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Abstract A magnetic hybrid material consisting of iron oxide nanoparticles (4 nm)
embedded in a polymer matrix of Na-CMC was synthesized. The synthesis was done
from a chemical treatment on a precursor hybrid material previously synthesized.
The structure, morphology, and magnetic properties for this magnetic hybrid
material were studied by X-ray diffraction, IR spectroscopy, transmission electron
microscopy, and magnetometry. Additionally, the dynamic response was analyzed
in order to probe the feasibility to use this magnetic hybrid material as a bending-
type actuator. The experimental results show that the responses of the deflection
have a linear trend over a reasonable range, suggesting that the magnetic hybrid
material can be used as bending-type actuators in small mechanical systems and
devices. First simulations have also been done considering the two components
of the magnetic hybrid material: the oxide iron nanoparticles and Na-CMC. The
displacement response takes in account the viscoelastic properties of the polymeric
matrix and the magnetization of the nanoparticles.

2.1 Introduction

Recent advances in polymer science have allowed a better utilization of the
properties of polymeric materials and their composite and/or hybrid materials
[3, 10, 11, 17, 25, 27–30, 33, 39]. Polymers offer an attractive basis for microsystems
[24]. Some of the characteristics of the polymer materials that benefit from both the
field of microsystems and the electroactive polymer actuation technologies are: (1)
elasticity, they can absorb impact energy and tolerate large degree of deformation;
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(2) cost, they are relatively inexpensive compared to silicon; and (3) manufacturing,
they can be formed into three-dimensional structures. In this chapter, a new hybrid
material with potential applications as an electroactive microactuator is presented.

The synthesis of new hybrid materials has acquired great importance due to the
development of experimental techniques allowing that two inherently incompatible
components (e.g., organic polymers and inorganic oxides) can be combined by a
pre-mix of both at the molecular level, before its conversion into a new hybrid
material. This has allowed the design and synthesis of hybrid advanced materials
with very specific physicochemical properties, including a multi-functional charac-
ter, essential in modern organic electronics and microsystems. From the point of
view of structure and morphology, a hybrid material is one phase or multi-phases
dispersed into a matrix, which is typically a polymeric material. Additionally, the
synthesis of hybrid materials with a polymeric matrix compatible to biological
systems, as carboxymethyl cellulose or Na-CMC, represents an area that has paid
a lot of attention of many research groups, due to the biological or surgical
applications that this kind of materials could offer [30, 39]. The hybrid material
described through the next sections is composed of a polymeric matrix of Na-CMC
and inorganic nanoparticles of iron oxide (Fe2O3). Polymeric matrices are also
suitable to encapsulate the metallic nanoparticles during their synthesis, avoiding
the formation of agglomerates [3,11,26,27,29]. For these reasons, the development
of hybrid magnetic materials using biocompatible polymeric matrices as Na-CMC
is of great scientific and technological interest.

This work deals with a magnetic hybrid material based on Na-CMC and Fe2O3

nanoparticles. Section 2.2 describes the synthesis of this innovative material;
Sect. 2.3 presents its structural, morphological, and magnetic characterization; and
Sect. 2.4 shows the experimental results and finite element simulation (FES) of this
material considering that it could work as a bending-type microactuator.

2.2 Synthesis of the Magnetic Hybrid Material

The synthesis of new hybrid materials by the scientific community has led to the
improvement of the process of combining two or more materials with the purpose of
obtaining multifunctional materials. In polymer technology, it is a common practice
to strengthen conventional polymeric materials with inorganic fibers or fillers to
improve their mechanical properties. This kind of materials have a great application
today mainly for the construction of light vehicles and utensils for sports [8, 16].
In this sense, the development of new microactuators for the electronic industry,
enabling it to extend their applications to biological systems, requires the synthesis
of new hybrid materials with polymer matrix that respond to the application of a
magnetic field [12, 18, 27, 29, 37], either, which can also carry electricity, without
losing their viscoelastic properties and biocompatibility. To achieve these objectives,
an important alternative is the development of nanostructured hybrid materials.
Na-CMC due its low cost and its functional groups, it is a polymer matrix which
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Fig. 2.1 Chemical structure
of a chain segment of
Na-CMC

can be used as a stabilizing agent of metallic nanoparticles. The aim of this section
is the synthesis of magnetic nanoparticles that can be dispersed and stabilized in a
polymeric matrix of Na-CMC, resulting in a hybrid magnetic material.

2.2.1 The Polymer Matrix or Na-CMC

Sodium carboxymethyl cellulose or Na-CMC is an ether derivative of cellulose with
the carboxymethyl groups bounded to the hydroxyl groups of the β-anhydroglucose
units (see Fig. 2.1) of cellulose macromolecules. The role of Na-CMC in the
industry is related to its hydrophilic character and its high viscosity, allowing it
to be used as base material to form thin films with good rheological properties. In
addition Na-CMC also can be used as a thickener or even as adhesive in many
industrial processes. In the process of Na-CMC synthesis, chemical groups of
“sodium carboxymethyl” (CH2COONa) are introduced in the repetitive units (β-
anhydroglucose) of cellulose. These CH2COONa groups give Na-CMC a certain
degree of solubility in water; this property does not have cellulose macromolecules.
Figure 2.1 shows a segment of Na-CMC chain, same hydroxyl groups have been re-
placed by sodium carboxymethyl groups into the repetitive unit: β-anhydroglucose.
Because of its chemical structure, Na-CMC can form coordinate bonds with divalent
ions without loss of its process ability [14, 15, 26, 28, 29, 36].

