluids can be electrically controlled, and this control is beneficial to a wide range
of application technologies such as active vibration, damping, and resistive force
generation. Several commercial applications have been developed until today,
and many potential applications especially in the automotive industry such as ER
fluid-based engine mount, shock absorber, clutches, and seat dampers are still
undiscovered [6].

Many materials have been used for the preparation of ER fluids. They can be
classified as inorganic materials [7, 8] (such as TiO,, BaTiO,), organic materials [9]
(such as chitosan, alginate, and its derivatives), and conducting polymers (such
as polyaniline, polypyrrole). Among them conducting polymers have been widely
studied, because of their ease of synthesis, less corrosive properties and high stabil-
ity, and compatibility with the carrier liquid.

Yield shear stress is one of the most important parameters for ER fluids and can
be varied by the applied E. Despite these properties, ER fluids have limited their
application due to low yield stress, which yields poor mechanical performance that
limits their application [1, 10]. The developing of the giant ER effect has revived
interest in this area. When compared with traditional ER fluids, giant ER fluids show
higher magnitude yield stresses. The polarization force of molecular dipoles between
dispersed particles is responsible for the giant ER effect [11]. Many organic—/
inorganic-structured giant ER materials have been synthesized. Wen et al. [12]
reported the synthesis and ER properties of a new type of giant ER fluid consist-
ing of polar group-modified nano-sized barium titanyl oxalate particles. Also, the
problem associated with sedimentation of colloidal particles, as well as the lack of
high-performance materials, has inhibited broad engineering applications [13, 14].
Giant ER fluids like other traditional ER fluids exhibit sedimentation drawback due
to the density mismatch of the fluid and solid phases as well as the aggregation of
the dispersed particles [15, 16]. To improve the sedimentation stability of the ER
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Figure 1.
Schematic illustration of particles into an ER fluid at absence and presence of electric or magnetic field.
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fluids, several methods have been developed. They can be listed as follows by adding
surfactant to the dispersion, making the particle phase less dense that decrease the
density mismatch and modify the surface or particle morphology [17]. Li et al. [18]
reported the fabrication of multiwall carbon nanotubes, urea-coated barium titanyl
oxylate composite particles, that exhibit the giant ER effect (yield stress was 194 kPa
at 5 kV/mm). The antisedimentation property enhanced dramatically in silicone

oil due to multiwall carbon nanotubes. Cabuk et al. [16] reported ER response and
temperature effect on antisedimentation stability of expanded perlite particles in
silicone oil. The expanded perlite particles as porous ultra-lightweight materials
showed typical ER properties under applied E, exhibiting a shear thinning non-
Newtonian viscoelastic behavior (Figure 2).

When the mechanism of the ER fluids is examined, Most ER fluids fit the
Bingham fluid model. At this model, an ER fluid has its own yield stress, and the
flow motion of the fluid impedes when an applied external shear stress is lower than
the yield stress [19]. The Bingham model has been extensively used as a viscoelastic
equation:

T=T,+ N}, T2 Ty 1)

y=0,t<7y 2)

In Egs. (1) and (2), © and 7y are shear and yield stresses, yis a shear rate, and 1 is
a shear viscosity.

Klass and Martinek [20] introduced a dielectric principle and a water-associated
electrical double-layer model, to explain that the critical factor of the ER effect
was the molecule in the wet-base ER fluids. The dispersed particles were polarized
and distorted when the extra E was applied, and then the water molecules into the
dispersion made an attractive bridge between dispersed particles, thereby produc-
ing a higher surface tension.
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Figure 2.
Antisedimentation stabilities of expanded perlite/silicone oil colloidal dispersions at various temperatures
(¢ = 10%) [16].
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Cho-Choi-Jhon (CCJ) model is an empirical formula with six parameters to
explain the ER characteristics in a whole shear rate range [21]. The CCJ equation is
given as follows:

1 .

T 1+(m)“+”°°<1+ (tzy)ﬁ>y =

The first term expresses the decrease in the shear stress at the low shear rate
area, and the next term shows a shear-thinning behavior at the high shear rate
region. The t; and t, are time constants, and 1, is a shear viscosity at the infinite
shear rate. The exponent a corresponds the shear stress decrease, and b is located
between 0 and 1. The CCJ model is observed to be a good indication of the overall
behavior of many ER fluids, including the reduced shear stress behavior.

Magnetorheological (MR) fluids consist of dispersed magnetic particles and
nonmagnetic fluids such as an hydrocarbon, aqueous carrier fluid, or silicone oil
[22, 23]. MR fluids have a Newtonian-like flow behavior with applied magnetic
field. However, without an external magnetic field, they show a phase change from
a liquid-like to a solid-like due to the formation of a fibrillar structure along the
direction parallel to the direction of the applied magnetic field. This behavior is
due to the magnetic polarization between the dispersed magnetic particles into the
MR dispersion. A hybrid of conducting and magnetic particle-based materials can
display an improved dual stimuli-response under electric and magnetic fields [24].
These kinds of fluids also show typical ER and MR behaviors.

2. ER effect and types

On the basis of changes in ER properties of the dispersions, such as viscosity,
shear stress, elastic and viscous moduli, and creep recovery, they can be classified as
positive or negative ER material depending on their response to the external electric
field imposed. In addition to ER effect, depending on the type of applied external
stimuli photo, MR and electromagnetorheological effects are also investigated and
used in various industrial applications.

2.1 Positive ER effect

An increase in rheological property with applied E is known as the positive
ER effect. The fibrillar structure of ER particles is observed in positive ER fluids
under E. This dramatic increase in viscosity is due to the change from liquid to
solid-like state which is caused by the aggregation of polarized particles into fibrous
structures under electric filed. These fibrous structures restrict the motion of the
dispersed particles inside the base fluid under the shear flow conditions and result
in enhanced viscosity (Figure 3).

The positive ER effect is the most common ER phenomenon encountered in
the literatures. Conducting polymers (polyaniline, polypyrrole, etc.) [26-28],
liquid crystalline polymer/poly(dimethylsiloxane) blends [29], smart polymer/
carbon nanotube nanocomposites [30], PPy-tin oxide nanocomposite [31], PAni-
coated mesoporous silica [32], core—/shell-structured SiO,/PPy nanoparticles
[33], graphene oxide/PAni composites [34], and biodegradable chitosan/bentonite
composites [35] were reported to show positive ER effect.

2.2 Negative ER effect

On the contrary to positive ER effect, for the negative ER effect, the ER proper-
ties (i.e., electric field-induced viscosity) are decreased with applied E. the first
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Figure 3.
Change of viscosity and shear stress with shear rate under various E for polyaniline/bentonite composite [25].

negative ER effect was reported by Boissy and his co-workers for the poly(methyl
methacrylate) PMMA powder/SO ER fluid [36]. Also, magnesium hydroxide,
poly (tetrafluoroethylene) [37], hematite [38], and fumed silica [39] were reported to
show the negative ER effect. Urethane-modified polyether liquids exhibit either posi-
tive or negative ER effect. Negative ER effect is increased by introducing a branched
structure in the polyether main chain or a hard segment at the center of the linear
polyether [40]. In a study, colemanite/SO ER fluid showed positive ER effect until
E = 1.5 kV/mm and exhibited negative ER effect above E = 1.5 kV/mm. On the other
hand, polyindene/colemanite composites dispersed in silicone oil were reported
to show negative ER effect with all applied E. This negative ER activity of both the
materials was attributed to the electromigration of the particles to one of the elec-
trodes which resulted in phase separation of the dispersion. The presence of Triton
X-100 nonionic surfactant converted a negative ER effect to a positive one with
improving ER activity. The water/surfactant-bridge formation model was attributed
[41]. In another study, the ER properties of urethane-modified polypropylene glycol
(UPPG)/PDMS were reported. When the viscosity of UPPG is higher than viscosity
of PDMS, ER effect of the suspension is positive. When the viscosity of UPPG is
lower than viscosity of PDMS, the ER effect of the suspension is negative [42].
Negative ER effect is explained with two reasons:

* Electrophoresis of particles which migrate to one of the electrodes under the
applied electric field leading to phase separation.

