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Considering the low-frequency and large-amplitude vibration characteristics of the high-rise structure, a tuned magnetic fluid
rolling-ball damper is proposed to suppress the vibration of the structure. By adjusting the external magnetic field to control the
natural rolling frequency of the ball, the purpose of tuning vibration reduction is achieved. Firstly, the working principle of the
damper is theoretically analysed, a three-dimensional (3D) magnetic-fluid-solid multiphysical field coupling mathematical model
of the damper is established and the governing equations of multiphysical field coupling are derived. Secondly, the magnetic field
distribution and operating characteristics of the damper are simulated and analysed. Finally, the effectiveness of the model is
verified by experiments, and the damping performance of the damper with two kinds of magnetic fluid is tested and compared.
(e results show that the magnetic-fluid-solid multiphysical field coupling model can accurately simulate the working char-
acteristics of the damper. (e maximum damping force of the damper is about 12% of the elastic force of the structure, which can
increase the damping ratio of the structure by about two times, effectively reduce the vibration response time, and suppress the
vibration of the high-rise structure.

1. Introduction

Ferrofluid, also called magnetic fluid, is a kind of colloidal
stable liquid composed of magnetic nanoparticles, carrier
fluid, and surfactant. (e surfactant is coated on the surface
of magnetic nanoparticles to prevent the mutual attraction
of solid nanoparticles from causing aggregation, and due to
Brownian motion, magnetic nanoparticles are uniformly
dispersed in carrier liquid [1, 2]. Magnetic fluid has unique
magnetic and hydrodynamic properties [3, 4]. Under the
effect of magnetic field, magnetic fluid is magnetized and the
magnetic torque of magnetic nanoparticles increases to resist
the viscous torque, which leads to the increase of friction
force between the magnetic nanoparticles and the carrier
liquid [5, 6], showing the increase of the apparent viscosity of

the magnetic fluid, which is called magnetoviscous char-
acteristic [7, 8]. At the same time, magnetic fluid also ex-
hibits superparamagnetism. When the external magnetic
field is removed, there is no remanence and coercivity, so it
has outstanding controllability and response characteristics
in damping applications [9]. Magnetic fluids should not be
confused with magnetorheological fluid (MRF); MRF had
been widely used in damping in early studies due to the large
damping force [10, 11]. However, MRF is prone to aggre-
gation and precipitation, and it has the disadvantage of poor
stability [12]. Compared to MRF, magnetic fluid has higher
stability.

As a special smart nanomaterial, magnetic fluid was
used in damping in the early research period due to its
special magnetoviscous characteristic and colloidal
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stability. In 1967, NASA was the first one to propose a
magnetic fluid viscous damper, which effectively sup-
pressed the low-frequency vibration in RAE satellite [13].
In 1978, Moskowitz et al. [14] put forward a magnetic
fluid inertia damper to reduce the vibration of stepping
motor shaft and optimized the structure, so that the
magnetic fluid was attracted to the maximum magnetic
field area without the need of mechanical fluid seal. In
1987, Katsuto et al. [15] proposed a piston-type magnetic
fluid damper, which was combined with spring to control
the vibration of the isolating table. Later, Yang et al. [16]
wound electromagnetic induction coils around the pis-
ton-type magnetic fluid damper to achieve the purpose of
active vibration control and carried out fluid-
–solid–thermal multiphysical field coupling analysis on
the damper. Sawada et al. [17–21] developed the analysis
model and numerical simulation of the semiactive tuned
magnetic fluid damper and carried out a series of ex-
periments to verify the effectiveness of the damper. Such
semiactive dampers are expected. Li et al. [22, 23] pro-
posed a magnetic fluid dynamic shock absorber based on
second-order buoyancy, carried out dynamic modeling
and a large number of experimental studies, and opti-
mized the structure of the damper. At present, some
magnetic fluid dampers have been used in mechanics,
instrumentation, and aerospace fields, and some of them
are still in the stage of theoretical analysis [24, 25]. Due to
its unique magnetoviscous characteristic and stability,
magnetic fluid damper is still one of its most potential
applications.

