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Abstract

The physiochemical and biomedical applications of smart fluids, typically ferrofluid, magnetorheological
fluids, and nanofluids are studied. It is predicted that these fluids are impacted by the three most
important rheology parameters, namely strain, magnetic field, and temperature. The magnetoresistive
contribution is treated in terms of drug force in order to determine the coefficient of viscosity. The
research presents that the viscosity of studied fluids will increase in proportion to applied magnetic
field. The variables accounting for the resulting coefficient of viscosity are fluid density, drag force,
shear strain, and magnetic field. On the other hand, the action of controlled fields on bee honey, blood,
yolk, and lava lake shows that they behave as magnetorheological fluids. By computing the coefficient
of viscosity and strain, it is possible to determine the dispersion relation. This relation reveals that the
angular frequency is a function of mass, electric charge, magnetic field, and position. From the crystal
dynamics, the dispersion relations for magnetorheological fluids/ferrofluids is determined and
compared with dispersions relation of solids (phonons), plasma, and spin excitations (magnons). On
the basis of the calculated dispersion relations, the biomedical and technological applications of smart
fluids are predicted. This paper is aimed at investigating some of the new features and applications of
these fluids in electromechanical systems, medicine, and nanotechnology.
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INTRODUCTIONS
Several types of smart materials have been identified. Smart fluids, multiferroics, and nanoparticles
are part of a family of smart materials. Smart fluid is intelligent fluid where its rheology (viscosity) can
be changed by electric, magnetic field, and strain. In this research, smart fluids are given greater
attention. This is because their rheology (viscosity) is greatly influenced by magnetic field, strain,
temperature, and viscosity.
Smart fluids include ferrofluids, magnetorheological
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Assessment of nature fluids indicates that blood,
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lava fluids are naturally occurring fluids that are subjected to high viscosity. The first three fluids are
representatives of bio-colloids and lava exists during the volcano eruption. The dynamic viscosities of
these liquids are typically several orders of magnitude higher than dynamic viscosities of gases. As
Phule [2] verified, MRFs are applicable in automotive, aerospace, and other technologies. As Vékas [3]
realized, magnetically ordered nanochannels can be formed from magneto rheological fluids, which can
act as “on-off “switches or “permeability valve”.

A typical body fluid called hemoglobin is an MRF in the sense that its rheology is viscosity.
Hemoglobin has four protein molecules called chain globulin (Figure 1). Each chain globulin contains
a central structure referred to as hemi. As Lecomte [4] stated, guanidinium chloride is usually preferred
to maintain hemi in the Fe (111) version of heme in solution and in the monomeric state.

MRFs are equated with sensitive devices like actuators. Actuators are devices that can deform in
response to applied stimuli. Like actuators, MRFs respond to external stimulus. Like MRFs, the
sensitivity of actuator is affected by electric potential, current, magnetic field, light, pressure, and
temperature. As Bayaniahangar et al. [6] discussed, soft actuators are a special class of actuators made
of soft materials, which have been of great interest in micro fluidic systems.

At ferromagnetic state, MRF can form a semisolid state (Figure 2). Thus, it shares partly the
properties of semiconducting solids like Si, ZnO, Fe;0s3, and GaMnAs. It also enables MRF suitable
fluid in optoelectronics, molecular electronics, bioelectronics, and micro fluidics. They are used for
solid tumor detection and treatment. The magneto rheological fluids have potential applications in
cyclotron and rotor. Dietterich et al. [7] verified a potential application of lava in remote sensing
channelized flow parameters and applied in near-real-time to flows.

Ferrofluids are colloid liquids from ferromagnetic nanoparticles and nanocomposite. A ferrofluid is
a colloidal suspension of single-domain magnetic particles, with dimensions of nearly 10 nm. It has a
stable strong ferromagnetic ordering. Ferrofluids can be formed by mixing iron oxide with vegetable
oil. As Scherer Figueiredo Neto [8] demonstrated, external magnetic field increase the viscosity of MRF
forms solid state, however, ferrofluid keeps its fluidity even if subjected to magnetic field.

