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Abstract Various quasi-zero stiffness (QZS) sys-
tems have been developed and applied in the vibration
control domain in recent years. However, most QZS
systems are usually unstable against external distur-
bances, and their QZS ranges are very limited. To
address these issues, this study develops a highly
stable QZS vibration isolation system integrated with
magnetorheological fluids (MRFs). The MRFs endow
the vibration isolation system with stiffness variability
in vertical and lateral directions to against external
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disturbances, which innovatively solves the unsta-
ble problem of QZS systems. Meanwhile, the stiffness
variability also makes the system adaptable to vibra-
tions with different frequencies, so the system can
deliver the best vibration isolation performance in
response to various excitations. The system consists of
a vertical isolation unit and a lateral isolation unit. By
paralleling a nonlinear positive stiffness QZS compo-
nent with a nonlinear negative stiffness QZS compo-
nent in the vertical isolation unit, a large QZS range in
the vertical direction and smaller stiffness are realised,
thus improving the vibration isolation performance. In
this study, the vibration isolation system is designed
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and prototyped; its QZS characteristics and
adjustable stiffness features in both the vertical and
lateral directions are experimentally verified; the
frequency responses of the system are obtained
experimentally; and the stability and the vibration
isolation performance of the system are also evaluated
by experiments with the designed control algorithms.
This study provides a solution to overcome the
unstable problem of QZS systems and extend the
limited QZS range, whilst realising QZS characteris-
tics in both vertical and lateral directions, thus
broadening the application of QZS systems.

Keywords Quasi-zero stiffness - Vibration
isolation - Magnetorheological fluids - Tunable
stiffness - Stability

1 Introduction

Vibration is a common phenomenon in nature and the
daily life of human beings. A large majority of
vibration is undesirable, such as the vibration of
vehicles caused by road unevenness, the vibration of
buildings induced by earthquakes and strong winds,
and the vibration of aeroplanes when they suffer
turbulent air. The undesirable vibration of a machine
may cause mechanical failure, shorten its lifespan and
increase maintenance costs. It can also be a severe
threat to people’s health and safety. For instance, long-
term suffering of drivers from vibration could induce
diseases such as lumbago, backache and lower back
pain [1, 2]. To reduce the influence of the undesirable
vibration, various methods have been developed, such
as vibration reduction by using advanced devices and
control algorithms [3-8], vibration absorption by
attaching absorbers to the vibration body [9-11] and
vibration isolation by installing isolators between the
vibration source and the protected structure [12—16].
Vibration isolation is a method to isolate the
protected objective from the source of vibration, such
as a vibration isolator that hinders the vibration
transferred from the land to the building during an
earthquake [17-21]. As one of the vibration isolation
devices, the quasi-zero stiffness (QZS) isolation
system has received much research attention
[22-29]. The pioneer book of Alabuzhev et al. [30]
systematically introduced the vibration protecting
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system featuring QZS characteristics. QZS mecha-
nisms are usually achieved by combining negative
stiffness elements with positive stiffness elements. A
simple QZS system is the three-spring structure which
comprises one vertical linear spring and two nonlinear
prestressed oblique springs. Carrella et al. [31] inves-
tigated the static characteristic of a quasi-zero stiffness
isolator consisting of three springs, and Kovacic et al.
[32] further analysed its dynamic characteristic. To
make the three-spring structure more compact, Lan
et al. [33] replaced the coil springs with planar springs.
Lateral and vertical adjustment mechanisms were also
designed to make the QZS achievable under imperfect
conditions and enable the isolator to apply to different
loads. Zhao et al. [34] refined the three-spring
structure by using two pairs of oblique springs instead
of one pair to increase the quasi-zero stiffness region,
thus improving the isolation performance. Other QZS
structures [35-46] have also been developed, for
instance, Zhou et al. [47] proposed a QZS system
based on the mechanism of cam-roller—spring; Liu
et al. [48] reported a structure that parallels a linear
spring with the Euler buckled beams; and Shaw et al.
[49] presented a design consisting of linear springs in
parallel with the transverse flexure of a composite
bistable plate.

Even though a large number of designs have been
reported, QZS systems still have disadvantages that
should be overcome to broaden their application. One
disadvantage is that most QZS systems are inherently
unstable to external disturbances. The stiffness of QZS
systems is usually very low, so even a small external
disturbance can induce a large displacement and make
it dysfunctional. Another disadvantage is that the QZS
range, in which the stiffness is close to zero, is usually
limited. This QZS range is the most effective range for
vibration isolation. Hence, the isolation performance
can be improved by expanding the QZS range. To
address the unstable problem, this paper designs a
highly stable QZS vibration isolation system by
integrating magnetorheological fluids (MRFs). MRFs
are a kind of smart material whose rheological
property can be changed by regulating the applied
magnetic field [50-52]. The integrated MRFs can
make the stiffness of the system tunable, so large
stiffness can be applied once the system suffers
external disturbances, making the system highly
stable. The stiffness variability also makes the system
adaptable to various vibrations with different



A new magnetorheological quasi-zero stiffness vibration isolation system 18633

frequencies, hence realising the best vibration isola-
tion performance in response to various excitations.
The proposed system consists of vertical and lateral
isolation units that can isolate the vertical and lateral
vibrations, respectively. In the vertical isolation unit, a
nonlinear positive QZS component is paralleled with a
nonlinear negative QZS component, so a much wider
QZS range than the conventional QZS systems with
smaller stiffness can be realised, which overcomes the
disadvantage of the limited QZS range and improves
the vibration isolation performance. The innovation
and novelty of this paper are summarised as follows:

(1) A novel quasi-zero stiffness vibration isolation
system integrated with magnetorheological flu-
ids capable of simultaneously isolating the
vertical and lateral vibrations was designed
and prototyped.