A very important aspect that defines the functional properties of Na-CMC is
its degree of substitution or DS. The value of DS is a function of the average
number of OH-groups replaced by CH2COONa groups into the β-anhydroglucose
units [26, 29]. Figure 2.1 shows that each β-anhydroglucose unit has 3 OH-groups
available for a maximum of 3 DS. For example, in a sample of Na-CMC with a
1.5 DS, it means that on average 50% of the hydroxyl groups were replaced by
CH2COONa groups, and the 50% of remaining OH-groups remain free. The ability
of the Na-CMC as a thickening agent for the control of flow of fluids (rheology
control) depends largely on its DS value. At the same time the magnitude of DS
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depends on reaction kinetics for the synthesis of Na-CMC. For samples with low
values of DS, for example DS = 0.2, most of the reaction was carried out in
amorphous cellulose regions or on the surface, and consequently Na-CMC sample is
relatively insoluble in water, but it absorbs significantly more liquid than the starting
(cellulose) material. For values of DS = 0.5, Na-CMC shows partial solubility, due
to little replaced regions that appear very swollen and opaque, as an opaque gel.
Samples with a DS = 0.7 or greater are the result of sufficient replacement of OH-
groups producing a higher solubility of Na-CMC in water and minimize the physical
interactions among chains that produce agglomerates, these interactions can be
interrupted by the inherent stress in the fluid and produce thixotropic rheology.
The chemical reactions necessary for the synthesis of Na-CMC, which reach a
value of DS = 1, produce polymeric chains that have a very low concentration of
OH-groups; these OH-groups have not been replaced by carboxymethyl groups.
Consequently this specimen has a little tendency to the formation of agglomerates.
These last aspects lead to a rheology behavior of Na-CMC which is known as
pseudoplastic (or non-Newtonian rheology). In pseudoplastic behavior viscosity
decreases as shear rate increases. It is important to remark here that when OH-
groups into chains of Na-CMC are uniformly replaced by CH2COONa groups,
these groups interact with water molecules producing a uniform flow of Na-CMC
solution. On the other hand, when OH-groups are replaced by CH2COONa groups
at a random way, the less substituted regions or hydrophobic chains, they tend
to swell, since these regions tend to be associated through hydrogen bonds and
form three-dimensional networks that give rise to a structure with thixotropic fluid
characteristics. Na-CMC compatibility is another important property that is also
affected by DS-magnitude; this is because the less soluble regions of Na-CMC tend
to precipitate easily. Na-CMC samples with high values of DS which correspond
to Na-CMC uniformly replaced are more stable to acid pH, because of that acid
hydrolysis takes place in the union ether between two β-anhydroglucoses units. An
important technological information of commercial Na-CMC is as follows, it is solid
white, odorless, tasteless, and without toxicity. Viscosity in aqueous solutions to 2%
ranges between 10 and 50,000 mPa s [26].

2.2.2 In Situ Synthesis of the Magnetic Hybrid Material

Today, a wide variety of methodologies that allow a combination at the molecular
level of different materials have been developed. Many of these methodologies are
based on some mechanism of precipitation, controlling the size of particle produced
in this way [3,26,28,29]. These methodologies for the synthesis of hybrid materials
are classified as in situ and ex situ methodologies. For methodologies classified
as in situ growth of nanoparticles is given into the polymer matrix, instead on
methodologies ex situ nanoparticles are synthesized independently and then they
are dispersed into polymer matrix. In this work, we used an in situ methodology to
obtain a magnetic hybrid material (Fe2O3/Na-CMC).
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For in situ methodologies, it is essential that, at a first stage must be mixed
inorganic precursors with the polymer matrix, and then inorganic precursors into
polymer matrix are transformed to a new phase. The pre-mix can be carried out in
several ways:

• Absorption of metal ions in ion-exchange resin or polymeric gels
• Dissolution of precursors in a polymer solution
• Deposition of precursors in a porous polymer, chemical, electrochemical meth-

ods or steam

A prerequisite for the development of the in situ methodology is that the polymer
matrix must have functional groups, which should be establishing chemical or phys-
ical interactions with the metallic ions of precursor salts, favoring a homogeneous
dispersion of the precursor salt into the matrix. Once the metallic ions interact with
the polymer matrix, a chemical or physical treatment is carried out with the purpose
of obtaining the desired structure of the dispersed phase. In a previous work, it
has been reported the synthesis of a material hybrid in which were dispersed in a
homogeneous way nanoparticles of Fe2O3 into a polymeric matrix of chitosan [27].

