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Abstract. The aim of the work is to develop the uniaxial ferrofluid sensor suitable for use either as an
accelerometer for low-frequency vibrations or as a ballistic device or seismic sensor for shock loads.
The goal is achieved by solving the following problems: development of a magnetic suspension system
with a linear axial gradient of the magnetic field strength, calculation of the viscous friction force of the
magnetic fluid filling the coaxial layer between the magnetic cylinder and the non-magnetic body wall,
manufacturing of the sensor and its static and dynamic tests. The most significant result of the work is
the experimental confirmation of the linearity of the electromechanical system of the sensor, correspond-
ing to the model representations of a linear dissipative oscillating system with one degree of freedom.
The significance of the obtained results lies in the appearance of cheap and simple linear inertial sensors.
The principle of operation of the sensor is based on the registration of the motion of an inert mass
deviating from the equilibrium position under the action of an external force to be measured. The inert
mass, consisting of ring permanent magnets, levitates in a coaxial layer of magneto-fluid lubricant. The
sensor, depending on its parameters, can measure either quasi-static force, or force impulse, or coordi-
nate displacement, which is in demand in monitoring systems for critical structures and buildings, as
well as in navigation systems for vehicles operating under conditions of small, slowly changing accel-
erations (microgravity).
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Senzor ferrofluid inertial pentru masurarea vibratiilor, deplasarii si impulsurilor de fortd cu semnal de
iesire linear
Koskov M.A., Somov S.A., Krilasova O.S., Ivanov A.S.
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Rezumat. Scopul lucrarii este de a dezvolta un senzor ferofluid uniaxial adecvat pentru a fi utilizat fie ca
accelerometru pentru vibratii de joasa frecventd, fie ca dispozitiv balistic sau senzor seismic pentru incarcari de
soc. Obiectivul este atins prin rezolvarea urmatoarelor probleme: dezvoltarea unui sistem de suspensie magnetica
cu un gradient axial liniar al intensitatii cAmpului magnetic; calcularea fortei de frecare vascoasa a fluidului
magnetic care umple stratul coaxial dintre cilindrul magnetic si peretele corpului nemagnetic; fabricarea senzorului
si testele sale statice si dinamice. Cel mai semnificativ rezultat al lucrarii este confirmarea experimentald a
liniaritatii sistemului electromecanic al senzorului, care corespunde reprezentarilor modelului unui sistem oscilant
disipativ liniar cu un grad de libertate. Semnificatia rezultatelor obtinute consta in aparitia unor senzori inertiali
liniari ieftini si simpli. Principiul de functionare al senzorului se bazeaza pe inregistrarea miscarii unei mase inerte
care se abate de la pozitia de echilibru sub actiunea unei forte externe care trebuie masurata. Masa inerta, formata
din magneti permanenti inelari, leviteaza Intr-un strat coaxial de lubrifiant magneto-fluid. Senzorul, in functie de
parametrii sdi, poate masura fie forta cvasi-statica, fie impulsul fortei, fie deplasarea coordonatelor, care este
solicitatd in sistemele de monitorizare pentru structuri si cladiri critice, precum si in sistemele de navigatie pentru
vehicule care functioneaza in conditii de acceleratii mici, care se modifica lent (microgravitatie).

Cuvinte-cheie: fluid magnetic, senzor inertial, magnet permanent, frecare vascoasa.
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NHepuuoHHBI MATHUTOKUIKOCTHBINA JaTYHUK JJI1 M3MepeHusl BUOpaumii, cMeleHuil 1 TMIYJIbCa CUJIBI €
JIMHEHHBIM BBIXOJIHBIM CUTHAJIOM
KockoB ML.A., ComoB C.A., Kpruiacosa O.C., UBanos A.C.