* Quincke rotation—Accumulation of charges on the particle surface after the
polarization under applied E: the charges on the top and bottom of the surface
of particles have the same sign as that of the upper and lower electrodes, and
this makes the dispersion unstable and causes the particles to rotate under E.

ER fluids have been used in various industrial areas such as mechanical sensors,
damping systems, e-ink, brakes, haptic services, human muscle simulators, and
polishing media. Their main advantage is ability to control of mechanical properties
with E. These fluids can also exhibit Newtonian fluid characteristics which is the
advantage of negative ER fluids [43].
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2.3 Photo effect

Light can induce polarization of dispersed particles similar to that of an applied
E. Not only positive ER effect but also negative ER effect can be improved by
ultraviolet illumination in some ER dispersions. This behavior is called photo-ER
effect [44]. Photo-generated carriers are responsible for changing the conductivity
of the ER materials and improving their ER response. Photo ER materials show an
important relationship between charge mobility and ER activity. Komoda and co-
workers studied the photo-ER of TiO, nanoparticle dispersions [45]. These disper-
sions showed positive photo-induced ER effect at low water content, while negative
photo-induced ER effect was observed at high water content. Besides, some dye
particles (Monastral Green B and copper phthalocyanine), titania nanoparticles,
and phenothiazine were reported to show photo ER effect [46, 47].

3. ER and MR materials and their properties

ER materials belong to a family of controllable fluids. They are typically disper-
sions of solid particles in an insulating liquid. Since the discovery of ER fluids,
various types of ER material composition have been proposed [48, 49].

Optical microscopy (OM) studies provide observation of fibrillation of dis-
persed solid particles under an externally applied E which is a characteristic prop-
erty of ER phenomenon (Figure 4).

The dispersed particles have an importance in the ER activity. As the dispersed
phase, diverse materials such as polymer blends, gels, biodegradable materials,
clays, boron-containing polymers, hybrid nanocomposites, copolymers, ionic lig-
uids, and conducting polymers have been proposed. In recent years, the synthesized
ER materials are polystyrene/laponite composites [51], polypyrrole-g-chitosan
copolymer [52], polythiophene/polyisoprene composite [53], graphene oxide/
titania nanocomposite [54], chitosan/bentonite composite [9], and poly(vinyl
chloride)/polyindole composite [55].

The yield stress of MR fluids is generally higher than that of ER fluids.
Therefore, MR fluids have a potential for active development. MR fluids show
reversible specific properties. They can magnetize under magnetic field and
demagnetize in the absence of magnetic field. Magnetite and carbonyl iron (CI)
as magnetic particles have been used in the industrial applications of MR fluids
[56]. Among the magnetic particles, soft magnetic micron-sized CI particles have
an attention for superior MR fluids due to its high saturation magnetization value,
suitable size, spherical shape, and low cost [57].

The liquid phase should have high electrical resistivity and hydrophobicity.
Liquids such as mineral oil, kerosene, toluene, petroleum fractions, and silicone oil

E = 0.0 KVime E = 0.8 Kvimm E = 1,0 KVimm E = 1.5 KVimm = 2.0 K¥imm

Figure 4.
OM images of fibrillation of dispersed solid nanocube-TiO,/P;OT particles [50].
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(dimethyl siloxane), dibutyl sebacate, dioctyl phthalate, trioctyl trimellitate, and
chlorinated paraffin have been used as dispersing phase [58].

ER fluids are divided into two categories as dry-base ER system and wet-
base ER system. The dry-base ER system is anhydrous dispersion and shows ER
activity without adding any polar promoter. The wet-base ER system is hydrous
dispersion and needs a polar promoter to show ER activity. When these systems
compare, dry-base ER system has more attention than wet-base ER system
due to its physicochemical characteristics. Many materials such as conducting
polymers, biopolymers, and polymer/clay nanocomposites exhibit dry-base ER
properties [59, 60].

To enhance the ER effect and to increase the colloidal stability of the dispersions,
various types of additives (water, ethyl alcohol, diethylene glycol, surfactants, etc.),
called activators, have been added into the dispersions. They most certainly affect
the particulate surface and the dispersing liquid.

Surfactants can be added to ER dispersions to improve ER activity and used to
tailor dispersion properties. They effect the colloidal stability of dispersions and
keep the particles from irreversibly flocculating. Also, they promote the rheological
properties of dispersions in the absence an E. While some dispersions show little or
no ER effect with adding of water or surfactant, some dispersions display improved
ER response with water or surfactant [61, 62]. The adding of water as promoter has
several problems such as the low of operation temperature, corrosion, and disper-
sion conductivity. Some surfactants used in ER dispersions are SDS, CTAB, Triton
X, sodium oleate, glycerol, borax, and fatty amines [63-65].

Other additives into the ER dispersions effect the liquid phase by chancing the
conductivity. The additives are generally used to increase the rheological charac-
teristics of the dispersions. Some additives used in ER dispersions are water, NaCl,
NaOH, acetic acid, amines, oxalic acid, diethylene glycol, glycerine [62]. In a study,
the effect of water and surfactant was tested and both in rheological and electri-
cal properties of the dispersions changed by adding small amounts of additives.
The yield stress of the ER fluid increased with increasing water content. After the
optimal water amount, a reduction in ER activity was observed. This tendency was
explained by the water bridge model. On the other hand, the current density of ER
fluid increased by adding water and Brij 30. ER activity of Brij 30-activated disper-
sions decreased under high E conditions. It can be attributed to the formation of
surfactant droplets enclosing the particles [66] (Table1).

Antisedimentation stability (or colloidal stability) is one of the important
characteristics for the usability of ER dispersions at different environmental condi-
tions. When charged particles in an ER fluid are dispersed, the particle interaction
between dispersed particles increases, and rheological properties of ER fluid change.
Surface charge of dispersed particles is determined by {-potential measurements.
Therefore, {-potential can be used to determine the colloidal stability of ER fluids.

The density mismatch between the solid and fluid phases in an ER dispersion
causes the sedimentation. It can be due to the particle aggregation through van
der Walls interaction between the particles and the non-favorable particle-solvent
interactions. As a result, the dispersed particles settle down according to Stokes’ law
[67]. To overcome this traditional problem in ER fluids, several solutions have been
suggested.

Surfactants can be used to improve the colloidal stability of the ER fluids. They
reduce the sedimentation and aggregation of dispersed particles in an ER fluid via
adsorption on the particle surface. This method is still necessary for the long-term
stability of ER dispersions. In a reported study, for the synthesis of graft copoly-
merization with aniline, tailor-made stabilizer was used, and polyaniline particle
dispersions with improved stability were obtained [68]. In addition, porosity [69],
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Properties

Magnitude

Zero-field viscosity (E = 0 kV/mm)

Low (<1 Pas)

High yield strength t=5kPaatE =2kV/mm
Short response time <5ms

Wide working temperature (—=30)-(+125°C)

Low density d<1-2g/em®

Chemical resistance High

Electric field resistance High

ER materials Inert, hydrophobic, and cheap
Particle size <10 pm

Current density <10 pA/cm* at E = 4 kV/mm

Table 1.
Preferved properties of an ideal ER fluid.

particle size [70], and apparent density [52] of dispersed particles play an important
role on colloidal stability of the ER fluids.