For the synthesis of Fe2O3/Na-CMC hybrid material, the process was carried out
in two stages. In the first stage, the main objective is that the precursor salt and Na-
CMC should be combined in a way such that the precursor salt ions are dispersed
evenly in the Na-CMC, to obtain a precursor hybrid material. In the second stage, the
precursor hybrid material is subjected to a certain chemical treatment for obtaining
Fe2O3/Na-CMC.

Figure 2.2 is a schema of the first stage; Na-CMC and FeCl2–4H2O were
dissolved in distilled water obtaining two solutions Na-CMC/H2O and FeCl2/H2O.
Both solutions were subjected to an agitation process for 5 h, and then mix both
solutions; the product obtained is subjected to another agitation process during 4 h.
After that, this last solution is poured in a Petri dish and is subjected to a process of
drying by natural convection in a hot plate at an average temperature of 40 ◦C for
24 h. The resulting product is the precursor hybrid material. This material is stored
in a desiccator where samples are taken for analysis and also to be subjected to
chemical treatment that constitutes the second stage.

In the second stage, the precursor hybrid material was subjected to a chemical
treatment with an aqueous solution of NaOH 6.7 M at 40 ◦C. Consequently the
precursor hybrid material undergoes a change of color, dark coffee to black. After
that, the “black” material is immersed in the alkaline solution and then 30 mL of
hydrogen peroxide (H2O2) was added, this produced a new change of color, black
to reddish brown. After 15 min the “reddish brown” material was removed from the
alkaline solution and it was subjected to a process of washing with distilled water
and ethyl alcohol, with the aim of eliminating waste substances. This new material is
the final product that presumably is a hybrid magnetic material composed of Fe2O3

nanoparticles dispersed in a polymer matrix of Na-CMC.
The magnetic hybrid material obtained has been characterized structurally,

morphologically, and magnetically. The techniques applied and the results obtained
are described in the next section.
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Fig. 2.2 First step of the
synthesis of the magnetic
hybrid material: the precursor
hybrid material

2.3 Characterization of the Magnetic Hybrid Material

In this section, the experimental results obtained from the structural, morphological,
and magnetic characterizations are presented and discussed. In the first part, we deal
with the structure and morphology for both the precursor hybrid material and the
magnetic hybrid material. In the second part, the magnetic properties of the last one
are analyzed.

2.3.1 Morphology and Structure of the Precursor Hybrid
Material and the Magnetic Hybrid Material

For the synthesis of the precursor hybrid material two aqueous solutions were
mixed, one of FeCl2 and another of Na-CMC, this with the purpose of obtaining
an aqueous solution containing FeCl2 and Na-CMC. After that, it has removed the
solvent by natural convection; it allowed us to obtain a thin film in which presumably
the Fe2+ ions are bound to carboxymethyl groups of the Na-CMC. Figure 2.3 shows
three images, the first one (Fig. 2.3a) is a thin film of Na-CMC, the second one
(Fig. 2.3b) corresponds to a film of the precursor hybrid material, and Fig. 2.3c is a
powder of the magnetic hybrid material obtained.
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Fig. 2.3 The magnetic hybrid material at different steps: (a) Na-CMC sample, (b) the precursor
hybrid material, and (c) powder of the magnetic hybrid material

In order to verify that the Fe2+ ions have some kind of chemical interaction
with carboxymethyl groups of Na-CMC, the precursor hybrid material (Fig. 2.3b)
was analyzed by X-ray spectroscopy and IR-spectroscopy. On the one hand, the X-
ray diffraction technique was used mainly to corroborate the complete dissolution
of precursor salt into the polymer matrix of Na-CMC. The device used was a
SIEMENS D5000 diffractometer with a radiation source of CuK. On the other hand,
by IR-spectroscopy, the different vibration modes of the chemical groups for both
the precursor hybrid material and Na-CMC samples were analyzed. Using these
results, it was possible to study the interactions between functional groups of the Na-
CMC and the ions of precursor salt. The device used to obtain these experimental
measurements was a Nicolet FTIR spectrometer.

Figure 2.4 shows the patterns of X-ray diffraction which were obtained for
the samples of Na-CMC (Fig. 2.4a), for the precursor hybrid material in question
(Fig. 2.4b), and for salt precursor FeCl2·4H2O (Fig. 2.4c). The diffractogram ob-
tained for Na-CMC sample (Fig. 2.4a) is a typical curve corresponding to materials
with amorphous structure. While the diffraction pattern that corresponds to the
precursor hybrid material is displayed in Fig. 2.4b. It is clear that the diffraction
peaks in Fig. 2.4b do not correspond to the precursor salt, FeCl2·4H2O, see Fig. 2.4c,
these diffraction peaks correspond to NaCl crystals embedded into Na-CMC matrix.
These results suggest that the precursor salt (FeCl2·4H2O) was completely dissolved
into the polymer matrix, probably forming chemical bonds between Fe2+ ions and
carboxymethyl groups of the Na-CMC. On the other hand, the presence of crystals
of NaCl into the precursor material is a consequence that in the first stage of the
synthesis process, there are conditions to carry out a process of crystallization, due
to the ionic interactions that occur between the Cl− of the precursor salt and the Na+

from the Na-CMC [26, 29]. In order to corroborate the chemical interaction of ions
of Fe2+ with the Na-CMC, the different modes of vibration which have functional
groups both the precursor hybrid material and Na-CMC samples were determined
by IR-spectroscopy. The comparison of the spectra obtained for these samples (see
Fig. 2.5) go allowed clarifying the way in which Fe2+ ions interact with the polymer
matrix for the formation of the precursor hybrid material.
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Fig. 2.4 X-ray diffraction patterns for samples: (a) Na-CMC, (b) the precursor hybrid material,
and (c) precursor salt (FeCl2·4H2O)