In this paper, a tuned magnetic fluid rolling-ball
damper is proposed for tower structures with high
flexibility and low vibration frequency [26, 27]. (rough
the establishment of the magnetic-fluid-solid multi-
physical field coupling model of the damper and the
simulation study, the working characteristics of rolling
ball and magnetic fluid were explored, and the natural
sloshing frequency of the damper was theoretically and
numerically analysed. (e vibration experiments were
carried out to verify the effectiveness of the model and
test the damping performance of the damper with two
kinds of magnetic fluid. (e damper has the advantages
of simple structure, high stability, fast vibration re-
sponse, and the same performance in each vibration
direction. (e damper also has a good application
prospect in vibration control of high-rise structures.

2. Multiphysical Field Coupling Mathematical

2.1. StructureandOperationPrinciple. Figure 1 shows the 3D
structure section of the tuned magnetic fluid rolling-ball
damper, which consists of a nonmagnetic cylindrical vessel
with a hemispherical groove, a nonmagnetic hollow ball, a
pedestal, and an induction coil. (e induction coil is wound
outside of the nonmagnetic cylindrical vessel to provide a
magnetic field for magnetic fluid. A certain amount of
magnetic fluid is placed inside the nonmagnetic hollow ball,
and the nonmagnetic hollow ball is sealed by a screw.

(e damper is connected with the high-rise structure
through the pedestal. When the high-rise structure is
excited, the damper will vibrate; together, after they are
tuned, they will be in a state of reverse resonance. At this
time, the damper will exert a reverse damping force on
the structure, so as to suppress the vibration of the
structure. Based on the magnetoviscosity characteristic
of magnetic fluid, the viscosity of magnetic fluid can be
changed by controlling the external magnetic field, and
the frictional shear stress between the boundary layer of
magnetic fluid and the inner surface of the ball can be
changed, so as to control the natural rolling frequency of
the ball and change the resonance characteristics of the
structure to achieve the purpose of tuning vibration
reduction. According to the Lagrange equation, the
damping vibration reduction system is analysed dy-
namically and the ball’s natural rolling frequency can be
expressed as [28]
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where ma and ml are the mass of the ball and magnetic fluid,
respectively; R is the radius of the groove; r is the radius of
the ball; mp1 is the magnetic moment of magnetic fluid; μ0 is
the vacuum permeability; n1 is the turn number of the in-
duction coil; and I is the input current.

According to equation (1), after the size of the
damper is determined, the natural rolling frequency of
the ball can be adjusted by only changing the input
current in the induction coil to achieve the purpose of
tuning vibration reduction.

2.2. Multiphysical Field Coupling Analysis. During the op-
eration of the damper, the ball will drive the magnetic
fluid to roll in the hemispherical groove, and the external
magnetic field is controlled by changing the input current
in the induction coil, so the damper will be in the
magnetic-fluid-solid coupling field. (e important fea-
ture of fluid-solid coupling is the interaction between
two-phase media: the solid deforms or moves under the
action of fluid dynamic load, which in turn affects the
flow field and changes the distribution of fluid load.

Vessel

Coil

Pedestal

Magnetic
fluid

Ball

Groove

Figure 1: (e 3D structure section of the tuned magnetic fluid
rolling-ball damper.
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According to Newton’s second law, for any undeformed
motion structure with volume V0, the integral form of
momentum conservation can be expressed as

d
dt


V0

ρsolidvsoliddV � 
V0

fVdV + T·ds. (2)

According to the divergence law, T · ds � 
V0
∇·TdV ,

the governing equation of rolling ball can be written as

ρsolid
z
2u

zt
2 � fV + ∇ · T, (3)

where ρsolid is the density of the ball, u is the displacement
vector of solid structure motion, fV is the volume force, and
T is the traction force per unit area.