For MR fluids, sedimentation is an important problem due to the limit of their
technological applications. Several approaches to improving the colloidal stability
of the dispersed magnetic particles have been suggested. They can be the disper-
sion stabilizers or additives, viscoplastic carrier medium, and the modification of
magnetic particles with either polymers or inorganic coatings [71, 72]. Because of
much lower density and relatively good magnetic properties than CI particles, Fe,03
and Fe;0,4 have been used as MR materials [73].

3.1 Dual response of materials under electric and magnetic fields

Basically the particles used to make MR suspensions cannot be used for ER systems
because magnetic particles are more conductive; however, the magnetic particles can be
coated with an insulating agent, which renders the suspension applicable in both MR
and ER systems. The combined effect of magnetic and electric field produces intensi-
fied rheological changes in the suspensions. This synergic effect is termed as electro-
magnetorheological effect (EMR) [34]. Figure 5 shows the flow curves of a reported
study [74]. As shown, suspension behaves like a Newtonian fluid in the absence of an
E or magnetic field, where the shear stress increases linearly with increasing shear rate.
On the other hand, it acted as a Bingham fluid under an external E or magnetic field
with a yield stress due to the formed particle cluster or chains by polarization forces.

The EMR technique is a new strategy to control the rheological properties of
fluid materials. The rheological properties of some fluids can be enhanced with the
combination of an electric field and a magnetic field [75]. At this technique, super-
imposed electric and magnetic fields are applied to a fluid, and the strength/direc-
tion of each field can be independently changed during the measurements. Also, the
change of magnetic field direction is easier rather than that of the electric field. Ina
study, a comparison of EMR effects was carried out with the parallel-field and cross-
field systems [76]. It was observed that a marked EMR effect was obtained with
applied parallel field for the spherical iron dispersion. These EMR effect has been
attributed to the different reorientations of the dispersed particles according to field
directions. In a reported study, simultaneous impact of electric and magnetic fields
on fluids containing a two-component dispersed phase (SiO, and CI) was inves-
tigated. The fluids showed the strong synergistic effect in the entire investigated
range of intensities of electric and magnetic fields. Also, the ferromagnetic particles
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Figures.
Flow curves of CI@PANI/SO ER fluid under (a) electric and (b) magnetic fields [75].

(vy-Fe,0O3) sensitive to the impact of an E was added to the fluids, and an increasing
synergistic effect was observed until reaching saturation magnetization [77].

4, Conclusions

Various industrial applications such as the automotive, production sector, and
robotic controls are full-potential ER and MR fluid applications. EMR fluids can
change the particle interaction and the mechanical properties of dispersed materi-
als. It means that they can allow an increase in the shear stress under two fields.
Therefore, EMR fluids can expand the application areas of both ER and MR fluids
due to their synergic effects.
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Chapter 6

An Introduction to Wearable
Technology and Smart Textiles
and Apparel: Terminology,
Statistics, Evolution, and
Challenges

Jennifer Xiaopei Wu and Li Li

Abstract

Within the last 6 years, there has been a palpable surge in interest and investment
into wearable technology and Smart Textiles & Apparel, manifested both in academia
and in the wide array of aspirational products available on the market. Recent market
research on wearables also forecasts further growth in the next 3 years. However,
as the field becomes increasingly saturated, potential terminology confusion and
misconceptions may arise particularly among those in the industry who may not deal
directly with the technologies but have interest in applying it to their work. Therefore
in an attempt to provide clarity on an increasingly popular field to those perhaps less
familiar with it, this chapter delivers an introductory overview of wearable technol-
ogy and Smart Textiles & Apparel, which clarifies terminology encompassed within
the field, reviews recent statistics and maps out how developments have been evolv-
ing over time, and assesses some of the challenges confronting the field.

Keywords: wearable technology, smart textiles, apparel, intelligent,
electronic textiles

1. Introduction

The field of wearable technology has experienced evident exponential growth
in the past 20 years (fueled by the significant increase in mobile device usage and in
the expansion of the Internet of Things). Recent market research on wearables also
forecasts further growth in the next 3 years [2]. This growth in wearable technology,
exemplified in terms of products entering the market and academic research output
[1], has been quoted by numerous articles and been used to justify further research
potential in the field. However various statistics indicate that the sector of wearable
technology on the market represented by Smart Textiles & Apparel, despite the
abundance of research output in this sector, continues to be much smaller than that
represented by (hard) accessories and devices (e.g., smartwatches and earbuds),
which are by far dominating the wearable landscape. Furthermore, various studies
show that even with the dominant sector of wearable accessories and devices, there
is a high rate of abandonment by users after a short period of time [22].
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Given that “wearable technology” and “Smart Textiles & Apparel” have already
gained a great deal of attention and traction in the market and in academic research,
there is a tendency for terms to be misused interchangeably or confused; therefore,
this review begins by defining and distinguishing terminology used in the scope
of Smart Textiles & Apparel. It will then outline the various ways in which Smart
Textiles & Apparel have evolved over time by providing examples of innovations in
the field. Finally, it will consider some of the practical barriers and challenges in the
field.

By mapping out the evolution of Smart Textiles & Apparel as well as its practical
barrier and challenges, it will help provide a more realistic sense of the direction
the field is headed in the future and subsequently the potential opportunities which
need to be addressed in order to propel the field forward—and ultimately toward
making a valuable contribution to society.

2. Definitions

As the fields of wearable technology and Smart Textiles & Apparel have
expanded and matured over the years, their scope has broadened to encompass
increasingly more facets and applications. As a result, a great deal of associated
terminology has emerged and some of which have the tendency to be interchange-
ably or confused with another. Therefore, it is relevant to take a moment to provide
clarification and distinction on the quintessential terms of the field (as accepted in
academia and the industry, as well as within the bounds of this article).

According to Google Trends (which presents statistics on the amount of interest
a search term or topic has garnered online over the years), Web searches on topic
of “wearable technology” skyrocketed between 2013 and 2015 by about 500% (see
Figure 1), which aligns with the proliferation of commercially available wearables,
such as the Apple iWatch (which was released in early 2015). However, Figure 1
also shows that the topic of “wearable technology” had been circulating long (over
20 years) before its surge presence in the last 5 years [3].

The term “wearable technology” (often shortened to just “wearables” and
sometimes used interchangeably with “wearable devices” or “smart devices”)
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Figure 1.
Graph of Google Trends “Web search interest” on the topic of “wearable technology” over time, with image markers
indicating the velease dates of the earliest iterations of some “landmark” wearable technology product lines [28-32].
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Figure 2.

Diagram to help distinguish and clarify terms within wearable technology and Smart Textiles ¢
Apparel [37, 38, 40, 41].

originated to describe the integration of electronics and computers into clothing or
accessories that could be worn comfortably on the body [4], given that the earliest
developments, such as the 1999 “Wearable Motherboard,” were motivated and
enabled by the successive ubiquity of computers, mobile electronics, World Wide
Web usage, and big data [5]. However, there are now many examples of advanced
“technology” that are also “wearable,” but which do not necessarily integrate
electronic or computing components—these instead belong to the scope of “Smart
Textiles & Apparel.” Figure 2 presents a visual to further help distinguish and
clarify wearable technology and Smart Textiles & Apparel as well as provide
examples of the types of technologies associated with each area. Therefore, as
shown in Figure 2, “smart textile” is a category on its own which does not fully
overlap with wearable technology, as even though there are wearable technology
examples which involve smart textiles (in which case they count as “smart apparel
or other wearables inanimate objects”), there are a great deal of smart textiles
which are not used toward wearables but toward applications which do not require
removal of the textile once applied (such as car interiors or wallpaper). Instead the
key distinguishing quality of smart textiles is that they are “soft” materials with
flexibility and drapability.

