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achieve the isotropic performance of vibration isolation. We
will reveal the explicit relation between the modal control
forces and the actuation forces in joint space, facilitating the
implementation of the controller. The control parameters in all
sub-controller channels are adjusted simultaneously to achieve
the isotropic performance of vibration isolation for all modes.

The contributions of this paper include: (1) An isotropic
control framework is proposed to obtain an isotropic
performance of vibration isolation for parallel mechanisms; (2)
The dynamic equations of parallel mechanisms with base
excitation are established and analyzed in modal space; (3)
Under the isotropic control framework, a combining
proportional, integral, and double integral compensator is
employed in every sub-controller channel to achieve an
identical corner frequency, active damping and rate of
low-frequency transmissibility for all modes.

The remainder of this paper is organized as follows. In
Section II, the dynamics of parallel mechanisms is researched,
and the problem of anisotropy is discussed. The synthesis and
analysis of the isotropic controller are presented in Section III.
The simulation results and experiment validation are provided
in Section IV and V, respectively. The conclusions are
summarized in Section VI.

O~ Unactuated
flexible joint

Base plate

AL

Fig. 1 A general parallel mechanism for multi-DOF vibration isolation. It is
composed of a base plate, a payload plate and series kinematic chains
connecting the base and the payload. A collocated actuator/ sensor pair is used
in each kinematic chain. The mechanism isolates the disturbances to be
transmitted from the base plate to the payload plate.

II. DYNAMICS OF PARALLEL MECHANISMS

This section discusses the dynamics and the anisotropic
problem of the parallel mechanisms. Fig. 1 depicts a general
parallel mechanism for multi-DOF vibration isolation. It is
composed of a base plate, a payload plate and serial kinematic
chains connecting the base and the payload. The payload plate
supports the sensitive equipment. The kinematic chains can be
selected as 6-UPS, 6-PUS, 3-RPS, 3-UPU, etc., which depend
on the requirement of degrees of freedom.

A. Modeling General Parallel Mechanisms with Base
Excitation

Let us assume the parallel mechanism possess m (m < 6)

DOFs with m kinematic chains. The actuator is an active
prismatic joint, modeled as a spring and damper in parallel with
a source of force. The collocated force sensor measures the
output force of the actuator:

f=f-H-d. (1)

f , f, and 1 denote the vectors composed of the

displacements, velocities, and applied forces of the actuators,
respectively. & and ¢ denote the actuators’ stiffness and
damping, respectively.

Let qeR" represent the independent coordinates for
parameterizing the pose of the payload plate apart from the
equilibrium configuration. The base plate is free floating and
excited by six-DOF disturbances, denoted by d .

There exist linear relations at the the equilibrium
configuration [20]:

i=J,q-J,d,1=J,q-J,d. )
J,, is the Jacobian matrix of the mechanism. J, is a liner

transformation between 1 and the twist of the base plate.
Likewise, the twist of each body can be written as
t,=J,q9-J,d (i=1--n). 3)

n is the amount of the bodies of the mechanism excluding the
base plate. J,, is a linear map from ¢ to the twist of the i

body, denoted by t,. J,

angular velocity matrix of the i" body in terms of Kane’s
method.

The dynamics of the parallel mechanism with base excitation
can be written as [26]

Mij+Dq+Kq=J,'f+Ad+Bd,

n I
T i T
M = ;Jm [ MiE3X3]Jiq,D =cl,"J,, 4)

K=kJ,"J

is the partial velocity and partial

A=cl, 3, . B=k1,"J,.

lg >
m, and I, denote the mass and inertia of the i body,

respectively. E** is the 3x3 identical matrix. Ad+Bd is the
disturbance force induced by the movement of the base plate.

Note that for the parallel mechanisms discussed in this paper,
the damping D is always proportional to the stiffness matrix K
because the damping and stiffness are both induced by the
actuators. Thus, the matrices M, D, K can be diagonalizable
simultaneously:

O"M® =E"", @' DD = £ 07,
k , ®)
KD =Q’, Q=diag(a;,, ,)

where E™" is an m>m identity matrix, @ (i =1,---,m) are the
natural frequencies of the mechanism, and ® € R"" is
composed of the mode shapes corresponding to distinct natural
frequencies.

Let us transform the dynamics from tasks space to modal
space to perform the dynamic analysis conveniently:

q=2q,, (6)
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where g =(qg»***»qq,)" i the vector composed of modal

amplitudes.
Define the control force and the disturbance in the modal

space, denoted as d,, and f, respectively:
-1
d=J, (qo) 3y (qo)q)dm’ fo :q)TJ/T;f- (7

Left multiplying by @, and considering (5), (6), and (7), the
dynamic equation (4) turns into the decoupled equation:

i +%92q¢ +Qq, =1, +%92d¢ +Qd,. (8

In the following of this paper, (8) will be used for the control
synthesis and performance analysis of the mechanism to avoid
its strong coupling effects in physical space, e.g., the workspace
and joint space.

