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A two-dimensional magnetorheological damper is developedfor the engineering
two-dimensional damping need. The velocity and pressure distribution model of the
two-dimensional plate-type damper, and the damping force calculation model are
established based on the Navier-Stokes equation. Several structural and physical
parameters, including the working gap� , the length a, and the width a of the middle
slide plate, are analyzed theoretically. The damping performance of the two-dimensional
plate-type magnetorheological damper was evaluated usinga two-dimensional vibration
test-bed, with the effect of the excitation current analyzed. The experimental results
suggest a signi�cant in�uence of Coulomb damping force on the damping force of
magnetorheological damper when using appropriate magnetorheological �uid. As the
excitation current increases, the damping force of magnetorheological damper becomes
larger while the system amplitude decreases gradually in both directions, a maximum
reduction of 2.5956 times. It's con�rmed that the design of the two-dimensional
plate-type magnetorheological damper is reasonable.

Keywords: magnetorheological �uids, two-dimensional plate -type magnetorheological damper, mechanical
modeling, damping experiments, plate-type

INTRODUCTION

Magneterorheological Fluids (MRFs) are one kind of smart materials, which have good rheological
property, and unique rheological e�ects. When the MRFs are placed under a magnetic �eld, the
apparent viscosity of the MRFs can be adjusted by changing the magnetic �eld intensity, even to the
solid state. When the magnetic �eld is absent, MRFs will return from the solid state to their original
liquid state, i.e., non-Newtonian �uid. This “liquid-solid” conversion is continuously and reversibly
controllable. It is also safe and reliable with low energy consumption and stable temperature (Liao
et al., 2002). The unique rheological properties of MRF have attracted wide research interests in
various applications, such as in the automotive industry (Edward et al., 2008; Shiao and Nguyen,
2014; Hema et al., 2017), precision polishing (Jang et al., 2010; Anwesa and Manas, 2018; Luo et al.,
2018) and buildings (Luu et al., 2014; Ha et al., 2018; Christie et al., 2019). One of the most popular
applications is the MR damper which replaced the hydraulic oil with the MRFs in the cylinder of
the conventional damper. Compared to conventional hydraulicdamper, the damping sti�ness of
MR damper can be changed using an embedded control system, which can produce a controllable
magnetic �eld intensity by the coil placed on the piston. The MR damper was widely used in many
�elds, such as vehicle suspension systems (Nguyen et al., 2014; Yu et al., 2017; Anwesa and Manas,
2018), clutches (Hema et al., 2017; Topcu et al., 2018), bridges and buildings (Mohammad and
Amir, 2018) and the control systems for MR damper have been researched (Kang et al., 2018; Pang
et al., 2018), by using control system, the damper can be easily controlled.
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Many scholars are devoted to the structural development
and mechanical modeling of dampers. Shaju designed a MR
damper with a two-cylinder structure, conducted experiments,
and test analysis (Shaju et al., 2008); Yang et al. proposed
a large-scale MR damper with 200 KN damping force for
vibration mitigation and seismic protection of the buildings,
and established the phenomenological mechanical model on
the symmetrical structure. Simultaneously, some academiaused
genetic algorithm to �nd the optimal placement positions and
the control e�ect for MR dampers in the 9-story seismic
frame structure (Yang et al., 2002; Cha et al., 2014). David
designed a small-scale MR damper for a tremor attenuation
orthosis, and applied a �nite-element approach to resolve the
inherent static and dynamic modeling problems (David et al.,
2014). Wang et al. developed a blade type and slit-opened
type MR damper, established the damping torque calculation
model and analyzed the in�uencing factors of the adjustable
coe�cients, with experimental veri�cation (Wang, 2010; Zhang
et al., 2013). Zheng presented a double-loop structure MR
damper applied to the traction of the elevator, to overcome the
shortcomings of mechanical brakes with large impact and large
noise (Zheng et al., 2016). Chen et al designed a MR rubber-
coupled damper, and analyzed the non-linearity of the damping

FIGURE 1 | Structure of bipolar coil 2-D plate-type MRD.(A) The diagram of 2D Plate type MR damper.(B) External structure.(C) Internal structure.

system using fractional order theory and damping characteristics
Chen and Huang, 2009).