Magnetic nanoparticles (ferrofluids) are both biocompatible and biomarkers (Figure 3). Ferrofluids
are also found in human lung, brain tissues, and lymphatic systems. Rajagopalan et al. [9] had illustrated
ferrofluid are emerging as materials for actuating thermal overload relay due to their tunable Curie
temperature. They are widely used in microelectromechanical (MEMS) systems, nano
electromechanical (NEMs) systems, and microfluidics. Ferrofluid are used in loudspeakers, laser heads
of CD and DVD players, and in the inks used in paper currency.
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Figure 1. Molecular structure  Figure 2. Ferroelectric fluids Figure 3. Attraction of
of Hemi, Ref. Winslow S under glass. ferrofluids by magnets.
Caughey et al. 1975 [5].
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Nanofluids are fluids which are engineered colloidal suspensions of nanoparticles in base fluids.
They are dilute liquid suspensions of nanoparticles with dimensions of 1 to 100 nm. Nanofluids and
ferrofluids are similar to some extent. Ferrofluids are magnetic nanofluids which are prepared from
magnetic nanoparticles, magnetic oxide nanoparticles, and magnetic nanofilms. Like ferrofluids,
nanofluids possess enhanced thermophysical properties such as thermal conductivity, thermal
diffusivity, and temperature gradient. Moreover, Usman et al. [10] demonstrated the heat absorption
behavior, the Darcy effect, the thermal radiation, and viscosity dissipation of magnetohydrodynamic
hybrid nanofluids flow. Lone et al. [11] had notified the use of nanofluids in modern heating and cooling
systems. Moreover, they are used for solar panels, fuel generation, hybrid-powered vehicles, cancer
treatment, drug delivery, and medicine.

PHYSICAL PROPERTIES OF SMART FLUIDS

Smart materials exhibit different properties that are influenced by the rheological conditions. The
physio chemical properties are noticed during interactions with stimulus like magnetic field, lights,
temperature, and pressure. A typical MRF such as blood contains iron in the hemi which exists in two
forms ferrous (Fe?*) and ferric (Fe**). Hemoglobin, which is the host of hemi, exists in the form of
ferro-hemoglobin or ferric-hemoglobin. In ferrous form, iron combines with oxygen and is substituted
with rare and transition metal elements giving rise to its magnetic properties. Hence, hemoglobin
controls the magnetic behavior of blood. As illustrated by Furlani [12], white blood cells (WBCs)
behave as diamagnetic micro particles, while red blood cells (RBCs) exhibit diamagnetic or
paramagnetic behavior depending on the oxygenation of their hemoglobin.

MRFs in lava lakes consist of MgO and Fe3O4 nanoparticles. The existence of these compounds
determined the magnetic properties of lava lakes. Liquid lava emerges on the surface of earth
resembling as ferrofluid. It contains silicates and iron oxide exhibiting paramagnetic if no external
magnetic field is applied. In the presence of external magnetic field, it can be tuned to either
ferromagnetic phase or antiferromagnetic. Mafic lava usually exhibits ferromagnetism at a Curie
temperature. However, it shifts to paramagnetic up on heating. Thus, the physiochemical properties of
mafic lava are impacted greatly by magnetic field and heat.

The density of MRF/ferrofluid is three times the density of water. This property enables ferrofluids,
MRFs, and nanofluids in mass flow measurement techniques. Mass flow measurements depend on the
vibration of the tube where calibration depends on the changes in the rigidity of the flow tubes. On the
other hand, MRFs/ferrofluids are characterized by high viscosity since they possess Reynolds number
greater than 2300. Most ferrofluids, MRFs, and nanofluids undergo a turbulent flow. However, with
sufficient supply of heat or electric energy, they can be guided to maintain streamline flow between
layers of fluids.