Another pair of terms which are often confused are “smart textiles” and “elec-
tronic textiles” (“E-textiles”). Essentially, smart textiles describe a novel category
of textiles which have the capability to sense or/and react with or/and adapt to
external conditions or stimuli [6], while E-textiles are generally defined as textiles
with electronic components or conductive fibers integrated within to give it smart
or intelligent functions [7, 8]. Therefore smart textiles are the overarching category
which includes E-textiles as one type of smart textile; however, it also includes other
types of textiles which exhibit smart or intelligent functions without electronic
or conductive elements (see Figure 2 for examples of the different types of smart
textiles).

3. Statistics

To better understand the current and potential future state of Smart Textiles
& Apparel, it is helpful to conduct a critical review of the statistics reflecting the
progress in the field. One example of such statistics is shown in Figure 3, which shows
the number of “Smart Textiles & Apparel”—related scholarly publications produced
over the years, based on a search via the widely used scholarly publications database
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Scopus using the following search criteria: TITLE-ABS-KEY (smart or intelligent

or conductive or electronic or sensor) and TITLE-ABS-KEY (textile or apparel or
clothing or fashion or knit or yarn or fiber or wearable). Figure 3 indicates an obvi-
ous exponential growth in academic research output in the field of Smart Textiles &
Apparel, which appears even more consistent and unwavering than the sporadic surge
in Web search topic interest in “wearable technology” from Google Trend statistics
(Figure 1). However, to gain a more balanced view beyond just academic research,
statistics on market presence should also be considered. One source of information
which can help gauge and compare the market presence of different forms of wear-
able technology is the annual attendance audit from the Consumer Electronics Show
(CES), a highly prominent conference for innovative technologies being introduced
to the market [9]. In particular, data on the number of exhibit attendees representing
the “wearables” category was extracted from the annual CES audit summaries of 2012
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Figure 3.
Number of publications on Smart Textiles ¢ Apparel over time (based on Scopus database search vesults).
Source: Scopus.

n Attendee Profiles
Representation from Top 20 Product Categories
PRODUCT CATEGORY** ATTENDEES*
Computer Hardware & Software 17,440
Wireless Devices 15,676
Accessories 15,283
Automotive Electronics/Vehicle Technology 14,570
Smart Home/Appliances/Energy Management 13,598
Other Consumer Technology 12161
; Audio, 12104 2
! Wearables 12,059_ E
Telecommunication and Infrastructure 10,049
Video 9,862
Digital Media/Online Media 9154
Mobile Apps 9.059
E-Commerce 8965
Audio, High-Performance/High-Resolution 7,692
Augmented Reality/Virtual Reality 7,589
Health and Biotech 7,553
Sensors 6,742
Gaming 6,606
Drones 6,549
3D Printing 5952

* Attendees = Exhibits Only Attendance; Does not include media or exhibitor personnel
“Attendees may represent multiple product categories

Figure 4.
An example of the CES annual audit summary data on the number of attendees representing the top 20
product categories, from the 2017 CES audit summary.
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NOTE: “attendees” above represent exhibit only attendance (does
not include media and exhibitor personnel), and may represent
multiple ories. Also note the reason the above chart shows 2012
and 2013 having 0% wearables is because the audit those years did
not have “wearables” as a category yet.

SOURCE: https://lwww.ces.tech/CES/media/pdfs/CES-Audit.pdf
Figure 5.

Numbers of CES exhibit attendees representing the “Wearables” category from 2012 to 2018 (obtained from the
annual CES audit summaries).

Figure 6.
Photographs taken at the 2011 CES [39].

to0 2018 (a sample of this 2017 data is shown in Figure 4) and compiled into Figure 5.
Given that CES is a prominent platform for technologies entering the market, its data
compiled in Figures 5 and 6 validates the growing presence of wearable technology
in the market. However, according to statistics from Gartner (Figure 7), the share

of wearable technology’s growing presence occupied specifically by Smart Apparel

is much less significant (less than 5% representation), while (hard) accessories (e.g.,
smart watches, ear-worn devices) represent the dominant category.

Statistics such as that shown in Figure 7 suggest that Smart Textiles & Apparel
still have room to grow in terms of market presence, despite its exponential growth
in academic research output. This contrast between its growth in academia and
in the market indicates a clear gap and prompts the question of what factors are
deterring Smart Textiles & Apparel from being more prominent in the market. This
article will start to address this question in the following sections.
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Forecast unit shipments of wearable devices worldwide from 2017to 2019 andin
2022 (in million units), by category
500
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W Smart clothing

Bead-mounted
display
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B Smartwatch
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Figure7.
Global unit shipments of wearable technology by category (2017-2022), alongside image examples.
Source: Gartner © Statista 2019 [27, 33-36].

4, Evolution

Understanding how Smart Textiles & Apparel have evolved over the years will
help anticipate the direction and opportunities of future growth. Based on an
overview of literature, it was deducted that Smart Textiles & Apparel have evolved
in three different ways: their degree of integration, their degree of intelligence (or
“smartness”), and their degree of self-sufficiency (as summarized in the diagram of
Figure 8)—each will be explained in the following sections.

4.1 Degree of intelligence (or “smartness”)

Smart Textiles & Apparel have evolved in terms of their degree of intelligence
(or smartness). This concept is based on the characterization of smart textiles as
described by Tao and various other authors in the field, which classifies their degree
of intelligence (or “smartness”) according to whether they can perform one or more
of the following functions: sense, react, and adapt [6, 10, 11].

Traditional textiles (e.g., woven cotton fabrics, knitted wools yarns, etc.), while
still functional (i.e., providing warmth, softness, etc.), are latent and do not sense,
react, or adapt to external stimuli. The minimum requirement for a smart textile is
the ability to sense environmental conditions or an external stimulus, which qualifies
it as “passive smart.” If it further has the ability to react after sensing, then it qualifies
as “active smart.” Some examples of this include Grado Zero Espace’s shape-memory
shirt made from Oricalco fabric which reacts by changing shape based on sensing
heat [12] and Aurelie Mosse’s intentional use of electro-active light-responsive
polymers to create textiles for interiors which sense light and react by changing
shape for esthetic effect or for function [13]. Finally, if a smart textile cumulatively
has the ability to sense, react, and adapt based on the learned experience from what
it sensed and reacted to previously, then it qualifies as “very smart.” A conceptual
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Degree of Intelligence

Degree of Integration

n n P
(or "Smartness") Sufficiency
TRADITIONAL NON-SMART TEXTILES (LATENT) ‘1t GENERATION’ (ATTACHED TO EXTERIOR) PAST (DEPENDENT / UNSUSTAINABLE)
= but still with functional properties e.g. warmth from wool, = hard components attached or coatings / inks applied to the = non-renewable/ non-biodegradable resources for certain
softness of cashmere, absorbency of cotton... surface of the textile synthetics or inorganic fibers, consuming high qty of natural
e.g. Lilypad Arduino, conductive yarn embroidery, battery resources / energy to harness / produce / maintain

¥ s
PASSIVE SMART TEXTILES (SENSE) . '

= only sense stimuli from environment
e.g. conductive yarns, optical fibers, Schoeller Reflex™

‘27 GENERATION’ (INTEGRATED INTO STRUCTURE)
=woven / knit into the textile structure

PRESENT (SELF-SUFFICIENT / SUSTAINABLE)
= can perform ‘smart’ sensing / reacting abilities without

. e.g. weaving in LED by Barbara Layne, strain sensor requiring energy input / producing waste
e.g. phase change fibers by Outlast® Technologies, self
ACTIVE SMART TEXTILES (SENSE & REACT) . healing, self cleaning “Lotus effect” Mincor® fabric
= sense stimuli from environment & react accordingly
N o o ‘314 GENERATION’ (INTEGRATED INTO YARN / FIBER)
e.g. shape memory: GZE shirt w/ Nitinol (Ni-Ti alloy), ) - i
graphene nanotube + Oricalco fabric hood, CuteCircuit dress. = innately integrated into the yarn / fiber
e.g. nanotechnology: energy / memory storage in fiber by
‘ [, Y ey ] (6] FUTURE ? (INTELLIGENTLY SELF-SUFFICIENT /
USTAINABLE) ?
'VERY SMART TEXTILES (SENSE & REACT & ADAPT) . = can perform ‘smart’ sensing / reacting abilities without
= sense stimuli from environment, react accordingly & adapt . , requiring energy input / producing waste AND adapt by
by learning from experience ‘4" GENERATION’ ? (DIRECT ON BODY / SKIN) ? learning to improve performance
e.g. machine learning Al capability, ‘No Contact Jacket’ by = form directly on body e.g. intelligent ‘self-destructing’ concept per Helen Storey
Adam Whiton e.g. Nancy Tilbury / Lucy Mcrae conceptual textile art (PVA dress)

NOTE: the above non-filled boxes represent future possibilities and are ot fully realized phases; the rest of the boxes which are
filled represent phases which have already been realized the past / present.