(2) The stiffness variability endowed by the mag-
netorheological fluids significantly increases the
stability of the isolation system when it suffers
external disturbances whilst improving the
vibration isolation performance as the stiffness
variability makes the system adaptable to var-
ious vibrations.

(3) In the vertical isolation unit of the system, a
nonlinear positive QZS component is paralleled
with a negative QZS component, which expands
the quasi-zero stiffness range for isolating
vibrations.

The rest of this paper is organised as follows. The
structural design and mathematical modelling of the
proposed QZS vibration isolation system are detailed
in Sect. 2. Section 3 presents the characterisation of
the quasi-zero stiffness and tunable stiffness charac-
teristics. In Sect. 4, the frequency response tests of the
vertical and lateral isolation units are introduced.
Then, the stability and vibration isolation perfor-
mances of the system are experimentally evaluated in
Sect. 5. Finally, the conclusion is drawn in Sect. 6.

2 Structural design, working principle
and mathematical modelling
2.1 Structural design and working principle

As shown in the schematic diagram (Fig. l1a), the
proposed vibration isolation system consists of a

vertical isolation unit (#1), a lateral isolation unit (#2)
and a wooden support frame (#3) that connects them.
Each unit integrates the QZS characteristic and the
tunable stiffness feature to achieve a stable QZS
characteristic. With these two units, the proposed
isolation system can attenuate the vibrations transmit-
ted from the base to the preloaded mass (the protected
target) in both the vertical and lateral directions via the
QZS characteristic; meanwhile, the stability of the
system is improved by the tunable stiffness character-
istic to against the external disturbances acted on the
preloaded mass, and the vibration isolation perfor-
mance is also improved because the stiffness can adapt
to vibrations with different frequencies. The pho-
tograph of the prototyped isolation system is presented
in Fig. 1b. The specific designs and the working
principles of the vertical and lateral isolation units are
detailed in the following two subsections.

2.1.1 The vertical isolation unit

As shown in Fig. 2a, the vertical isolation unit mainly
comprises a preloaded mass (#1), top and base plates
(#2 and 6), three linear rod-bearing structures (#3), a
geometric anti-spring (GAS) structure (#4), three
magnetic negative stiffness (MNS) dampers (#5 and
Fig. 2b) and a variable stiffness (VS) structure
(Fig. 2¢). Guided by the linear rod-bearing structures,
the top and base plates move vertically. The QZS
characteristic of the vertical isolation unit is realised
by paralleling the nonlinear positive stiffness QZS
component (the GAS structure) with the nonlinear
negative stiffness QZS components (three MNS
dampers). The GAS structure and the MNS dampers
possess different force—displacement patterns featur-
ing positive and negative stiffness and with a QZS
range in the middle section of their strokes. By
superpositioning their force—displacement patterns, a
wider QZS range than each of them is achieved.
Meanwhile, the VS structure makes the QZS charac-
teristic more stable by adding the variable stiffness
feature, so the vertical unit can also resist external
disturbances. Besides, the stiffness variability also
endows the isolation unit with ability to isolate
different  vibration excitations with  various
frequencies.

The GAS structure consists of a preloaded mass
(#1), a central plate (#8), six blad springs (#9) and six
clamps (#10). The clamps are angularly mounted on
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Fig. 1 Vibration isolation
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Fig. 2 Vertical isolation unit. a Sectional view; b MNS damper; ¢ VS structure

the base plate, and adjacent clamps form an angle of
60°. Each blad spring is fixed to one clamp on one end
and the central plate on the other. The central plate is
connected to the top plate and the preload, so blad
springs are precompressed. By adjusting the preloaded
mass, the initial position of the vertical isolation unit is
in the middle position of the QZS range, which
optimises the vibration isolation performance.

As shown in Fig. 2b, an MNS damper comprises a
damper shaft (#16), three ring magnets (#17, material:
Nd2Fel4B) and a 3D printed damper casing (#18).
The middle magnet is fixed to the damper shaft, and
the other two are fixed to the casing on the top and
bottom. The damper shaft and the casing are fastened
to the top and the base plates of the vertical isolation
unit, respectively. When the relative motion of the top
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and base plates is induced by vibration, the middle
magnet will move relative to the upper and lower
magnets. At the initial state, the middle magnet is
positioned at the middle stroke, and the attractive
forces acted by the upper and lower magnets are
balanced. It is known that the attractive forces between
the magnets with the same pole arrangement increase
with the decrease in their distance. Hence, if the
middle magnet moves up, the attractive force of the
top magnet will be larger than that of the lower one;
therefore, the resultant force is in the same direction of
the motion, and the damper behaves with a negative
stiffness characteristic.

The VS structure is detailed in Fig. 2c. A circular
coil (#14) covered by a 3D printed frame is fastened in
a circular groove (#12) of the base plate, in which
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MRFs (#13, MRF-122EG, Lord Corp.) are filled. A
ring component (#11), which is fixed to the shaft and
the central plate, is partially immersed in the MRFs. If
a current is applied to the coil, magnetic flux circuits
(#15) shown in Fig. 2c will be generated immediately.
At the same time, the MRFs will rapidly transform
from the free-flowing liquid state to the semisolid
state, and its viscosity will dramatically increase,
which significantly hinders the movement of the ring
component and increases the stiffness of the system.
Because the viscosity of MRFs can be regulated by the
current, the stiffness of the vertical isolation unit can
be controlled by regulating the current accordingly.

