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Abstract: This study aims to develop low-cost, eco-friendly and circular economy-compliant composite materials
by creating three types of magnetorheological suspensions (MRSs) utilizing lard, carbonyl iron (CI) microparticles,
and varying quantities of gelatin particles (GP). These MRSs serve as dielectric materials in cylindrical cells used
to fabricate electric capacitors. The equivalent electrical capacitance (C) of these capacitors is measured under
different magnetic flux densities (B < 160 mT) superimposed on a medium-frequency electric field (f = 1 kHz)
over a period of 120 seconds. The results indicate that at high values of B, by increasing the GP content to 20
vol.% decreases the capacitance C up to about one order of magnitude compared to MRS without GP. From the
measured data, the average values of capacitance C, are derived, enabling the calculation of relative dielectric
permittivities (e;) and the dynamic viscosities (1) of the MRSs. It is demonstrated that €, and # can be adjusted by
modifying the MRS composition and fine-tuned through the magnetic flux density B. A theoretical model based
on the theory of dipolar approximations is used to show that €,, 17 and the magnetodielectric effect can be coarsely
adjusted through the composition of MRSs and finely adjusted through the values B of the magnetic flux density.
The ability to fine-tune these properties highlights the versatility of these materials, making them suitable for

applications in various industries, including electronics, automotive and aerospace.

Keywords: lard; gelatine; carbonyl iron microparticles; viscosity; relative dielectric permittivity; dielectric loss

factor; magnetodielectric effect

1. Introduction

Magnetorheological suspensions (MRSs) consist of a liquid matrix in which magnetizable mi-
croparticles and additives are dispersed [1-6]. When exposed to a magnetic field [1-3], the magne-
tizable microparticles transform into magnetic dipoles. These dipoles interact, forming aggregates
in the shape of columns. The strength of these columns is determined by the magnetic flux density
and the magnetic properties of the magnetizable phase [2]. The formation of these aggregates results
in significant changes to the viscosity [1], electrical conductivity [7], and dielectric properties [4] of
MRSs. These effects are beneficial for applications in artificial intelligence [5], vibration dampers [6],
clutches [8] or passive electrical circuit elements [7].

Traditionally, MRSs often utilize synthetic oils, such as paraffin, as liquid matrix and high-purity
additives, which can be expensive and environmentally harmful [9-11]. Synthetic oils and certain
polymeric additives do not decompose easily, contributing to long-term environmental pollution. This
may hamper a widespread adoption of MRS technology, particularly in cost-sensitive applications.
Therefore, in the last years, preparation of MRSs with environmentally friendly and recyclable compo-
nents is an active research area [1,12-15]. These includes MRSs based on honey with carbonyl iron
(CI) microparticles [16] and turmeric powder [12], composites based on honey with CI microparticles
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and beeswax [13] or MRSs based on nanocellulose [1], nanolignocelluloses [14] and gelatine-coated CI
microparticles [15].

An essential requirement for MRSs is the ability to precisely control their viscosity. This is a key
feature for their application in devices such as dampers and clutches [17,18]. However, achieving
stable and tunable viscosity in eco-friendly and low-cost MRSs remains a challenge. The dielectric
properties of MRSs, such as relative dielectric permittivity and dielectric loss factor, are also critical for
applications in capacitors and other electronic components [19,20]. Ensuring that these properties can
be finely tuned and remain stable under varying operational conditions is a significant challenge. In
addition, sedimentation of magnetizable particles is a common issue that affects the long-term stability
and performance of the suspension [10,21,22]. Particles tend to settle over time due to gravity, leading
to a non-uniform distribution and inconsistent magnetic and rheological properties.

By addressing the challenges of cost, environmental impact, viscosity control, dielectric properties
and sedimentation, the present work utilizes lard [23,24], animal gelatin particles (GP; [25]), and CI
microparticles to develop a sustainable alternative for traditional MRS. Lard is a promising candi-
date due to its cost-effectiveness, biodegradability, and renewability. Lard’s high viscosity at room
temperature helps in preventing the sedimentation of GP and CI microparticles. This ensures a more
uniform distribution of particles, maintaining consistent magnetic and rheological properties over
time. It is used in the production of biodiesel-type fuels [26], antioxidants [27], has beneficial effects
on the intestinal microbiome[28], and can be processed into glycerides and hydrogenated glycerides
for cosmetic products [29]. Animal gelatin, a fibrous protein derived from the tissues of pigs and
cattle [30], finds applications across various industries, including food, pharmaceuticals, and tissue
regeneration. Its ability to mold easily and form films with micrometric dimensions makes it suitable
for use in MRSs.