Based on the rheological e�ect of MRFs, this paper attempts
to develop a planar plate type of MR damper with two
controllable magnetic �elds to realize two-dimensional (2D)
vibration reduction in engineering. For example, a vibratory
roller needs to use vibration energy to compact the road surface
while it is working, and at the same time, it is necessary to
suppress the impact of the vibration rebound on the frame. And
the dampers used on the vibratory roller need to reduce vibration
in two dimensions.

DESIGN FOR 2D PLATE TYPE MR DAMPER

Structural Design for 2D Plate Type MR
Damper
The three-dimensional model of planar MR damper with bipolar
coil is shown inFigure 1 and the main sizes of the MR damper
are listed inTable 1. The damper is comprised of two parts:
inner frame and outer frame. The outer frame can move in any
direction relative to the inner frame in the plane. The inner
frame and the outer frame are dynamically connected through
eight guide pillars. The MRFs and the slide plate are placed in a
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TABLE 1 | The main size of the damper.

Name Size

The length, width and height of the MR damper/mm 230� 230 � 76 mm

The length and width of the slide plate (a � a)/mm 130 � 130 mm

Thickness of the slide plate/mm 12 mm

Inner frame 150 � 150 mm

Working gap 1 mm

Number of coils 300 � 2

FIGURE 2 | Diagram of bipolar magnetic circuit structure.

cavity of the inner frame. The slide plate can move relativelyto
the inner frame because of the gap and return back by the disc
type spring set up outside the guide pillars. The guide pillars are
located in two directions, longitudinal, and horizontal. The force
and displacement due to relative motion between outer and inner
frame can be decomposed into two components and realized by
the two subgroups of guide pillars. The slide plate drives the
MRFs to shear movement and pressure-gradient �ow. The force
of MRFs act on the slide plate is the controllable damping force
of the MR damper.

The relative motion among the components of the 2D plate
type MR damper is complicated. When the outer frame drives
the guide pillars, the outer frame slides perpendicular to the axis,
relatively to pillars at the same time. In the same way, the pillars
drive the slider to move, and the slider slides relatively tothe
pillars. The wide of interval between the slider and the surface of
the cavity depends on the height of the copper pillar embedded
in the slider.

Structural Design for Magnetic Circuit
The structure of the magnetic circuit of the 2D plate MR
damper is shown inFigure 2. The magnetic circuit is composed
of two coils with iron cores in the center. By means of
controlling the winding direction of the coil, the superimposed
magnetic �eld can be obtained at the working gap of
the damper. The dash line in the picture is the magnetic
�eld lines produced by the magnetic �ux pass through the
iron core.

FIGURE 3 | Coordinate model of the �owing MRF between a gap.

MODELING FOR MR DAMPER

Equation of Motion
The MR e�ect of MRFs is a typical characteristic for the MR
damper and it appears when the MRFs are exposed to an external
magnetic �eld. Since the carbonyl iron particles inside the MRFs
form chains and clusters along the direction of the external
magnetic �eld, the relative direction of the �ow and the external
magnetic �eld would a�ect the MR e�ect largely (Gong et al.,
2014). Therefore, the rheological characteristics of the MRFs
depended on the direction of the �ow relative to the external
magnetic �eld. The behavior of the MRFs can be divided into
three categories according to the relative direction of the�ow
and the external magnetic �eld: �ow mode, shear mode, extrusion
mode (Liao et al., 2002), and any combination of these three basic
modes. Based on the structural characteristics of the damperin
this paper, the work mode of the MRFs is the composite mode of
�ow and shear mode. The �ow model coordinates are established
as shown inFigure 3. The MRFs are regarded as generalized
Newtonian �uids. The symbolu is the motion velocity of slide
plate, the symbol� is the working unilateral clearance of the
plate, and� � is the apparent viscosity of MRF. According to the
Navier-Stokes equation, the equation of motion of MRF can be
obtained, i.e.,

�
�!
f � r p C � ar 2�! u D

d�! u
dt

(1)

In Equation (1), � ,
�!
f , p and �! u mean density, mass force,

pressure, and velocity of MR �uids, respectively, and then
�! u

�
x,y,z

�
D ux

�!
i C uy

�!
j C uz

�!
k .

The following assumptions are made: The �ow of MR �uids
is laminar and non-slip between plates, that is, the velocity of the
�uid is the same as that on the plate. Mass forces, such as gravity,
are negligible and MRFs are incompressible. That is:� D const.
The pressure is constant along thez direction, namely,@p

@zD0.