When the ball rolls in the groove, the tractive force
mainly includes the friction force between outer surface of
the ball and groove surface and the friction force between
inner surface of the ball and the magnetic fluid boundary
layer, which can be expressed by

T � −ξ ma + ml( g
R − r

r
eω cos θ − ηH

(R − r)ω
���
ReL



5Lr
,

(4)

where ξ is the friction coefficient between the rolling ball and
the groove, ω is the angular velocity of the ball, eω is the
angular velocity unit vector of the ball, θ is the angular
displacement of the ball relative to the centre of the groove,
ηH is the dynamic viscosity of magnetic fluid, and ReL is the
Reynolds number of magnetic fluid flow.

As an incompressible fluid, magnetic fluid satisfies the
continuity equation and the Navier–Stokes equation:

∇ · vfluid � 0, (5)

ρfluid
zvfluid

zt
+ ρ vfluid · ∇( vfluid � fg + fp + fη, (6)

where ρfluid is the density of magnetic fluid, fg is the gravity per
unit pressure volume of magnetic liquid, fp is the gradient per
unit pressure volume of magnetic fluid, fp � −∇p, p is the
pressure per unit pressure volume of magnetic fluid, and fη is
the viscous force of magnetic fluid, fη � ηH∇2vfluid, which can
be changed by an external magnetic field.

(e magnetic fluid is sealed inside the ball. (e two-
phase field method is used to track the liquid level change of
magnetic fluid [29–31], and the governing equations can be
written as

zϕ
zt

+ vfluid · ∇ϕ � ∇ ·
cλ
ε2
∇ψ, (7)

ψ � −∇ · ε2∇ϕ + ϕ2 − 1 ϕ, (8)

where λ is the mixing energy density and ε is a capillary
width that scales with the thickness of the interface. (ese
two parameters are related to the surface tension coefficient
σ; the expression is

σ �
2

�
2

√

3
λ
ε
. (9)

(e fluid-solid coupling governing equation is com-
posed of equations (3) and (4), continuity equation (5), and
Navier–Stokes equation (6). (ere is a fluid–solid coupling
surface between the spherical shell and the magnetic fluid,
which satisfies two boundary conditions: the normal velocity
is continuous and the normal force is continuous.

vf · nf � vs · nf � −vs · ns, (10)

Pf · nf � σs · ns, (11)

where vf and vs represent the velocity vectors of fluid and
solid on the fluid-solid coupling surface, respectively. nf and
ns represent the unit external normal vector of fluid
boundary and the unit external normal vector of solid
boundary on the fluid-solid coupling surface, respectively,
and the direction is opposite. Pf and σs represent stress
tensors of fluid and solid, respectively.

(e magnetic field in the damper is provided by the
induction coil and ignoring the displacement current in the
material. (rough the geometric analysis of the coil, the
current density of the DC coil is determined by the coil turns
and the input current; the equation can be written as

Je �
NIcoil

S
ecoil, (12)

where ecoil is the unit vector perpendicular to the coil section
and in the same direction as the current.

According to Ampere’s circuital law and the vector
magnetic potential, the governing equations of magnetic
field generated by electromagnetic coil are expressed as

∇ × H � Je (13)

B � ∇ × A, (14)

H �
B
μ

−Μ. (15)

(e magnetic fluid is magnetized and its viscosity
changes in the magnetic field. Magnetic field, fluid field, and
solid field are coupled through dynamic viscosity of mag-
netic fluid. (e magnetoviscous characteristic curve mea-
sured by rotary viscometer is shown in Figure 2. Under the
action of 0 mT–30 mT magnetic field, the magnetic fluid
viscosity changes from 5mPa∗s to 18mPa∗s.
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According to equations (3), (4), (6), and (12)–(15), the
governing equations of the damper’s magnetic-fluid-solid
multiphysical field coupling model can be written as