«VIHCTHTYT MEXaHUKH CIDIOMIHBIX cpel Y palbCcKoTo oTAeneHus Poccuiickoil akanemun Hayk» - Gpunuan Oene-
PaTFHOTO TOCYAAPCTBEHHOTO OIOKETHOTO YUpexkaeHUs Hayku [lepMckoro deneparbHOT0 HCCIIeT0BATEIBCKOTO
ueHtpa Ypansckoro oraenenus PAH, Ilepms, Poccuiickas ®enepanys
Annomayusa. lensio paboTel sBIsAETCS pa3paboTKa OJHOOCHOTO HMHEPIHOHHOTO MAarHUTOXXHIKOCTHOTO PETH-
CTpHUpYIOIIEro npudopa (FaTanka), MPUroTHOTO K HCIOIB30BAHUIO JTHOO0 B KaYeCTBE aKceIepoMeTpa IpH HU3KO-
YaCTOTHBIX BHOPAIHUSIX, THOO OAJUTMCTHYSCKOTO MPUOOpPA HITK CeCMOIaTYrKa MTPH yIapHBIX Harpy3kax. [locras-
JIEHHAs! 1IeTb TOCTUTAeTCs 3a CUET PelIeHHs CIeAYIONUX 3a/1a4: pa3paboTKa CUCTEMbl MATHUTHOTO TOJIBECA C JIH-
HEWHBIM OCEBBIM I'PAIMEHTOM HANPsIKEHHOCTH MarHUTHOTO MOJIsA; PAaCUET CUJIbI BA3KOTO TPEHUSI MAarHUTHOM KU~
KOCTH, 3aMOJHAIOIIEH KOAKCUAJbHBIN CJIONH MEXIy MarHUTHBIM LWIMHAPOM M HEMarHUTHOM CTEHKOM KOpIyca;
W3rOTOBJICHHE TATYMKA U MTPOBEACHUE €r0 CTATHYCCKUX U JMHAMHUYCCKUX HCIIBITAaHMI Ha BHOpocTene. Hauboee
CYIIECTBEHHBIM PE3yJIbTaTOM PabOTHI SABISETCS IKCIIEPUMEHTAILHOE TIOTBEPKICHUE TMHEHHOCTH DJIEKTpOMEXa-
HUYECKOM CHCTEMBI JaTYMKa, COOTBETCTBYIOLIEH MOJIEIbHBIM MIPEICTABICHUSM O JUHEHHON AUCCUMIATUBHOM KO-
nebaTebHON CHCTEME C OTHOM CTETICHBIO0 CBOOOIBI, UTO ITO3BOJISIET OMICHIBATE PAbOTy TaTYMKA HEOTHOPOIHBIM
THEHHBIM AuddepeHInaIsHEIM YpaBHCHHEM BTOPOTO MOPSIIKa. 3HAYAMOCTh OJTYYCHHBIX PE3yIIbTaTOB 3aKIFO-
YaeTCsl B MOSBJICHUH JEMIEBBIX U TEXHOJIOTMUECKH MPOCTHIX B U3TOTOBJICHUU JTUHEUHBIX HHEPLIMOHHBIX MarHUTO-
JKUJIKOCTHBIX JaTYHKOB, CIOCOOHBIX H3MEPATh YAapHBIC M HU3KOYACTOTHBIC MEXaHUIECKUEe HArpy3Kku. [IpuHImI
paboTHI TaTYMKa OCHOBAH HAa PETHCTPAIIUH TBI)KCHUS HHEPTHOW MACCHI, OTKJIOHSFOIICHCS OT ITOJIOKEHUSI paBHO-
BecHs MO/ ACHCTBUEM BHEIIHEW CUIIBI, MOJyIexXalle naMepennro. 3mepurenbHas mojacucTeMa AaTdyuKa peaiu-
30BaHa B BUJE ONTUYECKON CXEMBI, YTO UCKIIIOYAET €€ B3aUMOJICUCTBHE C TEJIOM U C CUCTEMOW MarHUTHOTO IO~
Beca MMOCPEICTBOM MarHUTHOTO MO (pacpoCTpaHEHHBIN HEAOCTATOK PAaHHUX KOHCTpYKuuii). JlaTunk obmamgaet
UMITUHApUYEecKo cummeTpueil. UHepTHas Macca, cocTodIas U3 KOJbLEBBIX OCTOSHHBIX MATHUTOB, JIEBUTUPYET
B KOAKCHAJIbHOM CJIO€ MarHUTOKUJKOCTHOM cMa3kH. J[aTuuK, B 3aBUCUMOCTH OT €ro mapameTpoB, MOXKET U3Me-
PATH WIN KBa3UCTATUYCCKYIO CHITY (aKCEIepOMET]), HITH HMITYJIBC CHJIBI (OaJTHCTHUCCKUI TATUUK), HITH CMEIIe-
HUE 110 KOOpIUHATE (CEHCMOIaTUUK), YTO BOCTPEOOBAHO B CUCTEMAaX MOHUTOPUHTA OTBETCTBEHHBIX KOHCTPYKITUIA
W 3[aHUH, a TAKXKE B CHCTEMaX HABHUTAIIHMH AIMApaTOB, PYHKIUOHUPYIOIIUX B YCIOBUSIX MAIBIX, MEIJICHHO MCHSI-