The motion is stable, namely,@ux
@t D

@uy
@t D @uz

@t D0.
According to the rheological e�ect of MRFs, the relationship

between shear stress� and shear rateP
 is a power law, and the
apparent viscosity� � (m2s� 1) is only related to the magnetic �eld
strength H andP
 (Wang et al., 2016), i.e.,� D k P
 n D � a P
 and
� a D � a(H, P
 ).
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FIGURE 4 | MRF pressure distribution in two directions.(A) Pressure distribution line(kpD 1). (B) Pressure distribution line (kpD 0.5).

Based on the structure of 2D MR plate type damper, the
thickness value of slide plate (z direction) is much smaller than
that of slide length (x direction) and width (y direction), souz
can be neglected, and then:

@ux

@x
D

@ux

@y
D

@uy

@x
D

@uy

@y
D 0

The movement of intermediate slide plate is active, according to
the knowledge of �uid mechanics, and the boundary conditions
of MRFs can be established for two-dimensional motion.

ux
�
x,y, 0

�
D 0, ux

�
x,y, �

�
D ux0

uy
�
x,y, 0

�
D 0, uy

�
x,y, �

�
D uy0 (2)

where ux0 and uy0 are the initial velocities inx and y
directions. The two-dimensional components of velocity can
then be obtained.

ux D
z
�

ux0 �
� 2

2� a

@p
@x

z
�

�
1 �

z
�

�

uy D
z
�

uy0 �
� 2

2� a

@p
@y

z
�

�
1 �

z
�

�
(3)

Pressure Components Under
Two-Dimensional Vibration
Because the motion equation is linear, the pressurep (x, y) can be
regarded as a linear combination in two directions:

p
�
x,y

�
D p1 �

x,y
�

C p2(x,y) (4)

When vibration is produced in thex and y directions, the
following boundary conditions are discussed:

p
�
0,y

�
D p, p

�
a,y

�
D 0

p.x, 0/ D kpp, p.x,a/ D 0 (5)

In Equation (5), the dimensionless quantitykp represents the
upstream pressure ratio ofy direction andx direction. Boundary

conditions for two components of pressure can be written
as follows:

p1 �
0,y

�
D p, p1 �

a,y
�

D 0, p1 .x, 0/ D 0, p1 .x,a/ D 0

p2 �
0,y

�
D 0, p2 �

a,y
�

D 0, p2 .x, 0/ D kpp, p2 .x,a/ D 0 (6)

wherea is the length of the intermediate slide plate. Combining
the method of separation of variables and the �uid continuity
equation, the two-component equation of pressure can be
obtained as follows:

p1 �
x,y

�
D

1X

nD1

[
2p
np

.1 � cosn� /
enp � e� n� (enp .1� x

a /

� e� n� .1� x
a / ) sin(

np
a

y)] (7)

p2 �
x,y

�
D

1X

nD1

[
2p
np

.1 � cosn� /
enp � e� n� (enp .1� y

a /

� e� n� .1� y
a / ) sin(

np
a

x)] (8)

Therefore, the pressure distribution model under
two-dimensional vibration can be expressed as:

p
�
x,y

�
D p1 �

x,y
�

C p2 �
x,y

�

D
1X

nD1

2p
np

.1 � cosn� /
enp � e� n�

h�
enp .1� x

a / � e� n� .1� x
a /

�
sin

� np
a

y
�

C kp(enp .1� x
a / � e� n� .1� x

a / ) sin(
np
a

x)
i

(9)

The MRF pressure distribution of the vibration in two directions
is simulated and shown inFigure 4. It can be found that when
kp D 1, the value ofp (x, y) is coordinate symmetric, and obtains
the largest at the initial position, while the distribution ofp (x, y)
shows inhomogeneity whenkp D 0.5.