2.1.2 The lateral isolation unit

Figure 3 shows the lateral isolation unit for isolating
the vibration in the horizontal direction. In order to
achieve an ideal isolation effect, especially in low-
frequency vibration isolation conditions, the pendu-
lum structure, which can isolate horizontal vibrations
and is featured with a QZS characteristic, was selected
in this design. Additionally, MRFs are also utilised in
the isolation unit to vary the stiffness. The sectional
view of the unit is provided in Fig. 3a. Itis seen that an
isolated plate (#3) is hung to the four corners of an
alumimum extrusion frame (#1) with wires (#2),
forming a pendulum structure. Meanwhile, the circu-
lar bulge (#6) and the ring bugle (#7) of the isolated
plate are immersed in the MRFs (#4, MRF-122EG,
Lord Crop.), which are filled in the groove of an
electromagnet (#5). The electromagnet is fixed to the

base of the extrusion frame, and the gap between the
electromagnet and the hung plate is controlled as
1 mm by adjusting the length of the wires. As
demonstrated in Fig. 3b, a coil (#8) is seated in the
electromagnet, and an aluminium component (#9) is
also installed to optimise the magnetic flux path.
Without a current applied to the coil, the plate can
move almost freely in the lateral direction because the
viscosity at this state is very low. In contrast, when a
current is applied to the electromagnet, magnetic flux
circuits (#10) shown in Fig. 3b will be induced. At the
same time, the viscosity of the MRFs increases
drastically, so the relative motion between the isolated
plate and the electromagnet is restrained, and the
lateral stiffness of the lateral isolation unit is increased
consequently. As the viscosity of MRFs can be
controlled by regulating the magnitude of the current,
the lateral stiffness of the isolation unit can also be
controlled accordingly.

2.2 Mathematical modelling of the vertical
isolation unit

As the matching of the GAS structure and the MNS
dampers is crucial for the vertical isolation unit to
acquire a large QZS range, this section will mainly
focus on the modelling of the GAS structure, the MNS
dampers and their superposition to realise a QZS
characteristic with a large QZS range.

1- Aluminum extrusion frame; Z-Wre; 3- Isolated plate; 4- MRF; 5- Electromagnet; 6-
Circular bulge; 7- Ring bugle; 8- Coil; 9- Aluminum component; 10- Magnetic flux circuits

Fig. 3 Lateral isolation unit. a Sectional view; b Local view

@ Springer



18636

L. Deng et al.

2.2.1 Modelling of the GAS structure

The GAS structure reported in Yan’s research [53, 54]
was selected as the nonlinear positive stiffness com-
ponent. The blade spring of the GAS structure is
presented in Fig. 4a. According to the research
[53, 54], the shape function of the blade spring is
expressed as:

Q) =gy = ler + cacos(BE) + cysin(BE) 7 (1)

where ¢=1/L, ®(0)=36 mm,
¢ = 1.377, ¢3 = 0.195, and = 1.361.

As the GAS structure is centrosymmetric with all
the force acting on six blade springs via the central
plate, the mechanical property of the GAS structure
can be acquired by analysing one single blade spring,
as shown in Fig. 4b. The origin O is located at the
connection point of the blade spring and the clamp, X
axis represents the direction towards the central plate
in the horizontal direction, and Y axis represents the
vertical direction. The point (X, Y) is at the connection
point of the blade spring and central plate. Fx and Fy
are the horizontal constraint force and the vertical
force, respectively. The dimensionless force of the
point (X, Y) in the vertical direction, Gy, is introduced,
and it is expressed as:

¢ = — 0377,

e
Gr = Ed?w(0) Fy @)
where E= 211 GPa is the Young’s modulus of the
material of the blade spring, d = 0.78 mm is the
thickness, Fy is the actual force of the point (X, Y) in
vertical directions and L = 120 mm is the length of the
blade spring.

(a) Connected to
the clamp

Blade spring

According to the literature [54], the relationship
between the dimensionless force Gy and the dimen-
sionless vertical displacement for different geometric
parameters can be fitted by:

7
Gy(y) = Zﬂiyi (3)
=1

1
where y = y. — yr|g, o, and y, = Y/L = [sin &d¢ is
0

the dimensionless vertical coordinate of the GAS
structure. a;(i = 1,2,3,4,5,6,7) are the fitting coef-
ficients, and their values are decided by referring
Table 3 of the literature [54] for a predefined x;. Under
a full consideration to achieve a QZS characteristic
with a wide range stroke, x; is set as 0.91 in this
research. Hence, with the confirmed a;, Eq. (3) is
expressed as:

G,(y) = 32.63y — 298.54y* + 1808.39y°
—7651.96y* +21186.12y° — 32719.64y°
4 21726.28y’

(4)

From the above equations, the relationship between
the vertical force Fy and the vertical displacement Y of
the GAS structure can be acquired. The simulation
result is compared with the experimental one in Fig. 5,
where the experimental results were obtained by
testing the prototyped GAS structure with an MTS
testing system which will be presented in Sect. 3.1. It
is observed from the figure that both the experimental
and theoretical data indicate the GAS structure
behaves with a positive stiffness feature: the force
increases with the increase in the displacement. The
experimental and theoretical data have a similar trend

(b)

|
|
w(0) OI

¥ Connected to

the central plate 0

A : l
Y-axial | Blade spring

W ey

T

Fig. 4 Blade spring. a Shape; b Mechanical model
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Fig.5 Comparison of mathematical and experimental results of
the GAS structure

of changing stiffness, which decreases from the large
stiffness in the small displacement range to quasi-zero
stiffness at the medium part, prior to the following
growth of the stiffness in the large displacement range.
It is also noticed that the mathematical and experi-
mental results are matched very well, indicating good
mathematical modelling is done.