Fig. 2.5 Infrared spectra for: (a) NA-CMC and (b) the precursor hybrid material

Figure 2.5a corresponds to the infrared (IR) spectrum obtained for Na-CMC
sample. The characteristic vibration mode associated with chemical groups –OH
is observed at 3,500 cm−1. Another vibration mode is stretching of C–H, and its
corresponding band is observed at 2,925 cm−1. At 1,417, 1,600, and 1,058 cm−1

are identified another bands related to stretching of the asymmetric ether group
of the carboxymethyl groups. On the other hand, Fig. 2.5b corresponds to infrared
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Fig. 2.6 Diffraction patterns for: (a) the magnetic hybrid material, (b) standard maghemite phase,
and (c) standard magnetite phase

spectrum of the precursor hybrid material; in this figure the band associated with
the carboxymethyl groups has a shift towards high values of the wavenumber, about
1,633 cm−1. The shift of this band is related to chemical interactions that occur
between Fe2+ ions and carboxymethyl groups of Na-CMC. The results obtained
by X-ray diffraction and IR-spectroscopy allow us to ensure that Fe2+ ions are
distributed evenly in the polymer matrix of the precursor hybrid material. This
condition is necessary and indispensable for the precursor hybrid material to be
used as raw material base for the synthesis of Fe2O3 nanoparticles homogeneously
dispersed into Na-CMC.

The hybrid magnetic material samples were also analyzed by X-ray diffraction
with the aim of determining the crystal structure and the size of nanoparticles
dispersed into polymer matrix. The Scherrer equation [26, 29] was used for the
calculus of particle size [26]. Figure 2.6a shows the diffraction pattern obtained
for the magnetic hybrid material. The diffraction peaks which are marked with
an asterisk (*) 18.35◦, 30.25◦, 33.65◦, 42.25◦, 53.7◦, and 62.95◦ correspond to
crystallographic planes (1 1 1), (2 2 0), (3 1 1), (4 0 0), (4 2 2), and (4 4 0), respec-
tively, and they are consistent with the bars shown in Fig. 2.6b coming from a
standard diffraction phase of maghemite [1 0 0], and also with standard diffraction
phase (Fig. 2.6c) of magnetite [1 0 1]. In addition, it also displayed diffraction peaks
associated with the crystallographic planes (2 1 0), (2 1 1), and (1 1 0) belonging to
the phase of maghemite [1 0 0]. These results are important since they corroborate
us the existence of a phase Fe2O3 into the polymer matrix of Na-CMC [26, 29].

From experimental results of Fig. 2.6a, inter-planar distances (d) were calculated
using Bragg law. These calculated values of d are consistent with those reported in
the literature for the crystal structure of the [1 0 0] maghemite. Table 2.1 shows
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Table 2.1 Computed
inter-planar distances
d = d(dexp) from
experimental results

2θexp d d(γFe2O3) d(Fe3O4)

14.95 0.5921 0.5918
18.35 0.4800 0.4822 0.4852
23.75 0.3740 0.3740
26.10 0.3411 0.3411
30.25 0.2952 0.2953 0.2967
35.65 0.2516 0.2517 0.2532
43.25 0.2090 0.2088 0.2099
53.70 0.1705 0.1704 0.1714
62.95 0.1475 0.1475 0.1484

d-computed values and the reported values in ICDD database for maghemite
d(γFe2O3) and magnetite d(Fe3O4) phases. The computed d values are very close
to the ICDD values for maghemite crystalline structure [26, 29].

On the other hand, from the experimental data of Fig. 2.6a, it is also possible to
compute the crystal size 〈L〉 by Scherrer equation:

〈L〉= 0.89λ
β cosθ

(2.1)

where λ is the wavelength of the incident X-rays, θ is the half of the diffraction
angle 2θ in degrees, and β is the full width at half maximum of the diffraction peak.
The computed value 〈L〉 obtained was 5.6 nm. These results suggest that iron oxide
nanoparticles are embedded into the polymer matrix.

To obtain additional information about the chemical structure of the magnetic
hybrid material, an IR-spectroscopy analysis was performed. Results are displayed
in Fig. 2.7. The IR-spectrum obtained in Fig. 2.7b shows the characteristic bands of
Na-CMC at 3,500, 2,925, and 1,058 cm−1 already mentioned. In this case, unlike
the IR-spectrum of the precursor hybrid material (Fig. 2.5b), the bands associated
with the carboxymethyl groups remain at 1,600 and 1,417 cm−1 for the magnetic
hybrid material.