FOIIUXCS] YCKOPEHUH (MUKPOTPABUTAIIHS).
Knioueswie cnosa. MarHuTHas! )KUJKOCTb, UHEPLIMOHHBINA JaTUYMK, TOCTOSTHHBIA MAarHUT, BS3KOE TPEHHUE.

INTRODUCTION devices, such as those manufactured by Analog
Devices using iMEMS technology. MF is a stable
colloidal solution of ferri- or ferromagnetic parti-
cles in a nonmagnetic carrier fluid, making it suit-
able for use in the design of supports, bearings,
dampers, measuring devices, and seals [9, 10]. An
inert mass made of permanent magnets floats in
this colloid in a suspended state [11], without con-
tacting the walls of the sensor body (levitating).
Here, the MF acts as a lubricant, replacing dry
friction with liquid friction, which increases the
sensitivity of the measuring device.

The use of a MF suspension makes it possible
to create inertial sensors with a specific design,
first patented in the 1970s [8] and subsequently
developed further in the 1990s [3, 12 — 15] and
into the XXI century [16 — 25]. In the uniaxial de-
sign [14, 18 —25], the sensor body is a hollow,
non-magnetic tube housing an inert mass, with the
entire structure exhibiting cylindrical symmetry.
The gap between the inert mass and the body is
filled with a MF droplet. The displacement z(¢) of
the mass from its equilibrium position zy over time
t is described by the equation of forced oscilla-
tions [1]

Mechanical sensors, such as quasi-static re-
corders of low frequency forces, force pulses, and
seismic sensors [1], are widely used in industry,
construction [2, 3], including power complex fa-
cilities, aircraft [4], etc. Alternative microelectro-
mechanical (MEMS), piezoelectric, and fiber op-
tic sensors are also popular due to their small size
and weight [5]. However, their production re-
quires complex and proprietary microelectronics
manufacturing technologies, leading to high fi-
nancial costs.

In contrast, inertial mechanical sensors are
larger and heavier but structurally simpler and
more affordable than integrated circuits. An iner-
tial sensor’s core component is an inert mass - a
body resting on an elastic suspension that re-
sponds to the action of external forces. The use of
magnetic fluid (MF) [6, 7] has enabled both a sim-
pler sensor design and higher sensitivity to small
accelerations (approximately 107*g) [8]. This
sensitivity is at least one order of magnitude
higher than comparable characteristics (approxi-
mately 1072 — 107 g) of commercially available

81



PROBLEMELE ENERGETICII REGIONALE 4 (64) 2024

&
dr’

dz
+2y5+ wyz=f(t)

(1)
where f{¢) — is the external force normalized to the
mass of the sensing element — the signal to be
measured. The sensor’s useful signal is generated
by measuring z(¢), and the unknown force f'is cal-
culated using the coefficients y and wo which are
sensor parameters. The frequency of natural oscil-
lations of the inert mass wo is determined by the
balance of inertial and return forces in the absence
of external influence and friction (dissipation)
forces.

In sensor designs [14, 18, 21 — 25], the return
force arises from the repulsion of the magnetic
sensing element [22 — 25] by a system of perma-
nent magnets and/or coils placed on the device
body. The coefficient y represents the viscous
friction occurring in the layer of MF. The inertial
force is determined by the mass of the body,
which can be adjusted by using composite con-
structions of magnetic and nonmagnetic materials
with different densities.