2.2.2 Modelling of MNS dampers

Three MNS dampers are installed between the top and
base plates of the vertical isolation unit to offer
nonlinear negative stiffness characteristics. As
detailed in Fig. 6, the top and bottom magnets of the
MNS damper are fixed to the damper casing. The
middle one is fixed to a shaft, so it can move up and
down following the movement of the vertical vibration
isolation unit. These ring magnets have the same
configuration, and their magnetic poles are arranged in
the same direction as well: the north pole is on the top

Fig. 6 Schematic of the MNS damper and its modelling

and the south pole is under the bottom. x in the figure is
the transient displacement of the middle magnet; z is
the distance between the top and middle magnets;
H =5 mm, R;;, = 5.5 mm and R, = 28 mm are the
thickness, inside radius and outside radius of the
magnets, respectively.

Referencing the literature [55], the total force of
three MNS dampers, Fy, can be calculated by:

FN = 3FD
Fp = Rouw, Rin,H,2,x

-2

8 27 2n Rou t
i=1 P

Rou
/ / / / via(yi) x rirdridr,d6,do,
=Rin

1=0 0,=0 ri=Riy nr

N=z-x;n=z-x;y3=z—-x—H; yy=z—x

+H;ys=—z2—xy6=—z2—X;y17=—2—x—H;y3=—-z—x+H

(5)
where Fp is the damper force of one MNS damper and

a(y;) is expressed as:

o2 1

a(Yi) = ’ 3
4rmity (2r(2)ut —2r2 cos(0) + y,-2)g

(6)

out

where ¢ in the equation is the magnetic pole density of
the magnets, and it is set as ¢ = 1.28 based on the
material of Nd,Fe 4B [56]. py = 1.2567 x 10~ H/m
is the permeability of the vacuum.

2.2.3 Superposition of the GAS structure and MNS
dampers

The concept of quasi-zero stiffness is realised by
superpositioning the positive stiffness and negative
stiffness, namely by paralleling the GAS structure
with the MNS dampers. Based on the established
mathematical modelling, the force—displacement
responses of the GAS structure, MNS dampers and
the vertical isolation unit are provided in Fig. 7a. It is
seen that the GAS structure and the MNS dampers
behave nonlinear positive and negative stiffness
characteristics, respectively. In their middle displace-
ment ranges, the stiffness is very low and close to zero.
Here, the QZS characteristic is deemed as the stiffness
smaller than £ 2 N/mm. As indicated by the figure,
the QZS ranges for GAS structure and MNS dampers
are 16-22 mm and 12.8-26.8 mm, respectively, both
of which are very limited. In contrast, the force—
displacement response of the vertical isolation unit,
which is acquired by superpositioning the force—

@ Springer
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(a) Superposition

Fig. 7 Quasi-zero stiffness of the vertical isolation unit

displacement responses of the GAS structure and
MNS dampers, performs a QZS characteristic in a very
large displacement range from 6 to 34 mm. Further-
more, the stiffness of the vertical isolation unit is much
closer to zero than both the GAS structure and MNS
dampers, which means the vertical isolation unit can
isolate the vibration better with lower transmissibility
than GAS structure and MNS dampers. It is concluded
from the above facts that a large QZS range with
stiffness closer to zero can be obtained by combining
nonlinear positive stiffness and nonliear negative
stiffness QZS components. The theoretical results of
the vertical isolation unit is also compared with the
experimental testing results in Fig. 7b, where they are
matched in general.

3 Experimental characterisation of the quasi-zero
stiffness and the tunable stiffness characteristics

After the manufacturing and assembling, the vertical
lateral isolation units were tested to verify their QZS
characteristic and tunable stiffness capability. The
experiments are detailed in the following sections.

@ Springer
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3.1 Experimental tests of the vertical isolation unit
3.1.1 Experimental setup

To characterise its mechanical property, the proto-
typed vertical isolation unit was tested by an MTS
testing system (Load Frame Model: 370.02, MTS
Systems Corp), as shown in Fig. 8. The unit was fixed
between the upper and lower clamps of the system.
Controlled by a computer and driven by a controller,

MTS
machine |

Vertical
isolation
unit

Fig. 8 Characterisation testing of the vertical isolation using an
MTS testing system
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the upper clamp moved vertically following the
specific displacement commands. The lower clamp
was fixed to the base of the MTS system via a load cell
which can measure the real-time force. Meanwhile,
the displacement of the upper clamp was also recorded
by the system. A power supply was used to provide
different levels of current to the coil of the vertical
isolation unit.

3.1.2 The QZS characteristic test

To verify the QZS characteristic, the MRFs were not
filled in the vertical isolation unit to avoid its influence
on the stiffness. Firstly, the unit only installed with the
GAS structure was tested to characterise the GAS
structure. Then, MNS dampers were installed in
addition to the GAS structure to acquire the superpo-
sition effect of them. The results of these tests under a
harmonic displacement excitation with a frequency of
0.5 Hz are compared in Fig. 9. It is observed that the
GAS structure performs a positive stiffness character-
istic, and there is only 6 mm in the middle range
performs QZS characteristics. With both the GAS
structure and MNS dampers installed, the superposi-
tioning stiffness of the vertical isolation unit is found
to be 0.86 kN/m, which can be regarded as quasi-zero
stiffness. This quasi-zero stiffness exists in a displace-
ment range as large as 28 mm, almost 5 times of the
GAS structure, indicating a large QZS range is realised
by paralleling the GAS structure and MNS dampers.