This study aims to demonstrate that suspensions based on lard, GP and CI microparticles exhibit
dielectric and magnetodielectric properties similar to those of traditional MRSs [1-6]. Thus, the
suspensions are used as dielectric materials in cylindrical cells for the fabrication of electric capacitors.
The electrical capacitance and resistance of these capacitors are measured under different magnetic
flux densities (from 0 to 160 mT) and a medium-frequency electric field (1 kHz) over a period of 120 s.
Further, using the model of dipolar approximation [31-34], the dynamic viscosity, relative dielectric
permittivity, and magnetodielectric effect are investigated as a function of magnetic flux density and
the ratio of the volume fraction of lard to GP. This model allows adjustments through the composition
of the MRSs and variations in the magnetic flux density, by considering the interactions of magnetic
dipoles within the suspensions.

To address these issues, this paper is organized as follows: Section 2 details the materials and
methods used in the preparation of the MRSs, including the specific procedures for measuring the bulk
densities, dielectric permittivity, and other key properties of the components. Section 3 describes the
fabrication process of cylindrical electric capacitors (CECs) utilizing the prepared MRSs as dielectric
materials. In Section 4, we present the experimental setup and the methodology for measuring
the electrical properties of the CECs under various magnetic flux densities. Section 5 discusses the
results of these measurements, focusing on the stability and performance of the CECs with different
compositions of lard, GP and CI microparticles. Section 5 provides a detailed discussion of the findings
in the context of existing literature and theoretical models, highlighting the implications and potential
applications of the developed MRSs. Finally, Section 7 concludes the paper by summarizing the key
contributions and suggesting directions for future research.

2. Preparation of MRSs

2.1. Materials

The materials used for producing MRS are as follows:

e Lard, produced by Elit (Alba Iulia, Romania), supplied through commercial stores.
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¢ Animal gelatin, from Dr. Oetker SRL (Curtea de Arges, Romania), supplied through grocery stores.
The gelatin is in the form of white granules (GP) with equivalent diameters less than or equal to
1 mm (Figure Al in Appendix A).

e Cl microparticles, are produced by Sigma-Aldrich (St. Louis, USA). Their sizes are between 4.5 ym
and 5.4 ym.

For each material, the bulk density is measured using the graduated cylinder method at a
temperature of 25°C. This is a common laboratory technique used to measure the volume and, in
combination with other measurements, the density of liquids and granular materials. In our case we
used a graduated cylinder, i.e. a cylindrical container with markings (gradations) along its length,
used to measure liquid volumes with high precision, an analytical balance, used to measure mass
with high-precision, and the sample material, i.e. component whose density is to be determined. The
relative dielectric permittivity (¢;) and dielectric loss factor (¢;') are measured a frequency of f = 1 kHz.
The values of measured bulk densities (p), €, and ¢/, are listed in Table 1.

Table 1. Bulk densities (p), relative dielectric permittivity (¢,) and dielectric loss factor (¢}) for lard, GP
and CI microparticles.

p (g/cm®) 4 e’ (x 107%)

Lard 0.8845 25.1483 8.09291
GP 0.5649 22.9860 5.091925
CI 3.3600 39.339 2.515722

2.2. Method

The manufacturing of MRS suspensions is carried out through the following steps:

1. The volume V) .4 of lard, Vo1 of Cl microparticles and Vigp of GP are measured. The corresponding
values are listed in Table 2.

2. In a Berzelius beaker, the volumes V},;q and V¢ corresponding to MRS; from Table 2 are in-
troduced. The components, consisting of lard and CI microparticles, are mixed while heating
(approximately at 250°C) for about five minutes. The mixing continues until the liquid mixture
reaches ambient temperature (approximately 27°C). At the end of this stage, a dark-colored

mixture, hereafter referred to as MRS, suspension, is obtained.
3. Volumes of 3.2 cm3 of lard and 0.4 cm? of GP are measured and introduced into a Berzelius beaker.

In a second Berzelius beaker, are introduced 2.8 cm? of lard and 0.8 cm?® of GP. The mixtures
in the Berzelius beakers are homogenized by turn at a temperature of approximately 250°C for
about five minutes, after which the mixing continues until the liquid mixtures reach ambient
temperature (approximately 27°C). A film of the prepared mixture is deposited on a glass slide.
The resulting image is shown in Figure 1(a). It can be observed from this figure that the formed
microparticles have micrometric dimensions with an average diameter of 6.94 & 0.55 ym (see

Appendix B for details), and have a spherical shape.
4. In the Berzelius beaker with 3.2 cm? of lard and 0.4 cm? of GP, are introduced 0.4 cm3 of CI

microparticles and the mixture is heated to approximately 150°C for about five minutes. At the
end of this period, the mixture is further homogenized until it reaches ambient temperature. At

the end of this stage, the MRS; suspension is formed.
5. In the Berzelius beaker with 2.8 cm3 of lard and 0.8 cm3 of GP, is introduced 0.4 cm?® of CI

microparticles and the mixture is heated to approximately 150°C for about five minutes. At the
end of this period, the mixture further homogenizing until it reaches ambient temperature. At the
end of this stage, the MRS;3 suspension is formed.