This result can be interpreted as a weak-chemical interaction between iron oxide
nanoparticles and the carboxymethyl groups of the Na-CMC. In addition, the band
at 1,600 cm−1 also suggests that during the iron oxide precipitation, the sodium-
carboxymethyl groups were again formed through the reaction of carboxymethyl
groups with Na+ of NaOH added to obtain alkaline conditions (see Fig. 2.8). It is
important to remark here the presence of two peaks in the IR-spectrum for magnetic
hybrid material (Fig. 2.7b), they are located at 570 and 437 cm−1 wavenumber.
In [26, 29], these bands were associated with the Fe–O bending vibrations of the
maghemite iron oxide phase.

The size and morphology of Fe2O3 nanoparticles into magnetic hybrid material
were studied by Scanning Transmission Electron Microscope (STEM) and High-
Resolution Transmission Electron Microscope (HRTEM) techniques. A scanning
electron microscope JEOL 2010 transmission with acceleration 200 kV voltage was
used for this purpose. For this analysis, samples were prepared in the form of
powder as the specimen shown in Fig. 2.3c, and they were subsequently dispersed
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Fig. 2.7 IR spectra for: (a) Na-CMC and (b) the magnetic hybrid material

Fig. 2.8 Schematic representation of the synthesis process of magnetic hybrid material from a
precursor hybrid material

in acetone, using for this purpose a sonificator (ultrasound). After that, it is taken an
aliquot and settles on a grid of copper-coated with a film of carbon.

The STEM images (Fig. 2.9) show a higher number of iron oxide nanoparticles
with sphere-like morphology. The average particle size of the iron oxide was
measured using image analysis, and the frequency histogram shows a size of 4 nm
(inset Fig. 2.9), very similar to the previously computed value 〈L〉 obtained using
the Scherrer equation.
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Fig. 2.9 STEM image of the magnetic hybrid material and frequency histogram

HRTEM image of Fe2O3 nanoparticles is shown in Fig. 2.10. The well-defined
lattice fringes correspond to crystallographic planes of Fe2O3 nanoparticles and
they are identified in this HRTEM image. In addition, inter-planar distances: 0.477,
0.332, 0.297, and 0.249 nm were also computed from this figure. These computed
values correspond to inter-planar distances of (1 1 1), (2 1 1), (2 2 0), and (3 1 1)
planes. These crystallographic planes are of maghemite crystalline structure, which
is consistent with the X-ray diffraction analysis. These inter-planar distances are
very close to the computed values, shown in Table 2.1.

The study of the structure and morphology of the magnetic hybrid material
indicates that iron oxide nanoparticles are evenly dispersed in the polymer matrix.
The following section presents the results obtained from the analysis of the magnetic
behavior of the magnetic hybrid material.
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Fig. 2.10 HRTEM images of
Fe2O3 nanocrystals into the
magnetic hybrid material

2.3.2 Magnetic Properties of Magnetic Hybrid Materials

The magnetic hybrid material (Fe2O3/Na-CMC) was synthesized by subjecting
the precursor hybrid material to a chemical treatment in an alkaline solution and
hydrogen peroxide. At this stage it changed its color to black when the precursor
hybrid material is in contact with the alkaline solution, then to reddish brown
by gradually adding the peroxide. This color change is considered a macroscopic
evidence of the formation of nanoparticles of iron oxide (in situ) in the polymer
matrix of the CMC, obtaining with this a magnetic hybrid material, Fe2O3/Na-CMC.
For the study of magnetic properties, the samples of the magnetic hybrid material
were powdered as the specimen shown in Fig. 2.3c.

The study of the magnetic properties of the synthesized hybrid magnetic material
was carried out through a Quantum Design MPMS magnetometer of the SQUID
VSM type by magnetization measurements. Figure 2.11 shows the magnetization
curve at room temperature (300 K). The saturation magnetization value (Ms) is
13.9 emu/g whereas both, remnant magnetization and coercivity (Hc) are unde-
tectable. These last results are characteristics of a magnetic hybrid material with
superparamagnetic behavior.

Conversely, Fig. 2.12 presents the magnetization curve at temperature 2 K. Under
these conditions both coercivity field and remanent magnetization values are differ-
ent to zero. It can be seen that the corresponding values for the different magnetic
parameters are 19.9 emu/g for saturation magnetization, 357 Oe for coercive field
(Hc), and 6.14 emu/g for remanence value (Mr) (inset Fig. 2.12); a ferromagnetic
behavior appears when the magnetic analysis is performed below the blocking
temperature (T B).
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Fig. 2.11 Magnetization curve for the magnetic hybrid material at room temperature