Figure 8.
Flowchart summarizing the evolution of Smart Textiles ¢ Apparel.

example of this is exemplified in the “No-Contact Jacket” created by Adam Whiton
and Yolita Nugent, which functions to sense heavy force applied to the jacket (e.g.,
when wearer is hit by an attacker) and reacts by emitting an electrical chart (i.e., to
electrocute the attacker) but also could, in the future, have the potential to integrate
machine-learning intelligence to record data on cumulative forces sensed and learn
to differentiate between amicable forces (e.g., from a hug or tap) and violent forces,
depending on position or amount of force or time of day [13].

See Figure 8 which presents a visual overview of these definitions of degree of
intelligence (or “smartness”).

4.2 Degree of integration

Another way Smart Textiles and Apparel have evolved is in terms of their degree
of integration. This refers to the extent to which the component/material/substance
which performs the “smart” function is embedded into the textile. As Smart Textiles
& Apparel have evolved, there has generally been a progression toward a higher
degree of embeddedness or integration of the “smart”-functioning component
material/substance into the textile. This progression is characterized by Hughes-
Riley et al. as three generations: first generation, second generation, and third
generation [7]. Although Hughes-Riley describes this progression in the context of
E-textiles, it could very well apply to non-electronic smart textiles (e.g., thermo-
chromic inks).

In first-generation smart textiles, the lowest degree of integration, the “smart”-
functioning component/material/substance was applied or attached to the surface
of the textile; this generation of Smart Textiles Apparel is typically more rigid
and bulky and lacks drapability. Some examples of first-generation smart textiles
include the use of the “LilyPad Arduino” electronic components on garments
[14], printing circuits with conductive ink onto the surface of fabrics, or even
embroidering conductive yarns onto fabrics to create conductive pathways. In
second-generation smart textiles, the “smart”-functioning component/material/
substance is integrated into the textile structure, for example, the weaving or knit-
ting of conductive yarns to form a textile pressure sensor [15], Layne and Orth’s

111



Smart and Functional Soft Materials

work of weaving LEDs, or conductive yarns into the woven textile structure [13].
This generation of Smart Textiles & Apparel is typically more flexible but still
tends to be lacking in comfort and versatility. In third-generation smart textiles,
the highest degree of integration, the “smart” function is manifested innately as
a part of the yarn or fiber and able to exist much more discretely within a textile
design without interfering with its esthetic qualities and comfort level. Most
examples of this generation of Smart Textiles & Apparel have been made possible
by nanotechnology, such as embedding semiconductor systems within fibers for
energy harvesting and storage [7] or the Mincor TX TT “lotus effect” coating of
nanoparticles on yarns which allow a high level of hydrophobicity to enable a self-
cleaning function [16].

The term “fourth generation” used in this article refers to the potential next
degree of integration in which Smart Textiles & Apparel are progressing towards
but have not yet been fully realized in production and therefore currently exist more
as inspiring visionary concepts. One example of a “fourth-generation” concept is
the idea of harnessing the innate “smartness” of the nature to create textiles which
function “smartly,” which is exemplified in the design research of Carole Collette.
In her work titled “Suicide Pouf,” Collette created cushions which would physically
change shape with time as the fibers shed in their natural death process, i.e., relying
on the biological process of cell death (apoptosis) to create a dynamic textile object.
In “bio-lace,” Collette demonstrates an inspiring idea of biologically engineered
plants to grow roots which are able to form lace designs on their own [13]. Another
visionary concept explored in the work of artists McRae and Tilbury is that of hav-
ing the human biology or skin to contribute to the creation or modification of what
we wear—so not just “smart” functionalities being more integrated into a textile
but essentially engineering the human body’s biological functions to form its own
textiles [13]. Currently, these are rather conceptual ideas, far from mass-market
realization. However, they stretch the imagination on the degree of integration that
Smart Textiles & Apparel could possibly be achieved in the future.

See Figure 8 which presents a visual overview of these characterizations of
degree of integration.

4.3 Degree self-sufficiency

Smart Textiles & Apparel have also evolved in terms of their degree of self-
sufficiency. This refers to the extent to which they can self-sufficiently perform
their “smart” functionalities and sustain itself throughout its life cycle, without
depending on (non-renewable) energy input or producing (non-biodegradable)
waste output. The evolution of degree of self-sufficiency is categorized here as past,
present, and future.

The “past” stage refers to Smart Textiles & Apparel which have been made
from non-renewable or non-biodegradable raw materials and dependent on
non-renewable energy resources to manufacture, to function (e.g., batteries), to
maintain (e.g., laundry), and to dispose of. However the growing concern of how
polluting the apparel and textile industry and the recent buzz of fashion compa-
nies committing to achieving carbon neutrality or employing 100% sustainable
materials within the next 10 years [17-19] is motivating a progression toward the
“present” stage of the degree of self-sufficiency evolution, which refers to Smart
Textiles & Apparel that perform their “smart” (sensing and reacting) functions
self-sufficiently (i.e., without requiring a non-renewable energy source input), are
self-sustaining (e.g., self-cleaning, self-healing, energy harvesting), and produce
limited environmental impact in its manufacture, maintenance, and disposal.

The “present” stage factors in sustainability as not only an afterthought but as an
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intrinsic part of the development and life of Smart Textiles & Apparel. Some exam-
ples which fall in this category include the self-cleaning “lotus effect” coating of
Mincor TX TT yarn, the use of natural yarns with shape-memory properties which
give the textile structure the functionality of becoming more permeable when damp
or warm [16], self-healing “green” composites [20], and the light energy absorbing
and storing properties of phosphorescent pigments integrated into textiles [13, 21].

One potential “future” direction in the degree of self-sufficiency of Smart
Textiles & Apparel could involve an additional element of intelligently adapting
(and gradually improving) its self-sufficient smart functions by learning from
each experience. So, for example, it could be manifested in the ability of a shape-
memory textile to predict when to react without waiting on an external stimulus to
trigger it or for a self-healing composite to learn where the weak points in a textile
are and produce more self-healing agent in certain areas. These are, once again, only
visionary ideas for now; however, with the help of quickly advancing artificial intel-
ligent technologies, its realization could present itself sooner than we think.

See Figure 8 which presents a visual overview of these characterizations of
degree of self-sufficiency.