The classical MRFs focused upon in this research, namely blood, honey, mafic lava, and yolk, exhibit
both electrical conductivity and possess semiconducting properties. These fluids are categorized under
classical fluid since their dynamics can be treated by Newtonian mechanics. As Shi et al. [13]
demonstrated, the permeability of ferrofluid synthesized using glycine, glutamic acid, glycine, glutamic
acid and collagen can be controlled by blood—brain barrier model. Ayari et al. [14] showed that Tunisian
honey’s electric conductivity lies in the range 0.19 + 0.01 to 0.7£0.02 mS/cm. As Darvish et al. [15]
demonstrated, the ohmic heating of egg at voltage gradient of 30 VV/m in the temperature range of 19°C
to 60°C shows that electrical conductivities increased linearly with temperature. Electric conductivity
and electrochemical impulse of yolk is caused by the existence of electrical charge carriers in living
life. They also exhibit high electron mobility.

METHODS OF STUDY
Different methods are used to prepare smart fluids, typically ferrofluids, MRFs, and nanofluids.
However, the discussion here focuses on the natural occurring fluids. Here the theoretical methods and
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separation techniques are given attention. The relations among the rheology of smart fluids particularly,
dispersions, magnetic field, resistance, and viscosity are determined using theorems. The data on the
relations between stimuli of smart fluids studied are simulated by Origin 8. Origin 8 is a powerful
drawing, simulating and extrapolating software which is sometimes released free on websites. Origin
lab comprises of Origin, 6, 8, 10, 11, 12, and up to 50.

Preparation and Separation Methods

Different methods have been employed to prepare and separate MRFs. As Philip [16] discussed,
magnetic nanofluids (ferrofluid) can be prepared by grinding micron-sized magnetite in a ball mill for
weeks. It is then subsequently stabilized with oleic acid for applications of pH sensors and in biomedicine.
As Kamble et al. [17] described, highly sensitive and intelligent MRF can be prepared by mixing iron
oxide nanoparticles with oil by adding fine lithium grease in order to reduce the sedimentation.

Blood can be easily collected from humans and kept in tissue cultures thus can be studied, and honey
and yolk is easily bought from the local shopkeepers. However, lava lake is rare and needs a great deal
of energy expenditure. However, it can be collected from the depressions where volcanoes are known
to erupt. The diagram below illustrates the mechanism of separating smart fluids.

Kim et al. [18] demonstrated that nanoparticles aggregations can be prevented by polymeric starch
network as a coating agent. Ferrofluid of Fe,Ozand ZnO can be prepared from blood, lava, and yolk by
hydrolysis and thermogravimetric process (Figure 4). To achieve the ferrofluid behavior: (1) heating
the ferromagnetic materials until its melting temperature will produce superparamgnetic fluid and (2)
mixing magnetic nanoparticles with oil can produce ferrofluid. Hong et al. [19] and Lotfizadeh
Dehkordi et al. 2013 [20] found that increasing sonication times reduce particle clustering during the
synthesis of iron (Fe)/ethylene glycol nanofluids and TiO, water nanofluids.

Theoretical Methods

The derivation is based on the magnetoelastic property of fluids. The assumption made is that (1)
MRFs acts as elastic materials and their physical properties are expressed in terms of strain. (2) The
applied magnetic field is responsible for the rheology of the fluids.

A3
n=— [l'[qumH + %rwzx] (1)

where IT = % is shear strain and r is the radius of artery, @ is the angle between the direction of blood
flow and magnetic field.
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Figure 4. Scientific methods for separating classical Magnetorheological fluids.
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The relation between B and the resistance of the fluid is

5 _ 1245 (R-Ry
Begr = (50) (2)
The smart fluids act as elastic crystals obeying the dispersion relations
1
_ [_ (6n+lgBsiné\ -]z
o= |-(*5r)] @

Where 7 is the coefficient of viscosity, g is the magnitude of electric charge, B is magnetic field
strength, M is mass of the fluid arising from its density, r is the radius, x is displacement, e is the speed

of the fluid, and & is the contact angle. Equations 1 to 3 virtually describe most physiochemical
properties such as mechanical, thermal, electrical and magnetic properties of smart fluids. Unlike
frequency of solids (phonons) frequency of smart fluids is a function of viscosity, electric charges, and
magnetic fields. In order to express the in standard form, the wave vector K is defined in terms of
coefficient of viscosity, electric charge, magnetic field, and strain.