The MRSs suspensions thus prepared have volume fractions ®,.4, Pcr, and Pgp with values
specified in Table 2. In the study of the magnetic properties of composite materials, the relationship
H0Tsyrs = H00mePcr is used to determine their specific saturation magnetization o5, where
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is the magnetic constant of the vacuum, ®cy is the volume fraction of CI microparticles, and op,cy
is the specific saturation magnetization of the CI microparticles. For om,, = 218 Am?/kg [31] and
@y = 10 vol.% introduced into the specified relation, the value oy, = 21.8 Am? /kg is obtained. A
film of the MRS3 suspension is visualized using an Optika microscope. Upon applying a magnetic field
(Figure 1b), the CI microparticles form chains of magnetic dipoles along the direction of B, through the
field formed by the GP and lard microparticles.

Table 2. Volumes V and volume fractions ® of the MRSs components.

Vlard (cm3) VCI (cm3) VGP (cm3) q>lard (vol.%) CDCI (vol.%) CDGP (vol.%)

MRS, 3.6 0.4 0.0 90 10 0
MRS, 32 0.4 0.4 80 10 10
MRS; 2.8 0.4 0.8 70 10 20

Figure 1. Photographs taken with the OPTIKA microscope (made in Italy): (a) Field of GMs (dark
spots) dispersed in a lard film; (b) MRS suspension in a magnetic field with a magnetic flux density of

approximately 50 mT. 1 - columns of CI microparticles; 2 - GMs dispersed in lard.

3. Fabrication of CECs

3.1. Materials

The materials needed for manufacturing CECs are:

1. Laminated board (LB) based on epoxy resin, reinforced with fiberglass, with one side plated with
copper, having a thickness of 0.35 ym. The LB is obtained from HobbyMarket (Romania) and is
delivered in dimensions of 210 mm x 100 mm x 1.5 mm.

2. Non-slip rubber pad (RP), type CAR-BOY (made in Japan) and supplied by Hornbach (Romania).
The RP pad has a diameter of 40 mm and a thickness of 2 mm.

3. Surgical adhesive tape Durapore (ST), manufactured by 3M EMEA GmbH (Switzerland), and
supplied through Help Net (Romania). The tape is 5 cm wide and 9 m long.

3.2. Method

The main steps in preparing CECs are:

1. LBis cut into six pieces. Each piece has dimensions of 30 mmx 30 mmx 1.5 mm.

Three rings with an inner diameter of 20 mm are cut from the RP pad.

3. Onabatch of three LBs, an adhesive pad is fixed on top of each one. At the end of this stage, three
measurement cells (MCs) are obtained, each with an attached LB, as shown in (Figure 2a). An MC
with MRS inside is shown in Figure 2(b).

N
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4. Ontop of the MC filled with MRS (Figure 2b), the copper-coated side of the LB is fixed by pressing.
The assembly thus realized is consolidated with ST tape. At the end of this stage, three capacitors
denoted by CEC;, CEC, and CEC3 are obtained, as shown in Figure 3 (see details in Figure A3 in
Appendix C).

®)

Figure 2. (a) MC with attached LB. (b) Measurement cell with MRS and attached LB. 1 - copper foil of
the LB; 2 - ring made from the RP pad; 3 -flexible electric conductor; 4 - MRS.

(a) (b)
Figure 3. Images of CEC. (a) Front view. (b) Side view. 1 - CEC body consolidated with ST tape, 2 -

flexible electric conductors.

The experimental setup for studying MRSs has the overall configuration shown in Figure 4. The
setup includes an in-house built electromagnet composed of a magnetic yoke (position 1) and a coil
(position 2) connected to the DCS source. Between the magnetic poles N and S, the CEC capacitor and
the Hall probe (h) of the gaussmeter (Gs) are mechanically fixed via the non-magnetic axis (position 3).
The CEC capacitors are connected to the RLC bridge (Br).

By adjusting the current intensity I through the coil up to a maximum of 5 A4, the magnetic flux
density B between the magnetic poles N and S can be continuously adjusted up to a maximum of
400 mT. The DCS source, model RXN-3020D, is from Shenzhen Ever Good Electronic Co., Ltd. (China).
The B values of the magnetic flux density are measured with the gaussmeter Gs type DX-102 and the
Hall probe h. The gaussmeter and Hall probe h are from Dexing-Magnetic Industrial Park (China).
The RLC bridge (Br; Taiwan) is of type CHY 41R. During measurements, the bridge is connected in
parallel mode and at a frequency of f = 1 kHz.

4. Measurements of Electrical Properties

Between the N and S poles of the electromagnet in Figure 4, we introduce by tyrn the capacitors
CEC;, CEC;y and CEC;3, along with the Hall probe h, securing them mechanically. The capacitors,
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are subjected to a mechanical pressure of approximately 9 kPa, applied by an 800 g lead mass. Each
capacitor is electrically connected to the RLC bridge, set on the C mode for measuring electrical
capacitance. The ambient temperature is 27°C 4 0.5°C. Through the R5232C interface of the RLC
bridge, the capacitance values measured in the magnetic field, at the initial moment (¢t = 0 s) and at
t = 120 s, are recorded by a computing unit, not shown in Figure 4. During the measurements, the B
values of the magnetic flux density are increased in steps of 10 mT, up to a maximum of 160 mT.