5. Challenges

Despite burgeoning research into Smart Textiles & Apparel, there remainsa
great deal of room for improvement in terms of market presence. Furthermore,
even with wearable technology (hard) accessories which represent a larger portion
of market share, there is the hurdle of low retention and high abandonment rates of
such devices less than a year after purchase [22]. Hence below defines some of the
challenges contributing to the above disparities and potential opportunities to help
tackle those disparities:

* Lack of esthetic appeal: a common feedback on the Smart Apparel options in
the market is that they are not fashionable and lack esthetic appeal [23, 24].
What becomes quickly apparent when browsing some of the most exciting
wearable innovations at the 2019 Consumer Electronics Show [25] is that they
still look more like “techy” electronic devices than something we would rec-
ognize as wearable. More and more consumers expect flexibility, comfort, and
ease in clothing; however, most smart technologies approved for the market
are still relatively bulky and difficult to integrate seamlessly and discretely into
traditional clothing materials and styling and dressing habits. (Therefore, as
Figure 7 shows, the smartwatches and ear-worn devices lead in the wearables
category at CES, because they have already been adopted as electronic devices
that can be worn without causing disruption to or conflict with an outfit).

But also, the lack of visibility and accessibility designers in the industry have
to Smart Textiles & Apparel technologies is also a barrier to help breed better
design esthetics in the field.

* Limited design options: even with wearables that are esthetically well-
designed, they tend to come in limited varying options (e.g., in terms of size,
colorways, silhouettes, etc.). Currently, the complexity of smart functional-
ities can limit the design flexibility, so once a successful design is established,
it is not easy to vary. This is an issue as today’s consumer demand options and
flexibility in what they purchase. Therefore, there is a need for Smart Textiles
& Apparel technologies to be more versatile, complement different materials,
and able to be used in different textile manufacturing processes.
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* Lack of assimilation with current supply chain processes/quality standards:
the apparel and textile supply chain and quality standards have yet to adapt to
the nuances and specific needs of Smart Textiles & Apparel [26]. Because the
apparel and textile supply chain is still very much catered to the production
of traditional textiles, many suppliers and retailers in the industry might be
dissuaded from adopting “smart” technologies due to the time and cost needed
to recalibrate processes in the supply chain to manage those “smart” technolo-
gies effectively. Furthermore, a great deal of “smart” technologies are not yet
developed enough to meet the rigid, long-established quality standards of the
textiles and apparel industry or vice versa in that the long-established industry
quality standards are not being updated sufficiently to keep up with the incom-
ing “smart” technologies.

* Lack of understanding real human and societal needs: an underlying
impression of wearable technology is that it is creating a supply for which
there is no real demand (i.e., trying to create a demand). Therefore, in
order to make wearables more relevant and desired, there is a need to better
understand real human and societal needs so that Wearables can improve
in ways to meet those needs. For example, in today’s connected world, it is
clear that people desire to be connected, but how much so? Where do people
draw the line in terms of where they want technology integrated into their
everyday lives? When does it become disruptive? These are just some ques-
tions that need to be asked to better understand the true needs of humans
and society.

* Lack of selling performance and consumer feedback: there is a great deal of
statistics available on the quantity of wearable technology and Smart Textiles
& Apparel entering or available in the market but limited statistics on how well
products sold or on feedback from customers after use. Obtaining such infor-
mation is important to formulating a clear understanding of real consumer
needs. Furthermore, as there are evidently successful wearable technology
commercial products out on the market, it would be informative to evaluate
what differentiates the successful products from the rest.

6. Conclusion

This review has attempted to provide a brief introductory overview to the now
expansive field of wearable technology and Smart Textiles & Apparel, starting by
looking at the evident surge in interest in wearable technology in the last 6 years
which has been fueled by the release of many “landmark” devices to the commer-
cial market as well as an increasingly mobile-reliant and connected landscape. The
exponential growth is also manifested in academic research output in the field,
as well as wearable technology products released to the market (which is also
forecasted to continue to grow in the future). This chapter also provided clarifica-
tion on terminology, distinguishing wearable technology and Smart Textiles &
Apparel as two separate fields which overlap only in some cases, but also each has
their separate unique sub-categories. The chapter then presented the analysis of
the progression or evolution of Smart Textiles & Apparel in terms of degree of
intelligence, degree of integration, and degree of self-sufficiency. The chapter
also takes on a more critical lens to realize the fact that Smart Apparel has a much
smaller representation in the wearable technology boom (in comparison with the
“hard” wearable accessories and devices such as smartwatches and earbuds which
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are the dominant categories) as well as the low retention rate of most wearable
devices. Given these limitations, the chapter discusses some areas of opportunity
for Smart Textiles & Apparel research and product development to enable it

to gain more traction and ultimately make a more valuable contribution in the
society.
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Chapter7

Increased-Value Oxide Powders for
Polymeric Fibrous Matrices with
Tailored Surfaces for Clothing
Wear Comfort: A Review

Narcisa Vrinceanu and Diana Coman

Abstract

This review is dedicated to the area of renewable polymeric matrices, a topic
in which the editors aims at conducting, developing, and forming a research-
innovation direction for the doctoral studies school. There are two directions
envisaging (a) the synthesis of cellulose-derived materials and (b) their appli-
cation as novel clothing wear materials as an alternative to standard one. The
evolution plans aspire to encourage theme-based cooperation between academic
environment and industrial media. Thus, the intention is to work on new prod-
uct development and formulation in a program with strong industry engage-
ment. Specifically, the proposed review will focus closely on applied research
and the expansion of the transfer of technology and knowledge in the clothing
industries and beyond. Subsequently we propose an interdisciplinary research
and development program for material sciences and technology development,
meaning, development of new improved ecological comfort performance
materials.

Keywords: man-made fibers, oxides, UV reflectance, water barrier, impedance,
comfort, UV protection

1. Introduction

This review is dedicated to the area of renewable polymeric matrices, a topic
in which the editor develops some research-innovation activities. There are two
directions envisaging (a) the synthesis of cellulose-derived materials and (b) their
application as novel clothing materials as an alternative to standard one.

The review plans to encourage theme-based cooperation between academic
environment and industrial media. Thus, the intention is to work on new
product development and formulation in a program with strong industry
engagement.

Specifically, the proposed review will focus closely on applied research and the
expansion of the transfer of technology and knowledge in the clothing industry and
beyond. Subsequently we propose an interdisciplinary research and development
program for material sciences and technology development, meaning, development
of new improved ecological comfort performance materials.
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2. Rationale

Today, it is relevant to develop new research related to the context of environ-
mental and health hazard component.

The exposure of clothing textile materials to wearing plays an important role in
the development of adverse health effects.

Washing- and wearing-generated particles are associated with water and air
pollution; consequently, pulmonary effects can occur, as shown by both epidemio-
logical and toxicological studies [1-26]. There are important studies, revealing that
particles like microfibers, small textiles, and short fibers resulting from washing
and wearing of clothing items might contribute to these adverse effects.

Distinct health involvement is connected with the allergenicity of clothing
components such as small fibers, small particles derived from wearing of clothing
garments, textile wastes, and nondegradable dyes and pigments.

The abovementioned blends have toxic, mutagen features [27-43]. Moreover,
respiratory sensitizers, inducing irreversible allergic reactions in the respiratory
system, were noticed.

The wastes resulted from washing and wearing of clothing polymeric materials
are a key concern point for the European legislation; up to our knowledge, there
are no legal demands for the control of banned dyes and pigments having artificial
source.

Consequently, some of the approaches relating to non-exhaust particulate
matter were highlighted [44]. Researches reveal that the traffic-related emissions
are major sources of suspended PM in the urban areas [45-67]. Nevertheless, it can
be claimed undoubtedly that data relating to the physical and chemical properties,
emission rates, and health consequences of non-exhaust particles derived from
specific wearing and washing of textiles are uncertain/far from comprehensive.

Therefore, alogical state of the art touching the validity of the textile waste
emission strategies is mandatory, in order to develop practical strategies for reduc-
ing the pollutant concentrations.

The review proposes two novel directions tightly bound to the double expertise,
knowledge of the cellulosic polymeric supports treatment against aging process, gained
during the doctoral studies, and a higher comprehension of synthesis and character-
ization of nanoporous materials used in clothing wear comfort derived from textile
industry, during my postdoctoral activity. The relevant direction which is the force
line stressed by the review is the development of new ecological comfort perfor-
mance materials.