K= (6n+Hquin9) (4)

xM

Thus, the frequency is reduced to the simplest form as

1
w = V,2vk for smart fluids. (5)

Where, 1, is the group velocity and K is the wave vector. Generally, the frequency of MRF/ferrofluid
is compared with frequency of phonons due to crystals of solid vibrations and frequency of plasma.

DISCUSSION

The stream of particles flowing against fluid is subjected to drag force and electrostatic repulsion
between identical electrons. In order to develop the phenomena of fluid transport, we start from equation
of motion. The flow is characterized by recirculation, vortex shedding, turbulence, and helical flow. As
described by Wang and Gordaninej [21], the viscosity of an MRF depends on density, electric charges,
the magnitude and direction of the magnetic field, and the shear rate (Figure 5).

~
« Size: Nanometer scale
« Change phases with the application of a magnetic field
. + Nonuniform magnetic field cause thermomagnetic convection
Ferrofluids
)
~
« Size: Micrometer scale
* Their properties (viscosity, modulus, inner structure) significantly change when a
. magnetic field is applied.
Magnetorheological
fluids
« Size: Nanometer scale
« An external magnetic field gradually increases the viscosity of the nanofluid which
Nanofluids may transform from nanofluid to magnetorheological behavior.

Figure 5. Rheological response of smart fluids to heat and magnetic field.
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These fluids are regarded as MRFs since their viscosity and velocity can be altered by external
magnetic fields, thermal energy, and strain energy. The coefficient of viscosity of these fluids greatly
increases as the magnetic field increase. As Choi [22] verified, the sedimentation of MRF can be
improved by covering nanoparticles with dimer acid.

Magnetomechanical Property and Elasticity

One distinguishing feature of MRF is that increasing magnetic field causes a greatest increase in
viscosity as in the equation. The increased viscosity will reduce high amplitude oscillations; Thus, this
saves buildings from cracking and collapse.

n=-Cx(x+1) (6)
where, x is the flow distance.

The coefficient of viscosity is a quadratic function of the flow displacement. As the flow distance
increases, the coefficient of viscosity increases abruptly. As shown in Figure 6, the viscosity of normal
fluids decrease linearly as the flow distance increase. However, for the case of MRFs, the viscosity
decreases as a polynomial function of flow distance.

Flow Distances

As in Figure 6(b), the coefficient of viscosity is constant for laminar flow. This due to the fact that in
laminar flow a smooth flow is established due to the absence of disruption between parallel layers. As
shown in the Figure 7, green colors represent turbulent fluid flow. However, for turbulent flow the
coefficient of viscosity decreases as the flow distances increases. The turbulence is caused by
theapplication of magnetic field, which makes disruptions between parallel layers of MRFs.

Figure 7 presents different relations between the varying magnetic field and radius of cross sections
for a fluid flow in pipes/tunes. Again, at the center points, the speed of the fluid is fastest due to the
contribution of the solenoidal like magnetic field of the circular cross-sections.

Magnetic Field Effect

The effects of magnetic field are significantly demonstrated on MRF, particularly blood. The red
blood cell contains hemoglobin which consists of four hemis, which contains iron connected with
neighboring nitrogen by covalent bonds. The iron in the hemi exists in two forms ferrous Fe?* and ferry
Fe3*. In ferrous form, iron interacts with bloods hemoglobin which controls the magnetic behavior of
blood. As Taylor et al. [23] discussed, blood flow in arteries is a complex 3D phenomenon and can be
modeled and computed with software system.

for laminar flow
Normal fluids ~ forturbullent flow

MRF/FF Data Datal B

100 - !
Medel: ExpGrol

e
o
1

80 4

o
o
1
|

s

#41355E18
60 4

14
o
1

7

40

Coefficient of Viscosty (Ns/imm?)

o
i

20 4 ~

Coefficient of Viscosty ( Ns/m)

-1.5 T T T T T 1 . .
0 5 10 15 20 25 T T B N H 10 12

Flow distance (mm) Flow distance in ( 10°M)
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(b) Coefficient of viscosity versus flow distance for laminar flow and turbulent flow.
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When a magnetic field is applied along the flow direction, the fluid motions are enhanced. When it
is applied in a direction that is opposite to the direction of flow, the velocity is retarded and it exhibits
a high resistance, referred to as magneto resistance. When the field is applied in a direction that is
perpendicular to direction of fluid flow, the fluid velocity is retarded and tends to come at rest.