Fig. 2.12 Magnetization curve for the magnetic hybrid material at 2 K

To estimate the T B for the magnetic hybrid material, cooling at zero magnetic
field (ZFC) and field cooling (FC) analyses was performed at a magnetic field of
100 Oe (Fig. 2.13). When the magnetic hybrid material is cooled at ZFC, Fig. 2.13
shows that the total magnetization is small, but not zero (20% of the maximum),
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Fig. 2.13 ZFC and FC magnetization curves at 100 Oe

as the magnetic particles are not fully random. When temperature increases, the
nanoparticle magnetic moment is oriented with the external field increasing the total
magnetization until it reaches a maximum at 71 K which is the value of the blocking
temperature (T B). At this temperature, the thermal energy becomes comparable to
the energy gained by aligning the nanoparticle magnetic vector in the weak field. At
this point, the transition from ferromagnetic to superparamagnetic behavior is ob-
served. When all nanoparticles are at the superparamagnetic relaxation state, above
T B, their magnetization follows Curie’s law decreasing with increasing temperature.
In the case of field cooling (FC), magnetization monotonically increases as the
temperature decreases because the nanoparticles are cooled from room temperature
under a magnetic field and the magnetization direction of all the nanoparticles is
frozen in the field direction. The magnetization shows the maximum at 2 K in the
FC process (Fig. 2.13).

In conclusion, the analysis of the magnetic properties of the magnetic hybrid
material shows a superparamagnetic behavior at room temperature changing to
ferromagnetic below 71 K, the blocking temperature.

The next section presents the experimental and FES response of the magnetic
hybrid material for working as a bending-type actuator.
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2.4 Actuation Properties of the Magnetic Hybrid Material

Electroactive materials with low driving voltage and large displacement are of
critical importance for advancing the technology of microactuation. The major
drawbacks of magnetic actuation are the by-effects arising from the relatively high
currents involved in conventional magnetic actuation: the Joule losses in conductors
imply overheating which may call for cooling techniques but also energy wastage
[7]. The innovative material described above mixes the magnetic properties of
the Fe2O3 and the insulating characteristics of the polymeric Na-CMC. Hence, it
presents a good response face to an external magnetic field, but it does not heat
because of the Joule effect.

Even if electromagnetic systems typically are rather complex, not only does
magnetism already dominate the macroworld, but it also scales down very well
to the microworld. Electromagnetic interactions that deserve a larger interest from
the microsystems community, magnetic fields, and gradients can be effective over
long distances relatively to the size of the microsystems. Additionally, magnetic
microsystems offer large forces, large strokes, remote or distance control, bi-
stability, robustness, high energy conversion efficiency, levitation, etc., all with great
potential for new devices in many domains of applications.

The global market for magnetic sensors has been growing in terms of technology
and applications. Position sensors, speed sensors, and record heads in hard disk
drives in computers are the most commonly used magnetic sensor types currently in
vogue. One of the rapidly expanding application areas includes e-compassing used
in passenger cars, GPS-enabled handheld devices, cell phones and dead reckoning
(DR) in personal vehicle, aircraft and marine navigation [32]. Contactless magnetic
interaction allows remote actuation making magnetic actuators very well suited
to harsh environment or for medical applications, through the skin. Laboratory-
developed prototypes include RF microswitches for mobile phones, read/write
heads and microposition systems, optical microcross-connect for fiber optic net-
works, microscanners, micromotors for less-invasive surgery or microrobotics,
micropumps or microvalves for lab-on-chip and microfluidic devices, electrical
microgenerators for autonomous power supplies, micromirrors for adaptive optics,
microscanners for retinal scanning displays, magnetic suspensions for hard disk
drives, etc. [7, 20, 22, 35, 38].

For these innovative applications, the insertion of smart functions was not
previously possible with macroscopic devices. Performing research in the field
of magnetic microactuators becomes thus a necessity. This section deals with the
actuation properties of the magnetic hybrid material (Na-CMC/Fe2O3). As it has
been explained, the hybrid material reacts to external magnetic fields. The resulting
motion and force could be used as a magnetic field-controlled actuator. The focus of
the macroscopic study of the magnetic behavior of the magnetic hybrid material is to
investigate its dynamic response, specifically the displacement curves as a function
of the applied magnetic field. This study has been performed experimentally and via
a FES.
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Table 2.2 Geometries of the
analyzed samples of the
magnetic hybrid material

Geometry Length (mm) Width (mm) Thickness (mm)

I 17.94 2.81 0.3
II 18.00 1.06 0.02

Fig. 2.14 Geometries of the magnetic hybrid actuator samples (see Table 2.2): (a) lateral view
photograph and (b) schematic representation

The range of variation of the magnetic field for both analyses, experimental and
FES, is based on previous results, which indicates a magnetic field around 100 Oe
necessary to excite the magnetic hybrid material. The geometries of the two samples
analyzed are described and illustrated in Table 2.2 and Fig. 2.14. Both geometries
seam to a long beam.

Next sections will describe the basic theory of magnetics and bending beams
involved in the actuation study of the magnetic hybrid material, as well as
the procedures and results concerning the experimental and simulated actuation
response of the material.

2.4.1 Basic Theory

The following section shows a summary of the relevant theory in magnetics and
bending of beams involved in the actuation response of the magnetic hybrid
material.
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Concerning magnetic equations, two vectorial variables are used to describe
magnetic fields: the magnetic field strength H, in Ampere per meter (A/m), and
the magnetic induction B, in Tesla (T). When an external field H is applied to the
material, the magnetic field B is induced in the material. The two variables are the
same only in free space; otherwise, they are connected by the equation B = μ0H,
where μ0 = 4π ×10−7 (Tm/A) is the magnetic permeability of the free space.