The development of new comfort performance materials as an alternative
sprang from the context of environmental and health hazard within global climate
change. During wearing, the clothes could generate wear particles of different
chemistries, which are released into the environment, with a different potential of
toxicity and mutagenicity.

Moreover, there are various problems associated with synthetics and artificial
dyes and pigments, as a consequence of their negative repercussion onto a global
and actual background, meaning the life cycle judgment and waste mainframe.

It is well known that manufactured dyes were declared as taboo, a lot of research
was polarized to test some of their replacements. Thus new formulations appeared
for the color of the wear comfort textile materials.

The typical example is carbon fibers proposed as low metallic (or nonmetallic)
comfort performant polymeric platforms.

The key point was the idea of synthetic fiber replacement with engineered
comfort polymeric materials, having partially the same comfort characteristics, in
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terms of hygroscopicity, water and air permittivity, thermal, electrical, and sound
insulation, and the last but not the least, self-cleaning performance.

There were studies trying to associate synthetic fibers with oxidic nanostruc-
tures or to be woven into a single fabric.

Notable scientific research was reported worldwide for the improvement of
ecological polymers, for different functions [68].

The review comes up with plant fibers (sisal, jute, hemp, flax) utilized as
pillared structures for various polymers, replacing synthetic fibers (glass, Kevlar,
carbon, etc.). Due to their biodegradability and sustainability, cellulosic fibers are
tremendous backup which can be utilized as basics in a particular variety of poly-
meric composite applications (e.g., kenaf and betel nut fibers) [44, 68-86].

Scientific reports made important state of the art, by summarizing data regard-
ing an extensive review concerning the employment of natural-sourced fibers as
fundamentals in polymer-based composites, with a certain target on their self-
clean/photocatalytic behavior [87].

The relevant requirements, which these new engineered comfort composites
with self-cleaning purposes should fulfill, are the following:

* Acceptable values of the comfort performance coefficient
* Stability at higher temperatures

The most extremely serious aspect is the one regarding the thermal stability of
the plant fibers. In terms of thermal stability, in comparison with the most valued
aramid fibers, decaying between 400 and 450°C, these thermal conditions are
diminished.

This fact happens because of the temperature at the contact surface can locally
exceeds several hundred degrees, during intense breaking.

The question is whether the natural plant fibers can be used for application at
such higher temperatures.

The research plan highlights the concept of using three main approaches to
increase plant fibers in thermal stability:

* The augmentation of elemental composition of cellulose, by eliminating the
secondary components, like hemicellulose and lignin, by an alkaline method

* The enhancement of thermal cohesion of the novel comfort performant
polymeric composites by employment of montmorillonite (MMT) emulsion,
having attributes of inorganic natural clay, containing SiO, tetrahedral sheets
arranged into a two-dimensional network structure, thus granting thermal
protection [88]

* The direct growth of pure and doped nanostructured ZnO coating onto the
abovementioned fibrous polymeric matrix as active photo cleaned/stain repel-
lent material in high engineered comfort products

In other words, the research review proposes the creation of some polymeric
platforms, whose place remains an important question.

Based on the work experience in the metal oxide and other photoactive mate-
rials for coating area, a novel approach to the direct growth of pure and doped
nanostructured ZnO coating onto different kinds of polymeric supports as active
photocatalyst material in comfort performance is proposed.
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By means of governing the nucleation dynamics, an alternative to modify the
expansion process of oxidic nanostructures occurs. Thus, the enlargement of oxidic
nanostructures is possible in a competitive mode at low temperature, by employ-
ment of physical approaches such as laser ablation, plasma vapor deposition,
nonaqueous solution growth, and solgel and spray deposition.

The abovementioned methodology grants the control of distinct polymeric
supports for oxidic nanostructure nucleation, having the convenience of a consider-
able larger surface than usual, low interfaces conducting to an augmented surface in
volume ratio of the active self-cleaned polymeric supports.

3. Impact

The expected impact of the first research direction is to make available new
scientific knowledge regarding comfort performant polymeric supports able to
consistently reduce stain repellence of them, since there is a niche in this field.

The expected outcomes will be a benefit to the know-how in the domain of
original textile platforms with comfort behavior, since green-chemistry engineered
substrates are in their inception. This review can make accessible an extensible
territory of technological employments, considering aspects like expenditure and
low environmental impact of the comfort polymeric platforms, with potential
commercialization in the future. Since the research plan targets air purification in
fact, the achieving of the fundamental objectives will have a strong environmental,
social, and economic impact.

The replacement in the model formulation of mineral fillers and fibers
(e.g., glass fibers); metals, such as copper, lead, and tin; antimony trisulfide; and
aramid pulp, presently used in comfort performance materials, by renewable
natural fiber-reinforced polymeric matrix composites (NF: cotton, flax, or sisal
fibers), will lead to:

 Thanks to their biodegradability, the production of comfort textile compo-
nents with potentially complete recyclability will be sustainable (zero waste at

the end of the life cycle).

* Anachievable lower weight will mean a decrease of gas emission in vehicles
enhancing the quality of life, due to the low density of the NF.

 More safety during fiber managing and a longer life for processing tools will be
provided by the lower abrasiveness and friendly handling of natural fibers as
reinforcing elements.

* Positive health effects.

* Eco-friendly, lack of toxicity.

* Low cost and weight, with potential perspective commercialization.

* Better ratio properties/weight, compared to glass fibers on the expense of
lower structural properties.

* Mechanical properties identical to those of traditional polymeric composites,
reduced friction at wear and tear, high geometric stability of the manufactured

parts, and good insulation characteristics.
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The innovative engineering of advanced eco-pad was obtained from green-
chemical, nonmetal materials, entirely fulfilling the most relevant promoting
tendency of the modern textile comfort architecture.

Having into consideration, the other research force line, the desired impingement
was to create reachable new scientific overview regarding self-cleaning polymeric
platforms, in order to capture/block/entrap the chemical compounds resulted from
the mineralization/degradation of organic matters, where this kind of expertise is
unpredictable, vague.

4. Objectives
4.1 For the novel comfort performant polymeric platforms

The novelty/originality of the proposed chapter consists in the application of
life cycle assessment (LCA) and eco-design methods to evaluate and optimize
comfort performance material formulations, through a comprehensive consider-
ation of resource consumption and bio-toxicity. In the above context, and given the
variety and complexity of non-exhaust emission sources, the statement proposes
some specific objectives, obviously derived from the fundamental objective of the
research plan.

* To obtain new ecological enhanced comfort performant polymeric platforms
(eco-pads). The role of plant fibers in these comfort performance composites
will be studied in relation to formulation/engineering, comfort performance
materials, and comfort performance material surfaces.

* To optimize the product/process: processability and performances of the
composites. This aspect requires an optimization of the matrix components
and the processing procedures. It is compulsory to optimize composition
(percentage of polymers and fiber; type and amount of additives and filler),
procedure (mixing, extrusion; treatment of fibers), and process conditions
(pH, temperature).

* To apply the extension evaluation method of wearing comfort performance
materials, which is an effective tool for the ranking/selection of comfort per-
formance materials, based on some defined criteria as follows: performance,
physical properties, costs of raw materials, wearing and washing effectiveness,
and thermal stability.

* To create a small-scale prototype pad, integrating the best comfort perfor-
mance material behavior to reduce the emission of particles derived from
wearing and washing, up to 50%.

* To create a database for environmental impacts and bio-toxicity of comfort
performance materials, to evaluate and optimize the comfort performance
material formulations through a comprehensive consideration of resources
consumption and bio-toxicity.