The effect of an external field is (1) changing the direction of flow and velocity, (2) virtually its
wavelength since fluids changes their color virtually depending on color of the containers and an
external agent exposed to it, (3) changing magnitude of rheology or the stimuli where they are exposed,
for example, light, temperature, pressure, or viscosity.

For instance, a magnetic field is used as an external stimulus. The magnetic field is preferred due to
its ability to control both electrical parameters such as potential, magneto resistance, and temperature.
Other parameters such as deviations in angles are taken into consideration. When the angular
displacement is equivalent to 0° (Figure 8), the resulting band is white light equivalent to laser light.
On the contrary, as the direction of applied field and the displacement of fluid are 90°, the resulting
band is dark band. However, when the direction of applied field and the displacement of fluid are 180°,
the band intensity is altered. The band intensities are a series of bright and dark bands, which are formed
when the MRF/ferrofluid is exposed to external magnetic fields.

As shown in Figure 9(a), the resistance increases linearly with field. However, in order to produce
giant magnetoresistance (GMR), fields greater than 120 T are needed. As shown in Figure 9(a) the
effective magnetic field is directly proportional to the resistance. As the magnetic field changes by
factor of 20, the magnetoresistance changes by twofold. Therefore, every change in 10 T of magnetic
field will produce a resistance of 1 Mohm. Therefore, MRFs have greatest potential for storing energies
like thermal, photovoltaic, and solar energy.

As stated in the Figure 9(b), the frequency of MRFs resemble that of frequency of plasma. This is the
consequence of three important conditions:
1. When an extremely high magnetic field is applied in order to monitor MRF, they are capable of
changing into a state which is intermediate between solids and liquids (plasma).
2. Upon heating, plasma state will produce a state change from plasma to fluids.
3. Both frequency of MRF and plasma have some sort of relations on electric properties, the first is
dependent on electrical charge and the latter is dependent on dielectric media.
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Figure 9. (a) Relations between applied field and resistance of fluids (b) Frequency and wave vector.

Table 1. The relation between Phonon frequency and wave vector for smart fluids, plasma,
solids, and spins waves.

S.N. Frequency Type of Crystal Reference Ref.
I ké Magnetorheological fluid | This research Present work
(Ferrofluid)
2 B ( s )g Plasma Kittel C. 2005 [24]
Wp = g(o)m
w~K Phonons Kittel C. 2005 and Neil Mermin, 1976. | [24, 25]
Wy = K Magnons Kittel C. 2005 and Neil. Mermin, 1976. | [24, 25]

However, one is not advised to apply them for storing electric energy since electric discharge process
might occur. Table 1 summarizes the relation between the frequency of crystal vibrations and wave
vector of different states of matter (solid, fluids, and plasma) for the long wavelength limits: If the
wavelength of crystal vibration is very long compared to the lattice parameter, that is, in the first Brillouin

. 1 . . -
(FBZ) region, k << - 0r A >>a corresponds to the continuum approximations and 7” <k< g.

The frequency of the smart fluids is directly proportional to the square root of the wave vector, K. It is
also directly proportional to the square root of the group velocity, Vg. Although these materials resemble
the same, their frequencies are different from one to another. This is due to the difference in density,
ground state energy, and responses of external rheology such as magnetic field, temperature, and phase.