ρsolid
z
2usolid
zt

2 � fV + ∇ · −ξ ma + ml( g
R − r

r
eω cos θ − ηH

(R − r)ω
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ReL
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1
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(16)

2.3. Multiphysical Field Coupling Simulation. Based on the
governing equations of the damper’s magnetic–fluid–solid
multiphysical field coupling model, the 3D multiphysical
field coupling simulation model is established by the finite
element method, as shown in Figure 3. In the simulation
model, the radius of groove and ball are 100mm and 40mm,
respectively. (e mass and density of kerosene-based Fe3O4
magnetic fluid are 175.5 g and 1.41 g/cm3. (e DC coil is set
by using themultiturn coil node; the turn number is 400, and
the diameter of coil wire is 1mm.(e shell and rolling ball of
the damper are made of resin.

Based on the magnetoviscous characteristic curve of
magnetic fluid, as shown in Figure 2, the magnetic field
inside the damper should be numerically calculated and
analysed firstly. Figure 4(a) shows the magnetic field dis-
tribution inside groove of the damper with 2A input current
and Figure 4(b) shows the magnetic flux density on the
central axis of the damper with the input current ranges
from 0A to 4A. (e magnetic field from the bottom to the
top increases first and then decreases along the central axis of
the groove and has a good symmetry along the central axis,
which meets the magnetic field requirement for viscosity
changes. (erefore, no matter where the ball rolls in the

groove, the magnetic field can change the viscosity and
control the rolling frequency.

An initial horizontal excitation is applied to the damper,
and the ball will roll along the horizontal exciting direction
in the groove.When the input current of the induction coil is
3.1A, the relationship curve between displacement of the
ball and time is shown in Figure 5. It is obvious that the
natural vibration frequency of the rolling ball is 1.61Hz,
which is consistent with the theoretical calculation
according to equation (1). Figure 6 shows the magnetic fluid
level change in a vibration period, and its sloshing frequency
is close to the rolling frequency of the ball, which indicates
that the magnetic fluid is in the turbulent state during
operation. In this case, the friction energy consumption
between the magnetic nanoparticles and the carrier liquid is
faster, and the vibration reduction effect is better.

On the basis of the simulation of the damper, the damper
is fixed on a single-degree-of-freedom high-rise structure for
vibration reduction simulation. (e high-rise frame struc-
ture is made of 1mm-thick phosphor copper plate, and its
stiffness k is 7693N/m. According to the simulation results,
the height is 460mm and the natural frequency is 1.61Hz.
An initial excitation is applied to the top of the structure; the

10 15 20 25 30
4

6

8

10

12

14

16

18

Magnetic field (mT)

Vi
sc

os
ity

 (m
Pa

∗
s)

Figure 2: (e magnetoviscous characteristic curve.
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two are in the state of free attenuation vibration. In order to
realize the purpose of damping vibration tuned, the input
DC current of the damper needs to be 3.1 A. Figure 7 shows

the displacement changes of the damper and the high-rise
structure when they are in free vibration. According to the
displacement change and stiffness k of the structure in free

Figure 3: Simulation model of the damper.
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Figure 4: (e magnetic field distribution. (a) Inside the groove of the damper. (b) On the central axis of the damper.
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vibration attenuation, the elastic recovery force of the
structure under free vibration can be obtained by F� kx,
which is represented by F1. At the same time, the horizontal
reactive force of damper on the contact surface of high-rise
structure is measured, also known as damping force, which
is represented by F2. Figure 8 shows the force diagram; the
two forces are opposite, and Figure 9 shows curves of F1 and
F2 under free vibration. It can be concluded that the
maximum damping force of the damper is about 12% of the
vibrating structure elastic force. And with the decrease of the
vibration displacement, the structural elastic force decreases,
and the damping force provided by the damper also de-
creases, and finally, the static equilibrium state is achieved.
(erefore, the damper can provide appropriate damping
force to effectively suppress the vibration of the structure.