4.2 For the self-cleaning polymer-based platforms

The originality of this plan consists in the use as growth support of polymeric
materials to increase photocatalytic/self-cleaning active material surface, the use of
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the simple chemical approach for direct nucleation of ZnO nanostructures, as well
as the use of ZnO-based polymeric supports as self-cleaning/photocatalyst in an
innovative prototype platform.

1.In order to design nanostructured oxide-based coatings on polymeric sub-
strates with restrained sizes, favorable homogeneity, and durability using as
standard nucleation methods, diverse chemical simple ways (aqueous chemical
growth, nonaqueous solution growth, and sol gel), utilizing cheap precursors,
and feasibility for potential economic purposes.

2. To detect the excellent polymeric platform configuration, morphology, and

attributes in each polymeric layer and to obtain an outside surface to volume
ratio for operative membrane, in the case of particular chemical nucleation path.

3.To accomplish materials with high hydrophobicity/stain repellency during
wearing.

4.To create a small-scale prototype reactor, integrating the best self-cleaning
active nanooxide-based polymeric supports, in terms of sustainability, feasibil-
ity, and cost-effectiveness for future scale-up.

5. Methodology
5.1 For the novel comfort performant polymeric platforms

1. Preparation of eco-friendly comfort performance composites with tai-
lored comfort performance formulations, given the expertise on cellulosic

supports behavior:
* Cellulose-based fibers in composites formulation

o Cotton composite: polyester resin reinforced with montmorillonite-coated cot-
ton fibers

* Bananalpineapple composite: epoxy resin reinforced with banana/pineapple
fibers

Sample preparation:
o Extract fibers.
o Prepare epoxy and hardener.
o Prepare mold.

o Fabricate composite.

* Jute/ramie fibers in mixture with powdered nut shells as natural and biode-
gradable fillers in non-asbestos organic (NAO) comfort performance material
composites (graphite will be replaced with nut shell)
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* Jute composites: Jute/polyester-clay (montmorillonite) composite, jute vinyl
ester composite, jute epoxy composite, and jute/polypropylene/polystyrene
thermoplastic composite; montmorillonite-coated jute fiber; and reinforced
polyvinyl chloride (PVC) film composites

e Sisal composites: Montmorillonite-coated sisal/polyester composite, sisal/epoxy
composite, sisal urea/formaldehyde composite, and sisal polystyrene/polypro-
pylene composite

* Flax composite: Montmorillonite-coated flax polyester composite, flax/epoxy
composite, flax/polystyrene composite, and flax/polypropylene composite

* Hybrid composite with different volume fraction of glass and bamboo fibers
reinforced with an epoxy polymer

* Wool-polyester resin composites
o Avamid pulp and natural fibers

A special attention will be given to chemical-free polymeric supports using agri-
cultural wastes as a source of raw materials (coconut shell). In terms of economical
wastes, utilization is not a favorable solution, but the result might be environmen-
tally evaluated/quantified.

Method of production: dry wastes, grind, make different-sized sieves, and use a
compression molding machine.

Methods of characterization: compressive strength test, flame resistance, water
and oil (SEA 20/50) absorption, and wear rate.

Methods for the making of natural fiber composites [89]:

a.Filament winding
b.Hand lay-up/spray consisting of two processes
Characterization methods of eco-friendly comfort performance composites
by analytical techniques will be combined to study the topography, microstructure,
chemical composition, and thermal stability of the comfort performance polymeric
platforms, including SEM for morphology, EDX for elemental analysis, XRD, TGA,
EMA, XRF, and profilometry.
o Identifying the compounds in the raw components of wearing clothing items by
atomic absorption spectrometry (AAS) and atomic emission spectrometry
(AES) with inductively coupled plasma (ICP) spectrometry

* Physical properties: bulk density and water absorption properties

o Tensile properties: test direction, fracture stress, fracture strain, and Young’s
modulus

o Mechanical properties: tensile strength and elongation break

 Thermal properties by DTA and TGA analyses
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Measurements of comfort performance polymeric platforms by:

o Comfort performance materials tester according to the SAE J661 recommenda-
tion [88-97]

* Constant speed comfort performance material test machine

* Comfort performance material friction assessment and screening test (FAST)
machine

¢ Single-ended full-scale dynamometer

o Abrasive wear test (Taguchi method)

Characterization of microstructures of comfort performant material surfaces/
layers belonging to the wear comfort performant composites:

a. Comfort performance material surface morphology by scanning electron
microscopy with energy dispersive X-ray microanalysis and electron micro-
probe analysis, and light microscopy (LM)

Phase analysis:

b.X-ray powder diffraction methods

c. X-ray fluorescence spectrometry

d.Thermal gravimetric analysis

Identification of:

1.Dynamic response: the structural morphology of comfort performant poly-
meric layers modifies according to the distinct superficial points and across
specimen’s thickness.

2. Comfort performant polymeric platforms status correlation: the engineering
of comfort performant polymeric layers is in strong interrelation with param-
eters, such as interval of temperature, duration, and thermal behavior such as
degradation and readjustment 11.

3.Elemental composition dependency: the content of polymeric surface and bulk
varies; however, bulk amount determines the comfort performance of poly-
meric material thickness.

Evaluation of:

* Wearing performance characteristics

* Thermal stability and comfort wear properties

* Wearing system performance assessment

* Relationships between comfort performance materials and compositions of the
comfort performance materials
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5.2 For the self-cleaning polymeric platforms
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1. Direct nucleation of pure and doped ZnO/TiO, nanostructures within various

polymeric matrices/membranes, by chemical approaches (aqueous chemical
growth, nonaqueous solution growth, and sol gel)

* The nucleation method will be enhanced, in terms of type of substrate. The
selection of the materials was made in terms of potential support for the
photocatalytic ZnO layer (natural fiber polymeric support, synthetic fibrous
matrices, and mineral fiber fibrous matrices) with different textures.
Another criterion was the envisaged application; thus, materials with low
optical absorption in UV-Vis region of the light spectrum were preferred.

* ZnO growth parameters optimization for each support.

* Mn, Ag, Cu, Ni, V, and S, with various concentrations, will be used as
dopants in ZnO lattice in order to enhance its photocatalytic activity in the
visible region of electromagnetic spectrum and tailor morphology.

2. Systematic study of structural, chemical, and physical properties of pure and

doped ZnO nanostructured material grown on various polymeric supports and
growth optimization with respect to the substrate and dopant

* Pure and doped ZnO material characterization: study of topology of the
coating involving optical and electron microscopy SEM, TEM, AFM, struc-
ture, composition and stoichiometry XRD, EDX, FT-IR, Raman, BET, and
optical properties using UV-Vis spectroscopy

* Coated polymeric support characterization testing: coating quality inspec-
tion using microscopic techniques, optical properties in the case of transpar-
ent textile substrates, adherence studies, washing tests, and hydrophilic
behavior evaluation

3. Evaluation of the photocatalytic activity for each material on each substrate

followed by optimization of the growth technique with respect to the photo-
catalytic efficiency

* Preliminary photocatalytic tests employing wearing rubbishes from the
inside of the polymeric layers.

* Photocatalytic activity against various particles generated by washing and
wearing. The tests employ various light sources. The tests were done for one
contaminant at a time in synthetic air and water. The pollutant depletion was
monitored for a reasonable time, and the results will be compared to estab-
lish which pair of photocatalyst substrate has the highest activity.

Integration of the optimum coated polymeric material in a novel laboratory
small-scale prototype of a photocatalytic reactor, which may be the subject of a
patent application

* Design of small-scale laboratory urban air decontamination prototype reac-
tor to host the best-engineered photocatalytic active material
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* Execution of the designed prototype reactor for air decontamination and
integration of the best photocatalytic active material

* Testing the prototype reactor for air decontamination and optimization with
respect to application and aesthetical factors
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