PROSPECTS AND APPLICATIONS OF SMART FLUIDS
Medical Application

As Arab Hassani et al. [26] discussed, smart materials offer a significant role in sensing and actuation
applications in healthcare due to their responsive stress, light, temperature, moisture, pH, and electric
and magnetic fields. Magnetic nanofluids (ferrofluids) are both biocompatible and biodegradable. These
ferrofluid are used for biomarkers, contrast agents, cell labels, and increase cell viability. As Socoliuc
et al. [27] revealed, biocompatible ferrofluid or bio ferrofluid are proven for applications in
biotechnology and nanomedicine. Hypertension can be reduced by demagnetizing blood using smart
fluids, which reduces blood pressure. Hadjivassiliou et al. [28] revealed that intensive blood pressure
was lowered from 140 mm Hg to 120 mm Hg by demagnetization. To this end, blood’s iron content is
reduced by demagnetizing with smart fluids and heating. This can maintain a standard body pressure
by the law of thermodynamics. Nanostructures, mainly silicon dioxide, coming out of the lava can be a
rheological additive.
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Figure 10. Medical application of smart fluids.

The medical applications of Ferrofluid, magnetorheological fluids and nanofluids are summarized as
shown in Figure 10.

Both blood and honey are natural antioxidants, which are effective in reducing heart disease, cancer,
anemia, and in improving the immune system. The study of Gu et al. [29] indicates that egg yolk
proteins possess multiple biological activities which improves human health and well-being, such as
anti-obesity, anti-atherosclerosis, anti-osteoporosis, diagnosis and SARS-CoV-2 therapy. Yilmaz and
Agagiindiiz [30] reported that egg yolk proteins and ovalbumin have significant role in the recovery of
Fe deficiency anemia in rats. This is an equivalent of ferrofluid of Zn-doped iron oxides. Smart fluids,
particularly MRFs, ferrofluids, and nanofluids have promising uses in medicine. They are widely used
in drug targeting, hyperthermia, cell separation, contrast agent, and magnetic resonance imaging. In
medicine, ferrofluids have been used for localization and diagnosis of brain and cardiac in facets, and
liver lesions. Nanofluids of ZnO and ZnyFe,xOs are used mainly as antibiotics and in wound healing.
Engineered lava fluid is used in remote sensing. It can be cooled down to liquid form for medicinal
applications, particularly hyperthermia and thermotherapy. Smart fluids are also used in smart robots,
nanobiosensors, nanoelectromechanical systems, and nanobiotechnology. In general, smart fluids have
valuable applications in day-to-day life from vitamins to medicine and from electronics to electricity
generation. Therefore, investing on smart fluids has significant role in solving society’s problem.

CONCLUSION

In this research, the properties and applications of both classical and quantum smart fluids are studied.
The study reveals the three most important magnetically tunable smart fluids, namely MRFs,
ferrofluids, and nanofluids. They consist of iron and oxygen which determines their physiochemical
behavior. The study also reveals that all the studied fluids exhibit positive response to the external
magnetic field. From the study, it is realized that the applied magnetic field has inverse relations with
thermodynamic temperature and shows a high degree of dependence on the density and viscosity.

Though these fluids resemble classical fluids, their composition, typically acidity, carbonyl groups,
iron oxide nanoparticles, and proteins make them valuable materials in contemporary technologies.
Unlike phonon dispersion relations (solids), the frequency of smart fluids typically ferrofluids, MRFs,
and nanofluids are directly proportional to square root of wave vector. The calculated dispersion relation
for smart fluids reveals that the angular frequency is a function of mass, electric charge, magnetic field,
and position. It also proves that the angular frequency is directly proportional to the square root of wave
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vector, K. This relation shows that smart fluids, typically ferrofluids, MRFs, and nanofluids are suitable
in magnetic resonance imaging, magnetic fluid hyperthermia, thermodynamic therapy, diagnosis, drug
delivery, and ultrasonic measurement. Moreover, they have potential applications in dampers,
elastomers, electromechanical systems, actuators, smart robots, solar collectors, nanosensors, and
nanobiotechnology. In the future, we will further look at strain-induced energy generation and the
importance of smart fluids in flexible medical equipment.
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