Br

Figure 4. Experimental setup. DCS - direct current source; Br - RLC bridge; Gs - gaussmeter; h - Hall
probe; CEC - electric capacitor; N and S - magnetic poles; B - magnetic flux density vector; I - electric
current intensity through the electromagnet coil; 1 - coil; 2 - magnetic yoke; 3 - non-magnetic axis; F -
compressive force vector.

5. Results

5.1. Stability of CECs with Lard, GP and Respectively CI Microparticles

The time dependence of the equivalent electrical capacitance C and resistance R for CECs with
lard, GP, and respectively CI microparticles are shown in Figure 5(a) and (b). The results show that
both C and R depend on the type of the dielectric material used in CEC. Their behaviour is quasi-
constant with time ¢ (see Appendix D for details) and thus C and R are stable during measurements.
This behaviour leads to average values of Cr, and Ry, close to those of C and R (see Table Al in
Appendix D).

The equivalent electrical resistance values R from Figure 5(b) and implicitly the average equiv-
alent electrical resistances R, are the effect of contact resistances between CI microparticles. This
phenomenon is confirmed in Refs. [35,36] for the case of microparticles composed of polypyrrole
nanotubes decorated with magnetite nanoparticles and in Ref. [37] for the case of nickel microparticles
coated with polypyrrole. These studies show that increasing the compression voltage decreases the
resistance of the body formed by the microparticles. On the other hand, the electrical capacitance C
and the average capacitance C,; result from the formation of series and parallel microcapacitors [13] in
the space occupied by the CI microparticles. The electrical conduction of lard is due to the presence of
fatty acids (palmitic acid, stearic acid, oleic acid, and linoleic acid) and triglycerides [24]. The ratio of
these components affects their dielectric properties [38]. The electrical conduction of the body formed
by GP is due to contact resistance between the particles. Conversely, the intrinsic electrical conduction
of GP and their dielectric properties is due to the presence of amino acids [39].


https://doi.org/10.20944/preprints202407.0179.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2024 d0i:10.20944/preprints202407.0179.v1

7 0of 19
28.00
<[00 RN
27.75- 850-
2750 T n GP 800 - = GP
o Lad e * Lad
So7251 4 Cl microparticles gf 750 4 4 Cl microparticles
) & 4501 ——oeotettstoases .
181
375+
17 A 300 _
16+ T T T : T T 225+ T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120

@ t,(s) (b) t (9
Figure 5. Variation of the equivalent electrical capacitance (a) and resistance (b) with time ¢ for the

electrical capacitors with lard, GP, and respectively CI microparticles. Points - experimental data;
continuous lines - linear fits).

5.2. Electrical Properties of CECs

For CECs with MRS as dielectric material, the recorded data are graphically represented in
Figure 6(a). The average values, Cy,, of the capacitance are shown in Figure 6(b). These are obtained
from the capacitance values recorded at t = 0 s and t = 120 s, corresponding to the B values of
the magnetic flux density in Figure 6(a). The experimental points are well approximated by the
Equation (A1) in Appendix D.

260

CEC,for: W t=0sad O t=120s 2501 e, L
2084 CEC,for. ® t=0sad o t=120s 200] o cec. .-"
CEC,for: A t=Osad A t=120s Py "
156 . 150+ CECs. . ..I.
L
o 100+ .....l.llll
£ 50;!lIl--lll""
Oé oooo"...
30- ....oooo
ooo""’
lbocccsceccee®®® aaaad
24-WWMM ank
204 T T T T T T T T . . . . . . . r r
0O 20 40 60 80 100 120 140 160 0O 20 40 60 80 100 120 140 160
@ B, (mT) (b) B, (mT)

Figure 6. (a) The electrical capacitance C of capacitors CEC; (i = 1,2, and 3) as a function of B values of
the magnetic flux density (points - experimental data; lines - polynomial fits; see Table A2 in Appendix E
for details). (b) The corresponding average electrical capacitance Cy, of the same capacitors.

From Figure 6(a) and (b), it is observed that the values of C; and of C,; for capacitors CEC;
(i = 1,2, and 3) depend on the presence of the magnetic field and the presence of GP. In the absence
of a magnetic field, the capacitances at B = 0 mT depend on the volume fraction GP. They decrease
by about half for the capacitor with ®gp = P¢y (i.e. CECy) and by about 2.5 times for the capacitor
with ®gp = 2Py (i.e. CEC3). These results are in agreement with Equation (A23) in Appendix F. This
equation, corroborated with Equation (A9) shows that by increasing the values of the distance J; (for
i = 1,2, and 3) between the mass centers of the CI microparticles results in a decrease in the values of
Co;, in agreement with the experimental data in Figure 6.