The magnetic force acting on a magnetic particle inside a magnetic field depends
on the volume of the particle V (in m3), the difference in the magnetic susceptibil-
ities χp − χm (dimensionless) between the volume susceptibility of the particle χp

and the volume susceptibility of the medium χm, the magnetic permeability of free
space μ0, and the strength and gradient of the applied magnetic field H [19, 31, 34]:

F = μ0V
(
χp − χm

)
(H ·∇)H (2.2)

For diamagnetic medium, as carboxymethyl cellulose, the volume susceptibility
χm can be neglected and (2.2) becomes:

F = μ0V χp (H ·∇)H (2.3)

When the material is placed in the magnetic field, a magnetic dipole moment m
(in Am2) is induced in the material. The sum of the dipole moments in a volume of
the material is the magnetization M, given by:

M =
m
V

(2.4)

In a uniform magnetic field B, a magnetic dipole experiences a magnetic torque
defined by:

T = m×B (2.5)

This torque tends to line up the magnetic moment with the magnetic field, so this
represents its lowest energy configuration.

Considering bending equations, simplifying approximations are employed to
study problems of beam bending. Euler–Bernoulli beam theory is one of them [5].
It provides a means of calculating the load-carrying and deflection characteristics of
beams and covers the cases for small deflections of a beam which is subjected only
to lateral loads. The principal hypothesis of the Euler–Bernoulli theory is that plane
sections remain plane and normal to the axis of the beam.

Considering this hypothesis, the displacement δ (in m) at the free end of a
cantilever beam (rectangular cross-section) with a single concentrated load F (in N)
at the same free end, is done by the expression:

δ =
FL3

3EI
(2.6)

where E is the Young’s modulus of the cantilever’s material (in Pa) and I = bh3/12
is its area moment of inertia (in m4). The geometry of the cantilever is defined by
its length L, width b, and thickness h (all in meters, m).
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Fig. 2.15 Experimental setup to quantify the bending of the magnetic hybrid material samples

2.4.2 Experimental Actuation Response

The next study will focus on experimental evaluation of the magnetic hybrid
material in an effort to determine the feasibility of utilizing these materials as
bending-type actuators. This study has been realized for the two samples of
the magnetic hybrid material whose geometries are described in Table 2.2. The
experimental setup is shown in Fig. 2.15. After mounting the magnetic samples
in a fixed-free cantilever configuration, uniform magnetic fields are applied to the
samples; it causes the samples to bend, similar to a cantilever beam. The samples
were oriented such that the length of the sample was perpendicular to the direction
of the magnetic field. A wood ruler is placed below the sample to quantify the
displacement of the bending. A digital camera Canon Powershot G10 records the
experiments. In order to produce a varying magnetic field, an electrical current
was supplied to a coil. The objective of this experimentation is to measure the
displacement response of the magnetic hybrid material due to an external applied
magnetic field. Linearity is an important characteristic for both the use and the
characterization of actuators [21].

The coil has been designed using (2.7), considering a magnetic field H =
7957.75 A/m (100 Oe), and an electrical current i = 1 A. The resulting coil consists
of 398 turns of 15-AWG wire wounded around a ferrite core with 5 cm of length l
and 1 cm of diameter φ . For the two samples studied, the relationship between the
applied electrical current and the resulting magnetic field using (2.7) is shown in
Table 2.3.

N =
Hl
i

(2.7)
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Table 2.3 Relationship between electrical current and magnetic field

Sample Current i (A) Magnetic field H (A/m) Magnetic field H (Oe)

I 0 0 0
0.20 1586.69 19.94
0.44 3441.37 43.25
0.65 5197.88 65.32
0.84 6689.05 84.06
1.05 8373.92 105.23
1.23 9809.37 123.27
1.40 11114.81 139.67

II 0 0 0
0.19 1544.24 19.41
0.43 3422.80 43.01
0.61 4855.60 61.02
0.83 6582.92 82.72
1.06 8461.48 106.33
1.21 9639.56 121.13
1.38 10984.80 138.04

Fig. 2.16 Experimental displacement of the two samples of the magnetic hybrid material as a
function of the electrical current applied to the coil

Figure 2.16 gives evidence that the geometry and shape affect the displacement
response. The thinner sample, sample II, presents 48% more displacement than
the bigger sample (sample I), being the maximal displacement attempted 1.55 mm.
Considering an uniform distribution of the nanoparticles in the polymeric matrix, the
rotation motion of the samples depends principally on the medium in which they are
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Fig. 2.17 Finite element setup of the magnetic hybrid material (sample II)

embedded. For both cases, the displacement generated by the magnetic field could
show a positive linear correlation over the range studied. Hence, the magnetic hybrid
material can be considered as a candidate of a flexible actuator.

Next section shows the FES results of the magnetic hybrid material.