Velocity and Flow Distribution
Combined with the structural characteristics of the damper,
the two-dimensional velocity component Equation (3), and the
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damper pressure distribution Equation (9), we can establish the
velocity distribution model of the absorber in thex, y directions:

ux D
z
�

ux0 C
� 2p
a� a

1X

nD1

(1 � cosn� )
enp � e� n�

h
enp .1� x

a /

� e� n� .1� x
a / ) sin

� np
a

y
�

� kp(enp .1� y
a /

� e� n� .1� y
a / ) cos(

np
a

x)
i z

�
(1 �

z
�

)

uy D
z
�

uy0 C
� 2p
a� a

1X

nD1

(1 � cosn� )
enp � e� n�

�
h
enp .1� x

a / � e� n� .1� x
a / ) cos

� np
a

y
�

� kp(enp .1� y
a / � e� n� .1� y

a / ) sin
� np

a
x
�i z

�

�
1 �

z
�

�

(10)

Due to the symmetry of the working clearance of the MR �uids
of 2D plate type damper, only one side �ow calculation model
is established to calculate the �ow rate. Under two dimensional
vibrations, the �ow rate can be expressed as the �ow rateQs1_x
and Qs2_y at one side clearance atx0 and y0. The �uid motion
equation can be obtained as follows:

Qs1_x D
� a
2

ux0 C
� 3p

6� � a

1X

nD1

1
n

1 � cosnp
enp � e� n�

�
��

enp C e� n� �
.1 � cosnp/ � kp

�
enp C e� n� � 2

��

Qs1_y D
da
2

uy0 C
� 3p

6� � a

1X

nD1

1
n

1 � cosnp
enp � e� n�

�
�
kp

�
enp C e� n� �

.1 � cosnp/ �
�
enp C e� n� � 2

��

(11)

According to the continuity principle of hydrodynamics, the
squeezed �ow generated by plate movementux0 � a�hb should
be equal to that of MRF �ow from two pairs of parallel plates.
And then:

ux0ahb D daux0 C
� 3p

3� � a

1X

nD1

1
n

1 � cosnp
enp � e� n�

�
��

enp C e� n� �
.1 � cosnp/ � kp(enp C e� n� � 2)

�

uy0ahb D dauy0 C
� 3p

3� � a

1X

nD1

1
n

1 � cosnp
enp � e� n�

�
�
kp

�
enp C e� n� �

.1 � cosnp/ � (enp C e� n� � 2)
�

(12)

From Equation (12), we can obtain:

ux0

uy0
D

P 1
nD1

1
n

1� cosnp
enp � e� n� [

�
enp C e� n�

�
.1 � cosnp/

� kp(enp C e� n� � 2)]
P 1

nD1
1
n

1� cosnp
enp � e� n� [kp

�
enp C e� n�

�
.1 � cosnp/

� (enp C e� n� � 2)]

(13)

Thus, according Equation (13),kp can be calculated by the
following formula:

kp D

P 1
nD1

1
n

1� cosnp
enp � e� n� [uy0

�
enp C e� n�

�
.1 � cosnp/

Cux0(enp C e� n� � 2)]
P 1

nD1
1
n

1� cosnp
enp � e� n� [ux0

�
enp C e� n�

�
.1 � cosnp/

Cuy0(enp C e� n� � 2)]

(14)

By substituting Equation (12) into (10),p can be obtained.

Damping Force Calculation
According to the structural characteristics of shock absorber,
the working mode of MR �uids is mixing mode of shear
and �ow. Therefore, in mechanical modeling, only shear force
and damping force formed by di�erential pressure �ow are
considered in this paper. The shear damping forceFxs, Fys in the
direction of x, y can be obtained by combining Equations (10),
(11), and (12). That is:

Fxs D � a
ux0

�
a2 C dap

1X

nD1

(1 � cosnp)2

(np)2

Fys D
Z a

0

Z a

0
� y0dxdyD � a

uy0

�
a2 C kpdap

1X

nD1

(1 � cosnp)2

(np)2

(15)

The damping force produced by the pressure di�erence in the
direction ofx, y can be approximately expressed as:

Fxp D
Z a

0

Z a

0
pdxdyD pahb

Fyp D
Z a

0

Z a

0
kppdxdyD kppahb (16)

Therefore, the damping forceFx, Fy produced by shear and
pressure can be calculated as follows:

Fx D 2Fxs C Fxp D 2� a
ux0

�
a2 C pa[2�

1X

nD1

.1 � cosnp/2

.np /2 C hb

Fy D 2FysC Fyp

D 2� a
ux0

�
a2 C 2kppda

1X

nD1

.1 � cosnp/2

.np /2 C kppahb (17)

The kp and p in Equations (15)� (17) are determined by
Equation (14) and Equation (12). Regardless of the direction, we
can see from Equation (17) that the damping force is correlated
with the apparent viscosity� � of MRFs, the vibration velocity
ux0 and the area of the working surface of the 2-D plate type
MR damper. The damping force increases with a decrease of the
clearance� of the damper, and/or increase in the intermediate
plate's thicknesshb.