In the presence of a magnetic field, the values of C; (for i = 1,2, and 3) increase significantly
with the increase in the values of B of the magnetic flux density, in agreement with Equation (A23) in
Appendix F. This effect is due to the fact that during the time ¢ of applying the value B of the magnetic
flux density, the ratio 37td2, B2t/ (4401;0;) in Equation (A23) is always subunitary and remains constant.
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This is possible by increasing the value of #; of the viscosity of MRS; with the increase in the value of B
of the magnetic flux density, as will be shown later. The calculation relation of the viscosity #; of the
suspensions MRS; in the magnetic field is obtained from Appendix F.

Thus, from Equations (A25), (A26) and (A27), where we set t = 120s, we obtain the viscosity
expressions for the MRS suspensions, namely:

262 -107°B2 (mT
o~ 20210 fo(m ) for MRS, )
1

Q

253-107°B2 (mT
o~ 22010 - (mT)  for MRS,, )
2

Q

.10-5R2
73 24610 (Ii(mT), for MRS;. (3)
3

Q

The functions C; = C;(B )cec, from Figure 6, corresponding to i = 1,2 and 3, are introduced in
Equations (1), (2) and respectively in (3). At the end of this step, in Figure 7(a), we obtain the functions
i = 1i(B)mgs, (for i = 1,2,and 3). It can be observed from Figure 7(a) that the viscosity of the
suspensions in a magnetic field is significantly influenced by the magnetic field, similar to the case of
classical MRSs [40] and in agreement with the model developed in Appendix F (Equations (A25), (A26)
and (A27)). From the same figure, it is also noted that for the same values of B, the viscosity 7 is
influenced by the volume fraction of GP. By considering 7 as the coupling factor between shear stress
and shear rate, then the results obtained in Figure 7(a) are similar to those obtained in Ref. [40], where
in a hybrid MRS the coupling coefficient between cotton microfibers increases with the increase in B
and the amount of CI microparticles.

The relative dielectric permittivity is calculated using Equation (A4) from Appendix E. In this
expression, we introduce the functions C, = Cm(B)CEc,, fori = 1,2,and 3, from Figure 6(b), and
we obtain in Figure 7(b) the functions €’ = €’(B)mgs,. It can be observed from this figure that the
values of €’ for the MRSs increase significantly with the increase in B magnetic flux density, similar to
classical MRSs [31]. However, the GP creates layers within the compositional structure of the MRS;,
for i = 2,3 suspensions between the lines of magnetic dipoles (CI microparticles). The resulting effect
is the creation of capacitors connected in series between the copper foils of the CEC; in the absence
and presence of the magnetic field. The distance between the plates of these capacitors increases with
the increase in the value of ®¢p, as suggested by the results in Figures 6(a) and Figures 6(b) for the
CEC; capacitors for i = 2,3.

3.6 i}
0.15 P A 360 -
g 4 . WA = MRS; L
305 god0 el A e MRS;; "
g o R 0] o M
iy :0'05 ‘A'. AA I llll
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Figure 7. The viscosity 7 (a) and relative dielectric permittivity € (b) of the suspensions MRS; (with
i = 1,2,and 3) as a function of the magnetic flux density B.
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We define the magnetodielectric effect using the expression:
Cm .
MDE;(%) = { = —1 x 100, fori=1,2,3. (4)
Crmy CEC;

The functions Cp, = Cm(B)CECi for i = 1,2,3 Figure 5(b) are substituted into Equation (4) yielding
the functions MDE = MDE(B)wrs, as shown in Figure 8. The results show that the magnetodielectric
effect of the MRS, suspensions (for i = 1,2, 3) is significantly influenced by the magnitude of the B
magnetic flux density. This effect is also seen in classical MRS suspensions [13]. The introduction of
gelatin decreases the MDE magnitude as the ®gp value increases. For ®gp = 10vol% at B = 100mT,
the MDE is approximately 14.39. However, at the same B value, the MDE magnitude decreases by
approximately 2.3 times for MRS;3 (see Figure 8b). This effect is due to the increased initial distance
between CI microparticles as a result of the increased ®gp value (see Appendix F, Equation (A8) in
conjunction with Equations (A23) and (A24)).

350 o 36
.I ° MRSZ; o.
3004 .- 304 4 MRs, o
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Figure 8. Magnetodielectric effect MDE in MRS; (a), and in MRS, and MRS; (b) as a function of the
magnetic flux density B.

6. Discussion

The results obtained from the experimental investigation of MRSs composed of lard, GP and
CI microparticles have demonstrated several noteworthy findings. These findings contribute to the
broader context of existing literature on MRSs and their applications.

The stability of CECs using these MRSs was confirmed through time-dependent measurements of
capacitance C and resistance R (Figure 5). The quasi-constant behavior of these properties over time
indicates that the suspensions maintain their performance characteristics under operational conditions,
which is critical for practical applications in electronics and other industries.