— GAS structure
-350 [ == GAS structure + MNS dampers -

-600 | .
-650 | .

_700 1 1 1 1 1 1 L 1 1 1
-40-35-30-25-20-15-10 -5 0 5 10 15
Displacement (mm)

Fig. 9 Results of the QZS characteristic test

3.1.3 The tunable stiffness characteristic test

Following the quasi-zero stiffness characteristic test,
the tunable stiffness characteristic of the vertical
isolation unit with MRFs filled was experimentally
evaluated. With the harmonic displacement excitation
amplitude set as 0.25 mm, tests under three low
frequencies, 0.1, 0.5 and 1.0 Hz, were conducted. In
the tests, the coil of the vertical isolation unit was
supplied with different current levels from 0 to 2.5 A
with an increment of 0.5 A. The force—displacement
responses under 0.1, 0.5 and 1 Hz with different
applied currents are presented in Fig. 10. It is observed
that the equivalent stiffness, represented by the ratio of
force difference to displacement difference, increases
obviously with the increase in the current under all
frequency conditions. The reason for this phenomenon
is that the viscosity of MRFs increases with the
increase in the current, which hinders the relative
motion between the top and base plates of the vertical
isolation unit. The equivalent stiffness (calculated by
referencing equation (2) in [11]) under different
frequencies and currents is summarised in Table 1.
Without current applied (0 A), the stiffness of the
vertical isolation unit is very small, around 3.05 to
3.67 kN/mm, indicating the characteristic of quasi-
zero stiffness is achieved. Under all frequency condi-
tions, large stiffness variations by changing the current
are observed. For instance, under the frequency
condition of 1.0 Hz, the stiffness significantly
increases from 3.67 to 81 kN/m when the current
increases from 0 to 2.5 A. Additionally, with a fixed
current, the vertical isolation unit performs a good
consistency in stiffness under different frequency
conditions, especially with currents 0, 1.0 and 1.5 A.
The stiffness slightly varies when the current is 2.5 A.
It is concluded from the above analysis that the large
stiffness variation can be realised by changing the
current, so the vertical isolation unit can adapt to
different vibration excitations under various working
conditions.

3.2 Experimental tests of the lateral isolation unit
3.2.1 Experimental setup
The prototyped lateral isolation unit was tested on a

horizontal vibration platform, as shown in Fig. 11.
The lateral isolation unit was mounted on the vibration
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Fig. 10 Tunable stiffness characteristic of the vertical isolation unit via controlling the current
T?ble 1 EqulvalenF Frequency (Hz) Current
stiffness of the vertical
isolation unit (kN/m) 0 A (QZS) 05 A 1A 1.5A 2 A 2.5A
0.1 3.05 7.28 18.8 37.56 57.16 69.48
0.5 3.29 7.48 20.16 38.8 61.12 76.88
1.0 3.67 7.32 18 38.2 56.48 81.08

plate, which is excited by an electrodynamic shaker
(VTS, VC 100-8 vibration test system) and moves
along with the sliding bearing. A laser displacement
sensor (Micro-Epsilon, ILD1700-5) was used to
measure the horizontal displacement of the isolation
unit. A force sensor (Sinocera Piezotronics Inc. CA-
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YD-302) was connected to a fixed pillar on one end
and the isolated plate of the lateral isolation unit on the
other, so it can measure the shear force of the plate
given by the MRFs. A computer with a prepared
LabVIEW program was manipulated to control the
vibration excitation via a data acquisition board (NI,
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Fig. 11 Characterisation testing of the lateral isolation using a
horizontal vibration platform

PCI-62). At the same time, the measured force and
displacement data were collected via the data acqui-
sition board and stored in the computer. A DC power
supply (Thurlby Thandar Instruments Ltd) was also
used to provide currents to the lateral isolation unit.

3.2.2 The QZS characteristic test

To verify the quasi-zero stiffness characteristic
endowed by the pendulum structure, the influence of
the MRFs should be avoided; hence, the tests were
conducted without MRFs. Harmonic displacement
signals with peak-to-peak displacements of 1, 2 and
3 mm and the frequency of 2, 5 and 10 Hz were
selected as the excitations. The force—displacement
responses at different frequencies are presented in
Fig. 12 to investigate the effect of peak-to-peak
displacement. The force—displacement responses at
different peak-to-peak displacements are presented in
Fig. 13 to investigate the effect of frequency.

It is seen from these two figures that the quasi-zero
characteristic is realised as the stiffness of the force—
displacement loop is very small and is close to zero
under the different excitations. At the low vibration
frequencies of 2 and 5 Hz (Fig. 12a, b), the force—
displacement loops of small peak-to-peak displace-
ments follow the trajectory of larger peak-to-peak
displacements. Meanwhile, under small peak-to-peak
displacements of 1 mm (Fig. 13a), the force—displace-
ment responses show good repeatability with the
increase in the frequency. It is also observed that,
under conditions of large peak-to-peak displacements
of 2 and 3 mm, and large frequencies of 10 Hz, the
force—displacement responses behave a more obvious
damping characteristic and the enclosed area of the

force—displacement becomes larger. This phe-
nomenon is reasonable because the vibration velocity
under these conditions is much larger than that of
smaller displacements and lower frequencies, which
induces the increase in the viscous force of MRFs.