The combined effect of inertial, frictional, and
return forces completely and uniquely determines
the sensor type [1]. In quasi-static devices (con-
stant force recorders), inertial and friction forces
are minimal in comparison to the return force

|d2 z/dt2| < |m§z|,

|2y(dz/dt)| < |0)éz|.

A seismic device (displacement recorder) is char-
acterized by four conditions: small friction and re-
turn forces compared to the inertia force

|2y(dz/dt)| < |d2 z/dt2|,

|0)§Z| < |d2 Z/dt2|,

as well as high quality factor and significant fre-
quency deviation (the minimum frequency in the
signal spectrum f{¢) should exceed ). For a bal-
listic device (force pulse sensor), the parameters
must meet two conditions. The first condition im-
poses a restriction on the sensor's natural oscilla-
tion period: it must be significantly larger than the
characteristic time t© of the measured impact
21/ (w; —v*)"* > 1. The second condition requires

high Q-factor of the oscillating
O=0,/(2y)>1.

Regardless of the sensor’s purpose, the coeffi-
cients o and y must remain constant to enable an

system,
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unambiguous interpretation of f{r) based on the
signal magnitude z(¢). This condition is fulfilled
only for linear oscillating systems, for which the
principle of superposition of signals is true, and
their functioning is described by a system of linear
algebraic or integro-differential equations [1].

Previously, we proposed a method for design-
ing sensors that satisfy the requirement wo = const
[26] and investigated the viscous friction of a co-
axial magnetic fluid layer in the gap between a
magnetic inertial mass and a nonmagnetic tube,
simulating the device body [27]. The present work
is devoted to the experimental verification of
model (1) as applied to a laboratory prototype of
auniaxial inertial sensor we developed [28], using
both static and dynamic tests.

I. MATERIALS AND METHODS

The laboratory mockup of an inertial MF sensor
suitable for dynamic testing was constructed from
independent modules. The first module was an ax-
isymmetric magnetic suspension system designed
to return the inertial mass to the geometric center
of the device. The system [26], based on two axi-
ally magnetized ring permanent magnets and a
coil with a rectangular cross-section, was used as
the general concept. Barium ferrite magnets with
a residual magnetization of 300 kA/m were uti-
lized. The coil was designed for low heat dissipa-
tion (< 3 W) at a current density of 1 A/mm?. The
final configuration of the magnetic system is
shown in fig. 1. The magnetic field along its axis
has a linear gradient (fig.2), with Hoz’, a
VH o z . This results in a linear return force mmo’z
exerted by the magnetic suspension on the inertial
mass m. The magnetic system was mounted on a
3D-printed plastic housing, providing a large
safety margin and high resistance to deformation
(fig. 3).

An assembly of five NdFeB ring permanent
magnets, separated by plastic inserts, was used as
the inertial mass (fig. 4). This combination of al-
ternating magnets and non-magnetic washers
serves two purposes. First, it enables adjustment
of the body’s average density. Second, the alter-
nating magnetic rings create a magnetic field
(fig. 5) that provides a high bearing capacity of
approximately ~ 10 N/cm? for the MF layer [29],
ensuring near-complete coaxial alignment of the
inertial mass within the cylindrical channel, re-
gardless of the sensor’s spatial orientation.

Experimental tests [27] and numerical simula-
tions using FEMM (finite element method mag-
netics) software confirmed that this design allows
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the MF to fully occupy the coaxial gap between
the assembly and the tube (fig. 5). Partially filling
the gap with individual MF droplets [23 — 25] re-
sults in a strong, unpredictable dependence of the
friction coefficient y on the sensing element's ve-
locity, which is unsuitable for sensors. The mass
of the sensing element without MF was 1.59 g.
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Two-pointed arrow denotes the linearity area, back-
ground cell scale is 2 mm.

Fig. 1. Configuration of the magnetic system with a
linear axial gradient of the magnetic field strength.
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Fig. 2. Calculated gradient of the field strength
along the axis of the magnetic system.

/I,
o
P

Ring magnet 1', coil 2, plastic housing 3', sensing el-
ement location 4'.

Fig. 3. Axial section of the inertial ferrofluid sensor
demonstrating it construction and components lay-
out.