The theoretical analysis indicates that the apparent viscosity
� a is a function of zero �eld dynamic viscosity� 0, the applied
magnetic �eld strengthH and shear strain. It is generally
considered that the apparent viscosity consists of zero �eld
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FIGURE 5 | The experimental instrument.(A) Laboratory simpli�ed model. (B) Physical photograph.

viscosity and magnetic viscosity. The value of magnetic viscosity
is several to dozens of times bigger than that of zero �eld
viscosity under the e�ect of hysteresis. Therefore, two damping
characteristics are presented in the damping force of MR damper
i.e., viscous damping and Coulomb damping. Viscous damping
is determined by the zero magnetic �eld dynamic viscosity of
the MRFs and the structure size of MR damper, independent of
the external magnetic �eld. However, the Coulomb damping is
dependent on the external magnetic �eld, the material properties
of MRFs, the relative motion velocity and the structure size. In
general, the value of Coulomb damping force is much bigger
than that of the large viscous damping force. For 2-D plate
type damper, the main geometric factors a�ecting the damping
force are the thicknesshb of the intermediate slide, the lengtha
of the intermediate slide, and the clearance� between the two
parallel plates.

TEST BENCH AND EXPERIMENT
PRINCIPLE

The basic structure of the MR vibration test system is shown in
Figure 5. The main function of the base is to support and �x
the part of the support frame. And the inner part of the frame,
mainly composed of converter motor and eccentric mechanisms,
is an exciting part to start or stimulate the vibration. The MR
dampers are used to connect the exciting part and the support
frame. Through adjusting the meshing position of the gears, the
mass centers of two eccentric wheels form a certain angle with
respect to their axes, as shown inFigure 6. When the angle is 90� ,
the amplitudes in both longitudinal and transverse directions are
the maximum. In this paper, we only discuss the damping e�ect
of the MR damper under the two-dimensional excited vibrations.

A photo of 2-D plate type MR damper is shown in
Figure 7. The experiment process, as illustrated inFigure 5A
is described as follows: the vibration bench displacement
signal and acceleration signal, after denoising, are collected
into the computer through the data acquisition card. It is
analyzed, processed and displayed on the platform based

FIGURE 6 | Eccentric block position in 2-D coupled vibration.

on LabVIEW virtual instrument control, and the vibration
velocity and displacement amplitude are obtained. The vibration
absorption performance is further analyzed and studied by
sampling data.

In the experiments, the eddy current displacement sensor,
combined with the high-speed data acquisition card PCI-MIO-
16E-1, is used for the data acquisition. Signals gathered are
sent to dynamic signal analyzer NI-4552 for processing. The
whole data acquisition system is under the management of
programs developed by the software platform LabVIEW. The
A/D converter has 12 bits. It is written by G language given by
software LabVIEW and executed with a data sampling frequency
of 1,000 Hz and reading frequency of 500 Hz according to the
Nyquist sampling theorem.
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FIGURE 7 | Photo of the 2-D plate-type MRD.

FIGURE 8 | The MRF.

EXPERIMENTAL ANALYSIS OF 2-D PLATE
TYPE MRD

The type of MRF we chose in the experiment is MRF2035
shown in Figure 8. The MRF is mainly composed of non-
magnetic liquid-dimethicone and �ne soft magnetic particles
with high magnetic permeability and low hysteresis uniformly
dispersed therein. The high yield strength of the MRF can
reach 55 kPa.

FIGURE 9 | Lateral and vertical amplitude at different excitation frequencies.
(A) Transverse amplitude.(B) Longitudinal amplitude.

A variety of testing conditions are realized by adjusting the
frequency converter for di�erent motor rotations. The rangeof
the exciting frequencyf is 8 � 32 Hz, and the control current
applied on the excitation coils of the MR damper are 0, 0.5,
1.0, 1.5, and 2.0 A. The amplitude responses of longitudinal and
transverse vibrations of MR damper are obtained, as shown
in Figure 9.