3. Experiments and Results

To verify the results of numerical analysis and test the
damping performance of the tuned magnetic fluid rolling-
ball damper, a single-layer steel frame structure is used to
simulate the single-degree-of-freedom system for the free
vibration experiment and harmonic forced vibration ex-
periment. (e frame structure is made of 1mm-thick
phosphorous copper plate and the height adjustable range is
300mm to 500mm. During the vibration experiments, the
damper and displacement sensor are fixed on the top of the
frame, as shown in Figure 10.(e experimental model of the
tuned magnetic fluid rolling-ball damper is made of resin by
3D printing, as shown in Figure 11. Its parameters are
consistent with the simulation; the radii of groove and ball
are 100mm and 40mm, respectively. (e diameter of DC
coil wire is 1mm and the turn number of the coil is 400.

Figure 6: (e magnetic fluid level change in a vibration period.
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(e two kinds of magnetic fluid used in the experiment
are kerosene-based Fe3O4 magnetic fluid and water-based
Fe3O4 magnetic fluid (supplied by Beijing Shenran Magnetic
Fluid Co., Ltd.), both with the volume fraction of 8%, and
their density is 1.41 g/cm3 and 1.46 g/cm3, respectively. (e
corresponding dampers are named TMFRBD1 and
TMFRBD2, respectively.

(e free vibration experiment of the test model
adopts the method of the fixed displacement offset, which
means that the top of the structure is fixed offset by
12 mm. Free vibration tests are carried out under two
conditions: with the damper and without the damper.
After the installation of the damper, the first natural
frequency of the structure has almost no change. (e free
vibration frequencies of the structure with different
height are measured as 1.61 Hz and 1.70 Hz. (erefore, to
realize the purpose of tuning vibration reduction, the
input currents of TMFRBD1 are 3.1 A and 1.2 A, and the
input currents of TMFRBD2 are 3.8 A and 1.3 A, re-
spectively. Figure 12 shows the amplitude attenuation
curve at the top of the vibration structure under

TMFRBD1 and TMFRBD2 and no damper, when the
vibration frequency is 1.61 Hz. TMFRBD1 and
TMFRBD2 reduce the free vibration response time of the
structure by 40.1% and 36.6%, respectively, and
TMFRBD1 makes the amplitude decay of the structure
faster.

(e damping ratio of the vibration structure system was
obtained by using the logarithmic decay rate method, as
shown in Table 1. When the free attenuation vibration
frequency is 1.61Hz, TMFRBD1 and TMFRBD2 increase the
damping ratio of the structural system by 2.23% and 2.17%,
respectively. When the free attenuation frequency is 1.70Hz,
TMFRBD1 and TMFRBD2 increase the damping ratio of the
structural system by 1.79% and 1.75%, respectively. It can be
seen that after the damper and the structure are tuned at
different frequencies, the damping ratio of the structural
system can be increased, the vibration response of the
structure can be effectively suppressed, the vibration re-
sponse time of the structure can be reduced, and the effect of
tuning and vibration reduction can be achieved. Moreover,
TMFRBD1 has a better vibration suppression effect than
TMFRBD2.

(e harmonic forced vibration experiment uses the
electromagnetic exciter to apply the sine excitation with
adjustable frequency and amplitude. When the excitation
frequency is 1.66Hz, to realize the purpose of tuning vi-
bration reduction, the input currents of TMFRBD1 and
TMFRBD2 are 2A and 2.5A, respectively. Figure 13 shows
the displacement response curve at the top of the vibration
structure under TMFRBD1 and TMFRBD2 and no damper,
when the excitation frequency is 1.66Hz. Adjusting the
excitation frequency of the shaker and the input current of
the damper, the experimental results of tuning vibration
reduction at different frequencies are shown in Table 2.

To evaluate the damping effect of the damper on the
structural vibration response, a variable is defined as

Signal
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generator

Power
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Vibration
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DC power
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Damper Vibration
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Figure 10: Experimental apparatus.
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η �
max Pnodamper



 − max Pdamper





max Pnodamper




× 100%, (17)

where Pnodamper is the maximum displacement response of
the structure without the control of the damper and Pdamper
is the maximum displacement response of the structure with
the control of the damper.