3.2.3 The tunable stiffness characteristic test

After filling MRFs, the lateral isolation unit was tested
to evaluate its tunable stiffness characteristics. During
the tests, the frequency was fixed as 5 Hz, the peak-to-
peak displacement was given as 0.1, 0.25 and 0.5 mm,
and currents from 0 to 1.5 A with an increment of 0.5
A were provided. As shown in Fig. 14, under all the
displacement conditions, the maximum force and the
incline angle of the force—displacement loop increase
following the increasing current, which is resulted
from the increase in the MRFs’ viscosity. The
calculated equivalent stiffness is summarised in
Table 2. It is seen that the lateral isolation unit can
achieve quasi-zero stiffness characteristics with very
small stiffness under all the displacement conditions
when no current is applied (0 A). With the change of
the current, a wide stiffness variation range is observed
under all the peak-to-peak displacement conditions.
For instance, the stiffness changes more than 81 times
from 2 to 162.92 kN/m under the displacement
condition of 0.5 mm when the current increases from
Oto1.5A.

4 Frequency response tests of the vertical
and lateral isolation units

Transmissibility is an important index for a vibration
isolation system that can reflect its performance.
Hence, the vertical and lateral isolation units were
separately tested to acquire the transmissibility of the
proposed isolation system in the vertical and lateral
directions. The experiments and the results of these
isolation units are detailed in the following
subsections.

4.1 The test and result analysis of the vertical
isolation unit

The vertical isolation unit was tested by a six degree of

freedom (six-DOF) vibration platform, as shown in
Fig. 15. The electric cylinders of the platform were
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Fig. 12 QZS characteristics test results at different frequencies

driven by motor drives, which were controlled by
computer 2 via an NI cRIO 9076. Hence, desired
vertical excitations can be provided by this platform.
The vertical isolation unit was mounted on the top
plate of the platform, and a mass weighing 27 kg was
loaded on it to make the initial displacement in the
QZS range. Meanwhile, two acceleration sensors
(Sinoceramics, Inc., CA-YD-113) were fixed to the
plate of the vibration platform and the preloaded mass,
respectively, to measure their vertical accelerations.
The measured data were sent to computer 1 via an NI
myRIO.

During the tests, a vertical vibration excitation with
a sweeping frequency from 0 to 15 Hz was loaded to
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the vertical isolation unit, and currents from 0 to 2 A
with an increment of 0.5 A were applied. Transmis-
sibility of the unit, defined as the acceleration ratio of
the preloaded mass to the base of the isolation unit (or
the top plate of the vibration platform), was acquired.
It is noted that the lower the transmissibility, the less
the vibration transmitted from the bass to the
preloaded mass, i.e. the better the vibration isolation
performance. The result is presented in Fig. 16, and
the corresponding data are summarised in Table 3. It is
observed from the figure that the transmissibility
curves are significantly affected by the change of
current. Specifically, the resonance frequency,
denoted by the peak of the transmissibility curve,
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Fig. 13 QZS characteristics test results at different peak-to-peak displacements

rises 4.64 times from 1.4 to 6.5 Hz when the applied
current increases from 0 to 2 A, whilst the maximum
transmissibility decreases in general. This phe-
nomenon occurred because a higher current resulted
in high stiffness, which made the peak transmissibility
shift to a higher frequency. The phenomenon indicated
that the MRFs play an important role in changing the
isolation performance of the vertical isolation unit by
controlling the current. As shown in the figure, the
largest stiffness (current: 2A) delivers the best isola-
tion performance with the smallest transmissibility in
the frequency range smaller than 2 Hz, and the
smallest stiffness (current: 0A) performs best in the
frequency range larger than 2 Hz. Hence, to achieve

the best vibration isolation performance in the vertical
direction over the whole frequency range, the vertical
vibration isolation control algorithm was designed as:

f, <2 Hz,
f.>2 Hz,

Iy =2A
Iy =0A ™

where f, and Iy are the excitation frequency and the
current applied to the vertical isolation unit, respec-
tively. With this control algorithm, the smallest
transmissibility curve over the whole excitation
frequency range can be realised, as shown by the
controlled case in the figure.
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Fig. 14 Tunable stiffness characteristics of the lateral isolation unit via controlling the current

Table 2 Equivalent

Peak-to-peak displacement (mm) Current

stiffness of the lateral

isolation unit (kN/m) 0 A (QZS) 05 A 1A 1.5 A
0.1 4.8 116.1 160 207.5
0.25 35.6 103.72 162.92
0.5 2 35.6 103.72 162.92

4.2 The test and result analysis of the lateral

isolation unit

As shown in Fig. 17, the lateral isolation unit was
tested by the horizontal vibration platform introduced
in Sect. 3.2.1. In the test, the vertical isolation unit and
wooden frame were loaded on the lateral isolation
unit. Two acceleration sensors (Sinoceramics, Inc.,
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CA-YD-113) were fixed to the preloaded mass and the
vibration platform, respectively. The measured accel-
erations of them were recorded for analysis. Lateral
displacement excitation with a sweeping frequency
from 0.2 to 15 Hz was applied to the system, and tests
with different currents from 0 to 1.5 A with an
increment of 0.5 A were implemented.
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Fig. 16 Frequency response test results of the vertical isolation
unit

The frequency response results are presented in
Fig. 18, and the corresponding data are detailed in
Table 4. It is seen that the transmissibility curve is
largely affected by the applied current. When the
current rises from 0 to 1.5 A, the resonant frequency
increases 4.83 times from 0.95 to 4.59 Hz and the
maximum transmissibility decreases from 20.12 to
4.57 dB. This phenomenon is similar to that of the
vertical isolation unit. Because the largest stiffness

N N Signal Signal Q
ZIC | b | Signals Signals

Acceleration sensors NI myRIO Computer 1

~ B -
Commands ) | Commands
— P i
— —
Signals Signals

Motor drivers NI cRIO-9076 Computer 2

(current: 1.5 A) performs best in the low-frequency
range smaller than 1.33 Hz and the smallest stiffness
(current: 0 A) performs best in the high-frequency
range larger than 1.33 Hz, the lateral vibration isola-
tion control algorithm is designed as:

frorfy<133Hz, I} =15A (8)
Else I; =0A

where f, and f, are the measured excitation frequencies
in the lateral directions: x and y axes, and I is the
current that applied to the lateral isolation unit. After
utilising the above control algorithm, the controlled
case in the figure delivered the best vibration isolation
performance in the whole frequency range.