FromFigure 9, it can be seen that when the input currentI on
the excitation coil is 0 A, i.e., the zero sum of the viscous damping
force of the damper and the restoring force of the spring, the
amplitude of the vibration system is the largest at each frequency.
When the input currentI of the excitation coil gradually increases
to 2 A, the amplitude of the system decreases gradually. For
example, whenf D 14 Hz, the transverse amplitudes of the
system are 0.7218, 0.6839, 0.5537, 0.168, and 0.3755mm at the
excitation current I of 0, 0.5, 1, 1.5, and 2 A, respectively. The
longitudinal amplitudes were 0.7305, 0.6856, 0.5532, 0.4974, and
0.4208 mm. Whenf D 16 Hz, the transverse and longitudinal
amplitudes of the excitation system reached their maximum
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TABLE 2 | Different excitation frequencyf, lateral amplitude (LA) ratio and vertical amplitude (VA) ratio (I D 0 A's amplitude, I D 2 A's amplitude).

f /Hz 8 9 10 11 12 13 14 15 16

RatioVA 2.2941 2.1030 1.5983 1.7437 1.5050 1.2825 1.7360 2.5956 2.3352

RatioLA 2.1410 1.8388 1.4767 1.9729 2.1712 1.8247 1.9222 2.3051 2.1089

f/Hz 17 18 19 20 21 22 23 24 25

RatioVA 1.2463 1.9027 1.3747 1.7251 1.8147 1.8181 1.8404 1.7837 1.9031

RatioLA 1.7546 1.3662 1.3450 1.4802 1.4636 1.4667 1.4995 1.6827 1.7627

f/Hz 26 27 28 29 30 31 32

RatioVA 1.9340 2.0900 2.0943 1.9961 2.0340 2.0366 2.2408

RatioLA 1.9067 2.0162 2.1175 2.1268 2.1953 2.2468 2.1525

values, 1.2088 and 1.4831 mm, respectively. When the frequency
was higher than 16 Hz, the amplitude decreased gradually. In
addition, it is found that the transverse amplitude is slightly
smaller than the longitudinal, which is related to the inherent
characteristics of the simulator. The resonance frequencyof the
system is 16 Hz, when the amplitude obtains the largest. The
amplitude decreases gradually as the frequency increases with
unit time. The excitation component has its own gravity, and the
longitudinal amplitude is slightly larger when combined with the
eccentric wheel.

In the experimental frequency range, with an increase of
the current I in the excitation coil, the amplitude decreases,
indicating that the damping force increases with increase
of the current. WhenI D 2 A, the maximum decrease in
amplitude is observed atf D 16 Hz. The decrease of transverse
amplitude is 0.6356, and 0.8480 mm for the longitudinal. After
calculation, the results show that the shear rate of shock
absorber reaches the maximum whenf D 16 Hz, suggesting
that the output of damping force is greatly in�uenced by large
shear rate.

Table 2 shows the ratios of amplitudes (transverse ratio
RatioLA and longitudinal ratio RatioVA) at di�erent excitation
frequenciesf between ID 0 A and I D 2 A. Combined with
Figure 9, it is found that the ratio of amplitude is> 1 between
I D 0 A and I D 2 A, meaning that the damping force
plays an important role in suppressing the vibration when the
excitation current is applied, and in the case off D 15 Hz
not at f D 16 Hz, the transverse and longitudinal amplitude
ratio showed the maximum values of: 2.5956 and 2.3051,
respectively. This is due to the smaller ratio of exciting force of
exciter atf D 15 Hz and little di�erence of shear rate between
two frequencies.

CONCLUSION

In this work, the structure of 2D plate type MR damper is
designed. The velocity distribution, pressure distribution, �ow
model, and damping force have been established based on
MRFs under bidirectional vibration conditions. The vibration
absorption e�ect of dampers is tested on a two-dimensional
exciting test bench. Based on the results, the following
conclusions can be drawn:

(1) The damping force of 2D plate type MR damper is related to
the clearance between parallel plates, the length and thickness
of the intermediate slider, the zero magnetic �eld dynamic
viscosity of MR �uid, and the working magnetic �eld intensity.

(2) The proposed 2-D plate type MR damper has good damping
performance. The damping force increases with an increase
of the control current. The larger the shear rate, the more
obvious the damping e�ect. The maximum damping ratio of
amplitude can reach up to 2.5956.
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