According to Figure 13 and Table 2, it can be found that
the damper can effectively reduce the displacement response
of the vibration structure after tuning at different excitation
frequencies, and the vibration reduction rate can reach about
20%. Moreover, TMFRBD1 has a better damping perfor-
mance than TMFRBD2.

Based on the experimental results of free vibration and
harmonic forced vibration, comparing TMFRBD1 and
TMFRBD2, it can be found that TMFRBD1 has the better

damping performance.(emain reason can be concluded as
follows: when the solid particles are magnetized, they will
overcome the viscous torque and rotate. (e higher the
viscosity of the base liquid is, the larger the magnetic torque
is required and the larger the apparent viscosity of the
magnetic fluid is, so the energy dissipation is faster. Kero-
sene has a higher viscosity relative to water; for the same-
volume fraction, the apparent viscosity is higher, and the
damping performance is better. (erefore, the kerosene-
based Fe3O4 magnetic fluid is more suitable for the damping
liquid of the damper.

4. Conclusions

In this study, based on the vibration characteristics of high-
rise structure, a tuned magnetic fluid rolling-ball damper is
presented to suppress the wind-induced vibration of high-
rise structure. (e multiphysical field coupling analysis of
the damper is carried out, and the magnetic–fluid–solid
multiphysical field coupling model of the damper is
established, which can accurately simulate the working
characteristics of the damper. Based on the simulation study
and vibration damping performance experiments, the fol-
lowing conclusions can be drawn:

(1) (e simulation result of the ball’s natural rolling
frequency is consistent with the theoretical calcu-
lation. (e magnetic field distribution in the damper
meets the requirement of the viscosity change of
magnetic fluid and achieves the semiactive control of
the damper.

(2) When the structure is in free vibration, after the
tuned magnetic fluid rolling-ball damper and the
structure are tuned, the maximum damping force of
the damper is about 12% of the elastic force of the
structure. Andmagnetic fluid is in the turbulent state
during operation, the friction energy consumption
between the magnetic nanoparticles and the carrier
liquid is faster, and the vibration reduction effect is
better.

(3) According to the experimental results of free vi-
bration and harmonic forced vibration, under the

Table 1: (e test results of free attenuation vibration.

Frequency
(Hz) Condition Current

(A)
Damping ratio

(%)

1.61 Without
damper — 1.24

1.61 With
TMFRBD1 3.1 3.47

1.61 With
TMFRBD2 3.8 3.41

1.70 Without
damper — 1.18

1.70 With
TMFRBD1 1.2 2.97

1.70 With
TMFRBD2 1.3 2.86
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Figure 13: (e displacement response curve under 1.66Hz.

Table 2: (e test results of harmonic forced vibration.

Condition Frequency
(Hz)

Current
(A)

Amplitude
(mm) η (%)

Without
damper — — 9.34 —

TMFRBD1 1.76 0 7.51 19.59
TMFRBD2 1.76 0 7.60 18.63
TMFRBD1 1.71 1 7.51 19.59
TMFRBD2 1.71 1.1 7.59 18.73
TMFRBD1 1.66 2 7.61 18.52
TMFRBD2 1.66 2.5 7.69 17.67
TMFRBD1 1.62 3 7.31 21.73
TMFRBD2 1.62 3.6 7.41 20.66
TMFRBD1 1.57 4 7.41 20.24
TMFRBD2 1.57 4.9 7.56 19.06
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volume fraction, the kerosene-based Fe3O4 magnetic
fluid has higher apparent viscosity, faster energy
dissipation, and better damping performance as
damping liquid. (erefore, the kerosene-based
Fe3O4 magnetic fluid should be used as damping
liquid in the tuned magnetic rolling-ball damper for
practical projects.
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