Permanent magnets 1', MF 2', sensor housing 3', non-
magnetic rods 4'

Fig. 4. Schematic of the sensing element.

The linearity of the return force mwo’z was ver-
ified by measuring it as a function of displacement
z from the equilibrium position zy. For this meas-
urement, the sensing element's stem (fig. 4) was
securely attached to a dynamometer.

Fig. 6 shows the force as a function of the
sensing element’s displacement from the sensor’s
center. The angular coefficient of the fitted line
mmo> = 19.2 mN/mm was measured with an error
of less than 2 %, yielding an estimated natural fre-
quency of wo = 110 rad/s.

Considering the mass of the MF = 0.07 g fill-
ing the gap between the element and the housing,
the adjusted estimate for the circular frequency is
107 rad/s.

The maximum value of the friction coefficient
v was estimated using the formula [27]
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Fig. 5. Magnetic field strength modulus generated
by the sensing element.
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Here R> =r»/ ry is the ratio of the inner radius of
the tube 7> =2.21 mm to the outer radius of the
sensing element »; = 2.07 mm, £ =22.0 mm (see
fig. 4), no=13.6-107 Pa-s is the viscosity of the
MF measured by a rotational viscometer at room
temperature. A theoretical estimation of the fric-
tion coefficient y~30 s, Following the sensor
classification given earlier, we calculate the pe-
riod 2n/ (o, —v*)"* ~0.06 s, and the quality factor
0 =0w,/(2y)~2. These estimations mean that the

made mockup is a ballistic device for measuring a
force pulse with a characteristic exposure time on
the order of 1 ms. At the same time Q ~ 2 means

low sensitivity of the mockup and a significant
contribution of viscous dissipative forces to the
formation of a useful signal. In future prototypes
of the sensor, of course, the value of the friction
coefficient will be reduced by at least an order of
magnitude by increasing the parameter R, and us-
ing a less viscous carrier fluid (PES-1).

For further reasoning and estimation, let us as-
sume that oscillations in the investigated system
(1) take the form z(¢)ccos(wt). Thus,
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|d’z/d| = w?*z, and |2y(dz/df)| =2ywz. Conse-
quently, the setup will function as a quasi-static
force recorder when the conditions ®? <« ®y? and
2ym K @o® are met. The first condition implies
that the frequency of external forcing
® < 30 rad/s, and the second condition gives an
estimate of ® <20 rad/s. Here and below, the
symbol “«” is used to mean “10 times less” — a
standard approach for numerical estimation in vi-
bration theory and radio engineering [30]. The
smallest of these estimates is preferred.

150 5

100

mmy?z, mN
n W
< o [

—
o
=

A0,
-8§.00 -4.00 0.00 4.00 8.00

zZ, mm
Dots - experiment, solid line — linear approximation.

Fig. 6. Force acting on the sensing element from
the side of the magnetic system (Fig. 1).

It should also be noted that this model is not
suitable as a seismic device (displacement meter)
since a seismic device requires both a high quality
factor O > 1 and high inertia — conditions that are

not met in this case. Thus, the model can operate
as a quasi-static force recorder at characteristic
frequencies of external influence in the range of
0 to 3 Hz, where the useful signal z(¢) is propor-
tional to the magnitude of the external force f{¥).

In addition to static tests (fig. 6), dynamic tests
of the assembled model were performed on a vi-
bration test bench across a frequency range typi-
cal for mechanical vibrations, from 5 to 50 Hz
(10m to 1007 rad/s). A harmonic vibration of fixed
amplitude and fixed frequency (constant during
measurement) was used as the external force. The
vibration was provided by a Briiel & Kjer 4828
modal exciter with an external automated control
system “Visom”. The control system feedback
was achieved using a piezoelectric vibration ac-
celerometer PCB352A25 mounted on the bench
table. The setup is illustrated in fig. 7.
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The tested model was positioned on the vibra-
tion table (/'), and the displacement amplitude 4
of the table was held constant across various vi-
bration frequencies ®. The position z(¢) of the in-
ert mass was measured with a Riftek-602 triangu-
lation laser caliper (2'), which was focused on a
reflective element (3') attached to the inert mass's
rod. This setup effectively prevented any direct
influence of the MF on the z(¢) signal, represent-
ing a key innovation in our design. Unlike earlier
designs (dating back to the 1970s), our sensor’s
measurement subsystem is entirely independent
of the magnetic suspension system supporting the
inert mass. This approach avoids unwanted induc-
tive coupling between the device’s modules and
mitigates the adverse effect of magnetophoresis in
the MF [31] on the z(#) signal. Notably, magneto-
phoresis, manifesting as a time-dependent drift of
the sensor’s “zero” position zo = zo(¢), has been a
major obstacle to the large-scale production and
broad adoption of such devices. In our design, the
negative effects of magnetophoresis are largely
eliminated.