B.  Problem of Anisotropy

In this subsection, we will discuss the dynamic performance
of the mechanism with the commonly used decentralized
controller to illuminate the ubiquitous anisotropy. Fig. 2 depicts
the control block diagram of the decentralized control
framework. Zero force tracking is employed to achieve the
performance of vibration isolation. The sub-controller H(s) can
be designed with various control algorithms, but the control
gains are the same in all channels.

H(s)|
Actuation T
Reference 0 oFeESit Multi-DOF | Joint forces
> »  parallel >
T mechanism

Fig. 2 Decentralized control framework. The sub-controller H(s) can be
designed with various control algorithms, and the control gains are the same in
all channels.

Each actuator has an independent control input:
f=—HEI, . ©)
Substituting (1) into (9), we obtain
H(s) .
f=——"—(k(1-1,)+cl). 10
T p (o) (F( k) +) (10)
Considering (2), (7) and (10), (8) turns into
C . 1 2

- ‘o, ——0
THME P hE)
1 C a4

= 4+ —
1+H(s)k ° 1+H(s)

Applying the Laplace transform, we obtain the frequency
response function of the transmissibility between the
disturbance displacement d,,, and the payload displacement

G
(1)
Q’d,

o;:
. k)o’s + o’
Tor (C/ z)a)ls “ 2 2 (i:L"',m) (12)
d,, (1+H(s))s +(c/k)ols + o]
Unless the natural frequencies of all the modes are identical,
i.e., dynamic isotropic design, the sub-controller H(s) leads to

different pole locations for the various modes, i.e., the
anisotropic performance. To illustrate, we use an integral

compensator to obtain active damping for the various modes:
H(s)=g/s. (13)
Substituting (13) into (12), we obtain the active damping
ratios for the various modes:

Co=8/20)+(c/2k) 0, (i=1--,m).  (14)
Taking the 6-UPS parallel mechanism [26] as an example,
we observe its response under open loop (g, =0) and closed

loop ( g; =300), respectively. The natural frequencies are 115,

115, 83, 82, 42, and 42 Hz, respectively. Fig. 3 depicts the
frequency response of the six modes. The six active damping
ratios turn into 0.220, 0.220, 0.295, 0.300, 0.572 and 0.572,
which are obviously not identical. The mechanism cannot
obtain an isotropic performance unless the six natural
frequencies are identical. From a perspective of mechanical
design, one can achieve an isotropic performance in all DOFs
by adjusting the mass, inertia, and geometry of the mechanism,
i.e., M, D, K in (4), which requires a rather complicated design
process.
Magnitude Frequency Response

40 —r1 1
b 4
20 It
/I\ ’,.\ .
0 — X

Magnitude (dB)

-20 : ]
Anisotropy: different
damping characteristics
-40
-60
-80
1 10 100 1000

Frequency (Hz)
Fig. 3 Magnitude frequency response of the transmissibility between the
disturbance displacement and the payload displacement for the 6-UPS parallel
mechanism [26] within the decentralized control framework. The dashed lines
represent the open-loop responses. The continuous lines represent the
closed-loop responses. The modes with different natural frequencies have
different active damping. The curves coincide for the modes with the same and
slightly different frequencies. The gain g, can only reach an optimal value for

a certain mode or has to be adjusted to achieve a compromise in the
performance for the various modes. The six active damping ratios turn into
0.220, 0.220, 0.295, 0.300, 0.572 and 0.572.

P(S) NGy N |
Reference 0 | || Tsotropic | A€tUton Mg 1 poF
eference | ¢ { o - Joint fc
: szx) : transform foruesl'l parallc] oint forces
- ! : || matrix ¥ mechanism
| |
i h
| i
i i

Force sensors

Fig. 4 The proposed isotropic control framework. The sub-controller Ni(s) can
be designed with various control algorithms, and the control gains in all
channels are adjusted according to the various natural frequencies of the
mechanism.

III. ISOTROPIC CONTROL OF PARALLEL MECHANISMS

In this section, we will solve the problem of anisotropy from
the perspective of controller synthesis. We will reveal that the
isotropic performance can be achieved by synthesizing an
appropriate active control force, i.e., f in (4) instead of the
complex and laborious mechanical design.
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A. Synthesis of the Isotropic Control Framework

According to the above discussion, we find the reason for the
anisotropic performance is that the same sub-controller H(s)
leads to different pole locations for the various modes with
different natural frequencies. The idea to achieve an isotropic
performance is to synthesize the appropriate actuation force
that makes the frequency response function of the mechanism
change from Eq.(12) to

Qo (c/k)o’s+a}

do,; ) (1+N, (s))s* +(c/k)os + o] (=1 m). (15)

In (15), the sub-controllers N,(8) ,..., N, (s) will have

different control gains associated with the various natural
frequencies. Considering (8) and (15), the modal control force
can be synthesized as

1

f, = (1 +%sj92 (E™" +N(s)) N(s)(qo —d,). (16)
where N(s) =diag(N,(s),"--,N,(s)) is an mxm diagonal
matrix.