The dynamic viscosity # (Figure 7a) and relative dielectric permittivity €’ (Figure 7b) of the
suspensions were found to be dependent on both B and ®gp. As B increased, both 1 and €’ exhibited
significant increases, a phenomenon similarly observed in traditional MRSs. The presence of GP,
however, introduced an additional layer of complexity, acting as dielectric barriers and modifying
the capacitance and resistance within the suspensions. This dual role of GP as both a structural and
functional component underscores its importance in fine-tuning the properties of MRSs.

The magnetodielectric effect MDE (Figure 8) observed in the suspensions also varied significantly
with B and ®¢p. Specifically, the MDE was shown to decrease with increasing ®cp, which is attributed
to the increased initial distance between CI microparticles, thereby reducing magnetic interactions.
This is consistent with the theoretical models based on the dipolar approximation and previous studies
that highlight the role of particle distribution in MRS behavior [19].

The implications of this study are manifold, suggesting several avenues for future research.
Further refinement of the ratios and types of biodegradable materials could enhance the performance
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and stability of MRSs, making them suitable for a wider range of applications. Investigating the long-
term stability and performance of these suspensions under varying environmental conditions would
provide deeper insights into their practical viability. Exploring the use of these MRSs in advanced
technological applications, such as smart materials for adaptive systems or in medical devices, could
open new frontiers for research and development. Enhancing the theoretical models to better predict
the behavior of such complex suspensions under different operational scenarios could lead to more
accurate and reliable designs of MRS-based devices.

These findings extend the work of prior research in several key areas. Previous studies have
explored various biodegradable and renewable materials for MRSs, such as nanocellulose [1] and
honey [12]. The use of lard and gelatin in this study adds to the growing body of literature on sustain-
able alternatives, emphasizing the potential for low-cost and environmentally MRSs. The observed
MDE:s are consistent with those reported in MRSs based on magnetorheological bio-suspensions [4].
The ability to achieve similar effects with other sustainable materials highlights the versatility and
adaptability of the developed suspensions. Controlling the viscosity of MRSs is crucial for their
application in devices like dampers and clutches. The results (Figure 7a) align with studies that have
shown the impact of magnetic fields on viscosity, further validating the use of MRSs in mechanical
and automotive applications [17,18].

7. Conclusions

This study successfully demonstrates the preparation and characterization of MRSs using lard,
GP and CI microparticles. The findings indicate that these low-cost and eco-friendly materials can
effectively replace traditional synthetic materials in MRSs, offering similar magnetodielectric and
rheological properties. The constructed cylindrical capacitors showed significant increases in dynamic
viscosity and relative dielectric permittivity with increasing magnetic flux density and decreases
with increasing gelatin volume fraction. These effects are consistent with those observed in conven-
tional MRSs, suggesting that the newly developed suspensions can be viable substitutes in various
applications.

The experimental results highlight the critical role of the magnetic field in influencing the prop-
erties of the suspensions, validating their potential use in mechanical and automotive applications
where viscosity control is essential. The study also underscores the dual role of gelatin as both a
structural and functional component, enhancing the fine-tuning capabilities of MRS properties. The
observed magnetodielectric effect and its dependence on the volume fraction of gelatin and magnetic
flux density align with theoretical models, providing a robust foundation for further research and
development.

Overall, this study contributes significantly to the field of magnetorheological materials, present-
ing a sustainable alternative that aligns with the principles of circular economy and environmental
stewardship. The promising results pave the way for future innovations and applications in various
industrial and technological domains.
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Appendix A. Morphology of Gelatin Particles GP

Gelatin, in bulk form (Figure A1), has a white color. The particles have irregular shapes and
equivalent diameters, most of which do not exceed 1 mm.

Figure A1. Photo of bulk gelatin used to obtain gelatin particles GP. Units are in cm.

Appendix B. Size Distribution of GP

The average diameter of GP is 6.94 £ 0.55 ym and it has been determined from a set of 448
particles, marked in red circles in Figure A2(a). To this aim a log-normal fit has been used on the size
distribution (see Figure A2b).

Counts

-2 4 6 8 10 12 14 16 18 20 22
(b) Size, (um)

Figure A2. (a) Photo of GMs as shown in Figure 1(a) but with marked particles (red disks) for which
the size distribution has been calculated. (b) The corresponding size distribution and a fit (red curve)
with a log-normal function.

Appendix C. CECs with Lard, CP and GP Microparticles

The lard, gelatin and CI microparticles are introduced into measurement cells, as shown in
Figure A3. By consolidating with adhesive tape, capacitors of the type shown in Figure 3 are obtained.
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(b)

Figure A3. Measuring cells with lard (a), GP (b) and CI microparticles (c). 1 - copper electrode, 2 -
insulating ring with a diameter of 20 mm and thickness of 2 mm, 3 - lard, 4 - copper conductor, 5 - GP,
6 - CI microparticles.