5 Experimental evaluation of the vibration
isolation system

Following the transmissibility tests in the previous
section, this section details the experimental evalua-
tion of the vibration isolation system in terms of
stability and vibration isolation performances.

Table 3 Resonance frequency and maximum transmissibility of the vertical isolation unit

Current (A) 0 0.5 1 1.5 2
Resonance frequency (Hz) 1.4 24 34 4.9 6.5
Maximum transmissibility (dB) 6.64 1.93 1.88 2.17 2.04
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Fig. 18 Frequency responses test results of the lateral isolation
unit

Table 4 Resonance frequency and maximum transmissibility
of the lateral isolation unit

Current (A) 0 05 1 1.5

Resonant frequency (Hz) 095 124 214 459
Maximum transmissibility (dB) 20.12 5.38 3.79 4.57

5.1 Stability evaluation

In some applications, a system should remain highly
stable during the operation process against external
disturbances. For instance, the stability of the base-
ment of a microscope should be ensured when
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Fig. 19 Experimental setup for the stability evaluation test

changing the object slide; otherwise, extra calibration
and adjustment will be required, which is undesirable
and inefficient. The external disturbance is usually at
an ultra-low frequency, and for the proposed isolation
system, it is expected to act on the preloaded mass. A
test shown in Fig. 19 was designed to evaluate the
stability of the system. The external disturbance was
simulated by pressing the mass with a hand. Then the
data measured by the acceleration sensors (Sinoce-
ramics, Inc., CA-YD-113) on the preloaded mass were
sent to a computer for analysis. Hence, the stability
against external disturbances of the system can be
evaluated by the acceleration of the preloaded mass;
the lower the acceleration, the better the stability. As
follows, the computer sent the current command to
amplifiers (YE5871A, Sinocera Piezotronics, Inc.) via
an NI myRIO, so currents applied to the vertical and
lateral vibration isolation units can be regulated.

The jerk, which is acquired by taking the derivative
of the acceleration, was selected as the index to judge
the magnitude of the external disturbance. Here, a jerk
threshold value is set as 600 m/s’ by experimental
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experience to demonstrate the stability of the system; a
disturbance with a jerk larger than the threshold is
regarded as a large disturbance and vice versa. The
control algorithm is designed as follows: if a large
disturbance is detected, large currents will be given to
the vertical and lateral isolation units to perform large
stiffness so the system can sustain the external
disturbance; otherwise, no current will be given, and
the system remains the QZS state. Hence, the stability
control algorithm is designed as:

IF j, or j, > 600 m/s*, I, = 1.5A

Else I, =0 A 9)
IFj. > 600 m/s®, Iy =2 A
Else Iy =0 A

where jy, j, and j; are the jerk values in the x, y and
z directions, respectively, and they are derived by
differentiating the real-time acceleration data.

As the vibration isolation system can vary the
stiffness both laterally and vertically, a downward
press with 45° was acted on the preloaded mass in the
yz-plane to simultaneously evaluate the stability of the
system in the lateral and vertical directions. Both the
test with the pure QZS (0 A) and the test with the
designed stability control algorithm (Eq. (9)) were
conducted, and the results are presented in Fig. 20. Itis
seen that, when no current is applied and the system is
in the pure QZS state (red data), the preloaded mass
suffers large fluctuations in x, y and z axials. In
contrast, the fluctuations are significantly reduced in
the controlled case (black data) via regulating the
stiffness of the system (also see Video 1). This is
because large stiffness was applied when the isolation
system suffered external disturbances, so the pre-
loaded mass has less vibration in the controlled case.
Based on the analysis, it is concluded that the system
with pure QZS characteristics is unstable from exter-
nal disturbances such as impact and low-frequency
vibration, and the stability of the system is largely
improved by adding the variable stiffness feature with
MRFs components.

5.2 Vibration isolation evaluation

Following the stability testing, the proposed isolation
system was evaluated by the six-DOF vibration
platform with random vibration excitations. As shown
in the experimental setup in Fig. 21, the vibration

isolation system is fixed to the six-DOF vibration
platform. Sensors (3x CA-YD-113 Sinoceramics, Inc.
and 3x ADXL203EB, Analog Devices, Inc.) were
mounted on the platform and the preloaded mass,
respectively, to measure the accelerations of them in x,
y and z axes, and the measured data were sent back to
Computer 1 via an NI myRIO. Through analysing the
real-time acceleration data, the dominant frequency of
the vibration excitation can be determined in real time
by the short-time Fourier transform (STFT) module in
the LabVIEW programme. Then, commands of Com-
puter 1 were sent to amplifiers (YE5871A, Sinocera
Piezotronics, Inc.) so that the currents applied to the
vertical and lateral isolation units were controlled
based on the vibration isolation control algorithms
(Egs. (7) and (8)). Additionally, two beakers with red
liquid are mounted on the vibration platform and the
preloaded mass, respectively, to demonstrate their
vibration levels in the recorded videos of the attached
supplement.