Installing the caliper on a fixed mount (not
shown in fig. 7) made it possible to protect the
measuring system from vibration and, conse-
quently, to improve the accuracy of measure-
ments.

Modal exciter 1', laser triangular caliper 2', reflective
element 3' attached to the rod of the inertial mass.

Fig. 7. Schematic diagram of the experimental
setup for vibration tests.
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In such a formulation of the experiment equation
(1) takes the form

@
dr’

dz dz
+2y—+ oz =0 Z +2y—
ydt o o ydt

3)

where z is the displacement of the inert mass rel-
ative to the stationary rangefinder, Z = 4-sin(wt)

is a vertical displacement of the shaker table. The
right part of the equation is the elastic and friction
forces, respectively, acting from the side of the os-
cillating body of the layout on the sensitive ele-
ment. In (3) the constant force of gravity g is not
taken into account, which leads only to the change
of the position of the origin of displacements zo.
The search for the steady-state solution of equa-
tion (3) in the form z =a-sin(ot-¢) gives the vi-
bration amplitude transfer coefficient

4 2 2
a O —20,0

=K(w)= JI- 2 2\2 2.2
4 ((o —(oo) +4v°o

The application of this formula in analyzing the
results of experiments explains the fixation of the
amplitude of displacements A, instead of the often
used amplitude of accelerations w*4.

(4)

II. RESULTS

In two test series, the steady-state vibration
amplitudes of the sensitive element, a, were meas-
ured across different frequencies. These values
were normalized by the table’s vibration ampli-
tude A, resulting in the amplitude-frequency char-
acteristics K(m) of the system under study (fig. 8).
Due to the minimum sensitivity limits of the
modal exciter’s control system, which could not
register vibration accelerations below 0.1 g, the
tests were conducted at 4 = 0.5 mm starting from
7Hz (44rad/s) and at A=1mm from 5 Hz
(31 rad/s). The experimental K(®) values were fit-
ted to formula (4) using the least squares method.
As seen in fig. 8, there is excellent agreement be-
tween the experimental measurements and the fit-
ted curves, with a slight exception around
o = 200 rad/s, which we attribute to minor incon-
sistencies in the modal exciter’s operation at these
frequencies. From the approximations, the reso-
nance frequencies ®, of the dissipative oscillating
system (with one degree of freedom) were deter-
mined, and the results are presented in Table 1,
along with the percentage deviations from their
calculated values.
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Table 1
Inertial magnetic fluid sensor properties obtained in
dynamic tests

A, mm o, rad/s (/0 — 1), %
0.50 116 55
1.00 114 35

As shown, the natural frequency of the inertial
MF sensor obtained in dynamic tests is less than
10 % above the theoretical estimate and shows
minimal dependence on the oscillation amplitude.
Doubling the amplitude and quadrupling the cor-
responding oscillation energy do not lead to sig-
nificant changes in ®,. This confirms that the
tested sensor model aligns closely with theoretical
predictions for a linear oscillating system with
one degree of freedom.

3.0 o
2.0
<
1.0 *
] a0
0.0_IIIIIIIII}\W[IIIIIIIIIIIIIIIIIII
0 100 200 300
o, rad/s

a) Amplitude is 0.5 mm,

The linearity of the sensor is further supported
by the static test results of the magnetic suspen-
sion (fig. 6), which demonstrate the linearity of
the return force. Dynamic tests fully confirmed
this linearity. This linear behavior enables the sen-
sor to measure both static and dynamic forces of
arbitrary shape accurately. In linear systems, the
absence of combinational effects (such as the gen-
eration of harmonics at multiples of frequencies
not present in the original signal) [32] and the ap-
plicability of the signal superposition principle
ensure a clear, unambiguous correspondence be-
tween sensor readings and external influences of
various spectra (within the device's technical
specifications and intended application).