Appendix D. Fitting C and R Data for CECs with Lard, CP and GP Microparticles

The dependence of the quantities C and R on time ¢ in Figure 5 is given by the following equations:
C=Co+ac-t, (A1)

and respectively,
R:R0+DCR't. (A2)
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Here, Cy and Ry are the values of the capacitance and electrical resistance at ¢t = 0 s, respectively;
«c is the slope of function given in Equation (A1) and ay is the slope of function in Equation (A2).
The values of Cp and Ry and the corresponding slopes «¢ and ay are extracted from Figure 5 and are
presented in Table A1.

Table Al. Values of the parameters Cy, ac Ry and ar obtained by fitting data in Figure 5 with
Equations (A1), and respectively (A2).

Co (pF) wc (pF/s) Ry (kQY) agr (kQY/s)

Lard 17.9+191 x 10715 4762 x 10715 +2.75 x 10717 275+ 0.238 0.0407 + 0.0343
GP 163+573x 1071 1429 x 10716 +825 x 1077 438 +0.344  0.0361 + 0.0496
CI 2794573 x 10715 1429 x 10716 +£825x 10717 892 +0.168 0.0169 + 0.0343

Appendix E. Fitting C and Cy, Data for CECs with MRSs

The experimental data in Figure 6(a) are fitted by polynomials of the form:
Ci=Co,(1+6;-B*), withi=1,2, and 3, (A3)

in which C; and Cy, are the electrical capacitances of the capacitors CEC; in the presence and absence of
a magnetic field with magnetic flux density B, and 6; is a dimensionless parameter whose magnitude
depends on the composition of MRS;. The values of Cy, and 6; corresponding to the capacitors CEC;
are listed in Table A2 for t = 05, and respectively for t = 120s. Due to very small errors, the average
values of the capacitance Cp, essentially coincide with Cp.

From an electrical point of view, CECs consist of a plane capacitor Cr, connected in parallel with
a linear resistor Ry,. Given the formula for calculating the electric capacity of a planar capacitor and,
respectively, the formula of a linear resistor, we obtain the relative dielectric permittivity ¢, and the
dielectric loss coefficient €/ of the dielectric materials between the electrodes of the CECs, as follows:

Cmh
/ m/l0
— A4
€ = 0.25¢,D2’ (Ad)
and respectively

1 ho

— , A5
r = 057meqfD?Rum (A5)
where D and h are the diameter and thickness of the dielectric materials in the CEC capacitors; ¢y is
the vacuum permittivity constant; and f is the frequency of the alternating electric field.

For e¢g = 8.854pF/m; f = 1kHz; D = 20mm; and hy = 2mm substituted in Equations (A4)
and (Ab), we obtain:

g, = 1.41 - Cpn (pF) (A6)
and respectively:
n 022455
77 R (kQ) (A7)

Table A2. Values of the parameters Cy,, §; obtained by fitting data in Figure 6 with Equation (A3), at
timet =0sand t = 120s.

Co, pPatt =0s 0; (pF/mT?)att =0s Co, (pF)att =120s 0; (pF/mT?)att=120s

CEC4 52 1.4808 x 10~ 56 1.4464 x 1074
CEC, 25.8 1.3953 x 10~ 26.25 1.4857 x 1075
CEC; 21.8 5.9698 x 10~° 222 6.3636 x 10~°
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Appendix F. Derivation of the Relation for Calculating the Capacitance of CECs

For the obtained CECs (see Figure 4), we model the dielectric material without and with GP, as
shown in Figures A4, and respectively A5. We consider that the CI microparticles in these figures
are spherical and have a diameter equal to the average diameter, d, ~ 5 ym. In a magnetic field, the
CI microparticles magnetize instantaneously, forming magnetic dipoles. The dipoles m align in the
direction of B, parallel to the Oz coordinate axis. At the moment of applying B, considered the initial
moment (typ = 0s), the distance between two neighboring dipoles m is approximated by the relation

[41]:
o1 = SdTI;‘ ~ 10.77 ym, for the suspension MRS, (A8)
CI
and by the relation:
5 — dm N 11.12 ym, for the suspension MRS, (A9)
YA 11.45um, for the suspension MRS;~
1+Pcp

with i = 2,3. Here d, and ®¢y are the average diameter and volume fraction of the CI microparticles,
and dgp is the volume fraction of GP.

o o

() (b)

Figure A4. Cross-section through capacitors with a dielectric composed of lard and CI microparticles
(model) under: (a) absence of a magnetic field; (b) presence of a magnetic field. Cu - copper foil, m -
magnetic moment vector, B - magnetic flux density vector, Oz - coordinate axis.

o o

() (b)

Figure A5. Cross-section through capacitors with a dielectric composed of lard, GP and CI microparti-
cles (model) under: (a) absence of a magnetic field; (b) presence of a magnetic field. The symbols are
the same as above.
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The dipole magnetic moment projected on the Oz coordinate axis is calculated with the expression