In order to test the vibration isolation performance,
a random vibration signal, which is composed of a
range of random frequencies and magnitudes in x, y
and z axes, was selected to act as excitation. Tests of
QZS I, =1y =0A), large stiffness
(I, =15A,Iy =2 A) and QZS with the vibration
isolation control algorithm were conducted.

Firstly, the vibration isolation performance of the
QZS characteristic was evaluated by applying no
currents to the vertical and lateral vibration units
(I =1y =0A). The test result is presented in
Fig. 22, in which Fig. 22a and b show the accelera-
tions in the time domain of the platform (excitation)
and the preloaded mass (response), respectively. It is
seen that the acceleration amplitudes of the platform
(excitation) in x, y and z axes are around 4-8 m/s”,
whilst the acceleration amplitudes of the preloaded
mass (response) are around 0.003-0.03 m/s?, which is
much smaller than the platform. The result indicates
that the QZS characteristic of the proposed isolation
system can significantly isolate the vibration trans-
ferred from the platform to the preloaded mass in both
the vertical and lateral directions.

Then, the vibration isolation performances of large
stiffness (I.=15A, Iy =2A), QZS
(I, = Iy =0 A) and QZS with the vibration isolation
control algorithm were compared by analysing their
preloaded mass acceleration in x, y and z axes, as
shown in Fig. 23. It is seen that the QZS case and
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Fig. 21 Experimental setup
of the vibration evaluation

test
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Fig. 22 Test result of the vibration isolation system with QZS characteristics (I; = Iy = 0 A)

controlled QZS case have much smaller acceleration
amplitudes than the large stiffness case in all axes,
which verifies the effectiveness of the QZS character-
istic in vibration isolation. The controlled QZS case
delivers better vibration isolation performance than
the QZS case via regulating the current/stiffness of the
system. In the recorded video (Video 2), the vibration
of the preloaded mass (demonstrated by the shaking of
the red liquid) of the controlled QZS case is signif-
icantly smaller than that of the large stiffness case.

The root mean square (RMS) value of the preloaded
mass acceleration is summarised in Table 5 for further
analysis. It is found that in all axes, the controlled QZS
has the smallest RMS value among all cases, which
means the preloaded mass has the smallest vibration
under the controlled QZS case. Compared with the
QZS case, the RMS values of the controlled QZS case
reduced 26.8%, 11.8% and 5.2% in x, y and z axes,
respectively, denoting the vibration isolation perfor-
mance of the QZS characteristics can be further
improved by controlling the stiffness of the system.

Based on the analysis of the stability evaluation and
vibration isolation evaluation tests, it is concluded that
the proposed vibration isolation system with QZS and
tunable stiffness characteristics is capable of realising
excellent vibration isolation performance with high
stability against external disturbances.

6 Conclusion

In this paper, a highly stable QZS vibration isolation
system with a large QZS range is designed, prototyped
and experimentally evaluated. Consisting of vertical
and lateral vibration isolation units featuring QZS, the
system can simultaneously isolate vibration both
vertically and laterally. Meanwhile, their tunable
stiffness characteristics can keep the system
stable against external disturbances, which overcomes
the inherently unstable feature of existing QZS
systems. Additionally, the QZS range of the vertical
vibration isolation unit is enlarged by paralleling
nonlinear negative and positive QZS components;
hence, it can deliver QZS characteristics in a larger
displacement range. Control algorithms for vibration
isolation and stability were designed, and testing
platforms were established. The QZS and the tunable
stiffness characteristics of the vertical and lateral
vibration isolation units have been experimentally
validated; the stability and the vibration isolation
performance of the prototyped system have been
evaluated. The main contributions are concluded as
follows:

(1) By paralleling the nonlinear positive QZS
component, the GAS structure, with the nonlin-
ear negative QZS component, the MNS dam-
pers, the vertical isolation unit has a QZS range
of 28 mm, which is larger than that of the GAS
structure by 18 mm. Meanwhile, the stiffness is
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Table 5 Root mean square (RMS) values of the preloaded
mass acceleration

Lage stiffness QZS Controlled QZS
X axis 0.00724 0.00164 0.00120
y axis 0.00500 0.00202 0.00178
z axis 0.03426 0.00820 0.00777

also decreased by paralleling these two compo-
nents so the system can deliver better vibration
isolation performance.

(2) The tunable stiffness of the vibration isolation
system is verified experimentally. The stiffness
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of the vertical isolation unit changes from 3.05
to 69.48 kN/m when the current increases from
0 to 2.5 A, and the stiffness of the lateral
isolation unit changes from 4.8 to 207.5 kN/m
when the current increases from 0 to 1.5 A.

The transmissibility curves of the vertical and
lateral isolation units are significantly affected
by the tunable stiffness. The lowest transmissi-
bility curve in the whole frequency range is
achieved by setting large stiffness in the low-
frequency range and small stiffness in the high-
frequency range. With the designed vibration
isolation control algorithms, the best vibration
isolation performance indicated by the lowest
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transmissibility in the whole frequency range
can be realised.

(4) The experimental test verified that the stability
of the vibration isolation system is significantly
improved by controlling the stiffness according
to the designed stability algorithm when the
system suffers external disturbances. In this
way, the unstable problem of the conventional
QZS system is solved.

(5) The vibration isolation performance of the
proposed system is experimentally evaluated.
The results show that both the vertical and
lateral vibrations can be isolated by the QZS
characteristic to a large extent. Additionally, via
regulating the stiffness of the system based on
the control algorithms, the isolation perfor-
mance is further improved.

Future work may focus on designing a more
compact magnetorheological isolation system with a
simpler structure to reduce manufacturing difficulties
and expenses.
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