4.0
3.0
2.0
1.0
0.0_\|f||||||||||||||||||\|f||||1|||
0 100 200 300
o, rad/s

b) amplitude is 1 mm,

Dots - experiment, solid line - approximation by formula (4).
Fig. 8. Transmission coefficient of sinusoidal vibration amplitude as a function of ®.

Let us discuss an important question regarding
the influence of temperature 7 and magnetopho-
resis of colloidal particles on sensor performance.
In equation (1) T affects only the frictional force.
Typically, the viscosity of liquids n(7) decreases
exponentially with increasing 7, so y(7) also var-
ies widely; however, this is not a problem. The
device design should be based on the minimum
operating temperature Tmin specified for the sen-
sor's intended climate range [33].

According to the earlier classification of sen-
sors, the primary requirement for friction is that it
remains small relative to the return force y < o
and the inertia force, a requirement similar to the
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high quality factor condition Q > 1. If the ine-
quality Y(Tmin) <K o is met, the sensor will main-
tain its specified characteristics at any 7.

The required value of y(7min) can be achieved
either by adjusting parameter R in (2) or by se-
lecting a MF with low-viscosity carrier liquid
with a suitable stabilizer [34].

Another phenomenon that negatively affects
the performance of MF devices, especially sealers
[35], is magnetophoresis [36 — 38], which results
in spatial inhomogeneity of particle concentration
¢ and viscosity N(7, ¢). The problem of flow in an
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inhomogeneous MF is simplified if the concentra-
tion and viscosity gradients (V¢ and Vn, respec-
tively) have a single, non-zero radial component.
This condition is satisfied if VH has a similar con-
figuration. Although VH deviates from ideal lin-
ear dependence (see fig. 5), the magnetic assem-
bly acts as a MF support, causing the colloid to
distribute over its surface as a continuous, rela-
tively uniform layer. The free surface of the MF
satisfies H = const, approximating the cylindrical
surface of the assembly. Consequently, in the first
approximation, surfaces of equal concentration ¢
are also cylindrical. Additionally, equilibrium iso-
lines of concentration near a permanent magnet
are predominantly located along its surfaces
[39, 40], further supporting Vn = {dn/dr; 0; 0}
in this context. The MF flow in a thin coaxial gap
is planar [27], with the velocity vector
v = {0; v:; 0} orthogonal to Vn, so the flow does
not alter ¢. The viscous friction force
oc n(r)(dv,/dr) thus remains constant throughout
the flow. Therefore, in the first approximation,
magnetophoresis can be neglected in its effect on
the friction coefficient .

III. CONCLUSIONS

The problems of designing, fabricating, and
dynamically testing a uniaxial inertial sensor for
mechanical actions, which includes a MF suspen-
sion for the sensing element (inert mass), have
been addressed. An axisymmetric system has
been fabricated that meets the requirements for
linearity of the return force and low power con-
sumption in inertial sensors. The sensor utilizes a
sensing element, which is an assembly of mag-
netic and non-magnetic rings capable of maintain-
ing continuous filling of the coaxial gap between
the device’s body and the inert mass with MF,
thereby ensuring low friction. Theoretical esti-
mates of the viscous friction coefficient and the
natural frequency of the sensor were performed.
The results of the dynamic tests align with the the-
oretical estimates. It is concluded that the sensor
design fully corresponds to the model representa-
tions of a linear oscillating system with one de-
gree of freedom. The significance of the obtained
results lies in the potential for designing and man-
ufacturing inexpensive and technologically sim-
ple linear inertial MF sensors, capable of measur-
ing shock and low-frequency mechanical vibra-
tions. This capability is beneficial for monitoring
buildings and critical structures with sources of
noise and vibration, such as hydraulic units in hy-
droelectric power plants [41].
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