2.4.3 Finite Element Simulation of Actuation Dynamics

As improved materials emerging, it becomes necessary to address key issues such
as the need of effective magnetomechanical modeling and guiding parameters in
scaling the actuators [24]. The dynamic FES of the magnetic hybrid film allows the
examination of its behavior in order to extend experimental study and to validate the
performance of the hybrid material.

Generally, FES on magnetic hybrid materials is done considering the material
as one material [4]. The objective of this section is to present the first simulations
of the magnetic hybrid material considering the two components that form it: Na-
CMC and Fe2O3. These FES of the magnetic hybrid material as a bending-type
actuator was done using COMSOL Multiphysics 4.3. We simulate the geometry of
the two samples defined in Table 2.2 introducing only a limited number of particles
to take into account the magnetic effect produced by the iron oxide particles and the
viscoelastic effect inherent to the carboxymethyl cellulose.

Figure 2.17 shows the simulated setup of the samples. The varying magnetic field
has been simulated as a permanent magnet with a magnetization varying linearly
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Table 2.4 Physical parameters of the simulated samples

Parameter
Young’s
module (MPa)

Poisson’s
ratio

Density
(kg/m3)

Relative permeability
(1+ χ)

Values for CMC [1, 4, 9, 23] 6.37 0.35 1.59 1
Values for Fe2O3 [2, 6, 13, 34] 18.82 0.3 1,089 7

Fig. 2.18 FES displacement of the magnetic hybrid material face to an external magnetic field

from 0 to 140 Oe. The iron oxide (Fe2O3) particles, as spheres, are embedded on
the polymeric matrix beam. The sample I contains 528 particles whose diameter
is 0.1 mm, and the sample II contains 348 particles of 0.015 mm of diameter.
Table 2.4 describes the physical parameters for the CMC and the Fe2O3 considered
for the FES.

The simulation has been developed in two steps. First, we evaluate the magnetic
forces acting on the superparamagnetic particles due to the permanent magnet.
Second, we simulate the displacement of the hybrid material produced by these
magnetic forces. Meshed models consist of triangular elements on the surface and
tetrahedral elements in the volume. The automatic meshing available in COMSOL
Multiphysics has been used to define the meshing. Depending on the geometry of
the sample, during the magnetic simulation, the mesh includes 128,268–447,198
elements which represent between 7,479 and 10,111 nodes. Considering the same
conditions, during the second step of the simulation, the mesh includes 134,074–
149,293 elements which represent between 7,068 and 10,178 nodes, depending on
the geometry of the sample. All the simulations are done in statics conditions. The
resulting curves of the displacement as a function of the magnetic field are shown
in Fig. 2.18. The nonlinearity of the displacement response is a consequence of the
polymeric medium in which the particles are embedded.
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Results obtained by FES (Fig. 2.18) could be considered as a first approximation
of experimental results (Fig. 2.16). In experimental results, the displacement seems
proportional to the electrical current that produces a magnetic field; while in FES
results the displacement is exponentially proportional to the simulated magnetic
field. These deviations between experimental results and FES results are associated
with the limited number of Fe2O3 nanoparticles introduced in the FES models to
take into account the magnetic effect produced by the iron oxide particles into the
viscoelastic effect, inherent to the carboxymethyl cellulose.

The synthesis in situ of iron oxide nanoparticles into the precursor hybrid mate-
rial to obtain the magnetic hybrid material allows us to driving the viscoelasticity of
CMC, because the displacements or deformations in the magnetic hybrid material
can be modified as a function of the magnetic field applied.

2.5 Conclusion

On the one hand, a magnetic hybrid material consisting of nanoparticles of iron
oxide in a Na-CMC matrix was obtained. The synthesis of magnetic nanoparticles
from the precursor hybrid material was confirmed via XRD and IR analysis. The
iron oxide nanoparticles are embedded in the Na-CMC and their measured size was
around 4 nm, having a nearly spherical morphology. The analysis of the magnetic
properties of the magnetic hybrid material shows a superparamagnetic behavior at
room temperature changing to ferromagnetic below 71 K, the blocking temperature.
Our results suggest that in situ precipitation of nanoparticles in the precursor hybrid
material is a promising route to the production of the magnetic hybrid material.

On the other hand, the dynamic response, specifically the displacement of the
magnetic hybrid material, has been observed in order to probe the feasibility to
use this material as a bending-type actuator. The experimental results show that the
responses of the deflection have a linear trend over a reasonable range, suggesting
that the magnetic hybrid material can be used as bending-type actuators in small
mechanical systems and devices. The thinner sample showed the largest response
among the two samples considered in this study. When an electrical current of
1.40 A is applied to the coil, the tip deflected nearly 1.55 mm. This result suggests
that the dynamic experimental behavior provide promising implications for their
role as magnetically controlled actuator. First simulations have been also done
considering the two components of the magnetic hybrid material: the oxide iron
nanoparticles and the carboxymethyl cellulose. The displacement response takes
into account the viscoelastic effect of the polymeric matrix and the magnetization
of the magnetic particles. Further studies must be addressed in this sense in order
to describe the macroscopic magnetic behavior of the hybrid material visualizing a
further application of the material working as a magnetic microactuator.
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