[41,42]:
242 2

where ji is the magnetic constant of the vacuum. Between the dipoles m (see Figures A4a and A5a),
along the Oz axis, magnetic interactions of intensity occur [41,42]:

3ugm?
fm, = ZZ‘L , (A11)

where m is the magnitude of the dipole moment, and z is the distance between the centers of mass of
the dipoles m at a moment ¢ > ty. From Equations (A10) and (A11), and for z = d,, we obtain:

_37'cdan2'

Al12
4110 (A12)

f m; =

The negative sign in this expression indicates that the dipoles m in the chain attract each other. In

the time interval dt, the dipoles m in each chain approach by a distance dz; (i = 1,2, 3). The movement

of the dipoles m is opposed by the resistance force f;, of the lard. The magnitude of f;, is calculated
with the relation [41,42]:

foi= 3nqui%, withi =1,2,3, (A13)

where 7; is the viscosity of the medium in which it takes place the movement of dipoles m.
At an arbitrary moment , between the quantities f,,. and f,. (with i = 1,2,3), a dynamic
equilibrium occurs, which mathematically can be written as:

dz;  3md> B? 0

_—t — Al4
dt dpion; (A14)

and represents the equation of motion for the CI microparticles in the dielectric component between
the copper foils of the capacitors CEC;. At ¢y, the distance between the dipoles m is §; (withi = 1,2, 3),
and at a moment ¢ > £, the distance between the same dipoles is z; < J;. With these conditions, we
integrate Equation (A14) and obtain:

37d?, B>
=g (1 2mE ), Al
E 5l<1 4p07;6; ) (A15)

This equation describes the law of motion of CI microparticles in the capacitors CEC; in a magnetic
field. Between two dipoles m in each chain, a microcapacitor is formed.
The electric capacitance C;, (i = 1,2, 3) of a microcapacitor is approximated by the relation:
€8S

, Al
CZI Zj 7 ( 6)

where ¢ is the dielectric constant of the vacuum, ¢} is the relative dielectric permittivity of the MRS;
suspensions, S is the surface area of the dipoles m, and z; is the distance between the centers of mass of
the dipoles in each chain. For S = md2, and the expression for z; (i = 1,2, 3) in Equation (A15) inserted
in Equation (A16), we obtain the expression for the capacitance of a microcapacitor:

goeld2,

C, = — 0%m (A17)

: (1 _ 3md%,B? )
O (1 4p01;6; t
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The maximum number 7 of dipoles m in each chain is defined by the expression [13]:
h
n =, (A18)
dm

where h is the thickness of the MRS; suspensions. The capacitors C,, (with i = 1,2,3) are in series.
Therefore, the equivalent electrical capacitance of a chain of dipoles is:

C,. eoeld®
Cry = 2z = o form > 1 (A19)
e diho (1 o 4#0?711'51‘ t)

The number N of dipoles m in the volume of the MRS; is estimated with the expression [13]:

DV

N ,
Ve

(A20)

where V is the volume of the MRS;, and V¢ is the volume of a CI microparticle. For V = wD?hq/4 and
Ver = nd3, /6 introduced in Equation (A20), the expression for calculating the number N is obtained

as follows: 5
3Dhg
=—0 A21
N B d%q CI, ( )
where D is the diameter of the body formed by the MRS,;.

The number of chains of magnetic dipoles is n, = N/n;. Using the expression for N given by
Equation (A21) and the value of 11, we obtain the expression for calculating the number of chains of
dipoles m in MRS; as follows:

3D%Pc;
ny = LY 7R
m
The capacitor chains are electrically connected in parallel through the copper foils. Therefore, the
electrical capacitance of the capacitors CEC; can be estimated using the relation C; = n,C;, . By
introducing 1, from Equation (A22) and the value of C;, from Equation (A19), we obtain the relation
for the capacitance of the capacitors CEC; in a magnetic field, as:

(A22)

Co,
71 B, (A23)
411010

Ci =

The value Cy, is the capacitance at the initial moment ¢y = 0Os of the capacitors CEC; and has the form:

B 3mepe, D*dyPcr

T (A24)

It is observed from Equation (A23) that the value C; depends on the geometric dimensions of
the CECs, the diameter dy,, the volume fraction of the CI microparticles in the liquid matrix, and
the volume fraction of the GP microparticles. By using numerical values D = 20mm, hy = 2mm,
dm = 5um, g = 471 -10~7 H/m , and the values §; with i = 1,2,3 from Equations (A8), and (A9) we

obtain: c
0 .
C = - 2.18-10*5132 SOk for capacitor CEC;, (A25)
Ut
Co, .
C = for capacitor CECy, (A26)

1 — 211:107° B2(mT)¢(s) ’
a 2



https://doi.org/10.20944/preprints202407.0179.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2024 d0i:10.20944/preprints202407.0179.v1

17 of 19

and respectively,
Co,
1_ 2.05-10~5 B2(mT)t(s) ’
3

G =

for capacitor CECs. (A27)
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