On the other hand, the actuation force in the joint space is the

feedback of the sensor output:
Magnitude Frequency Response

40 —TT |
20 Iy
i I\
=N ~ 42
S <3
S
2 -20
s Identical damping
g haracteristi
§ —40 . characteristic
—goa== Open loop
Closed loop
1 10 100 1000
Frequency (Hz)
Magnitude Frequency Response
(©)
20
g o -
S
2 -20;
R=| Identical low-frequency
& e
§ _40 transmissibility
—60 — — — Open loop
P Closed loop
1 10 100 1000

Frequency (Hz)

f=—P(S,. (17
Substituting (1) into (17), and considering (4)—(7), we obtain
c - - mxm 1
f, :(1+;szch 9,7 (E"" +P) PJ,@(q,—d,). (18)
Comparing (16) and (18), we get the relation between P(s)
and N(s):
-1 -1 mxm -1 mxm -1
@®'J, " (E""+P) PJ,®=(E""+N) N. (19)
Noting that E"" =], 00", " and

-1

(E™ +P) ' P=E"" —(E™" +P) ', we, fortunately, find the

explicit solution of P(s) as
P(s)=J, ®N(s)®J, . (20)
Fig. 4 depicts the control block diagram corresponding to

(17) and (20). Our proposed controller employs the matrix,
¥ =J,®, to transform the control laws into m independent
spaces where the dynamic performance can be regulated
independently to be identical. The control gains in the
sub-controllers N,(s) are tuned according to the natural
frequencies in various modes.

Magnitude Frequency Response

40 T 1
() ,l ,\ ;
20 I
~ | N\ _'I.\ \
_@ 0; s———— & \< [
5 NN
2 —20' Identical corner
.go ‘ frequency ;s. |
s 40 O
‘ SN
~60 = = = Open loop \\ '\,
; Closed loop N b
-80 -~
1 10 100 1000
Frequency (Hz)
Magnitude Frequency Response
(d) | & i
20 I
- P I\ XN
a 0 TN
A A\
= N
2 -20 IS 3R
§D Isotropic performance b \\\.’ .
S —40 \\§ 2
S
—60 - — — = Open loop \\ <
Closed loop N b
—goll L 1 L[i[U] I ) S o N
1 10 100 1000
Frequency (Hz)

Fig. 5 Frequency response of the 6-UPS parallel mechanism within the proposed isotropic control framework. The dashed lines and continuous lines represent the
open-loop and closed-loop responses, respectively. The curves coincide for the modes with the same and slightly different frequencies in the open-loop responses.

(a) Identical active damping by tuning integral gains g;,. (b) Identical corner frequency, i.e., vibration isolation bandwidth, by tuning proportional gains g,, . (c)

Identical rate of low-frequency transmissibility by tuning double integral gains g, . (d) The variable modes have an isotropic performance when tuning the

proportional, integral, and double integral gains simultaneously. The gains are determined by the various natural frequencies of the mechanism.
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B.  Isotropic Performance Analysis

To illustrate the isotropic performance of active vibration
isolation, we designed Ni(s) as a combining proportional,
integral, and double integral compensator:

N (s)=go+25 4 B0 (iotm). @)
S N

Substituting (21) into (15), we get
Go; _ (c/k)a?s+w! @)
dy, (1+gp,.)sz+((c/k)a),.z+g”)s+(gm+a)[.2)'
According to (22), the rates of
transmissibility for all the modes are

=0 (g +a]) (i=1-m). (23)
According to (22) and (23), all the corner frequencies are

o,=0/n(1+g,) (i=1m). @4

According to (22), (23) and (24), all the active damping
ratios are

Cu=M0, (gu/(za)iz)""c/(zk)) (i = l,---,m) - (29
According to (23), (24) and (25), we can tune the control
gains to obtain an identical rate of low-frequency

transmissibility, corner frequency, and active damping
simultaneously for all the modes. If they are denoted as 77, w,

low-frequency

and ¢, respectively, the control gains are calculated as
i = wfz (]/77_1)’ &pi = a’iz/(ﬂwf)—la
g, = (26, [(ne,)~c[k) (i=1--,m)

According to (26), we observe that increasing g, will

(26)

decrease the rate of low-frequency transmissibility 77 ,
increasing g,;, will decrease the corner frequency w,, and

increasing g, will increase active damping ratio ¢, .

Substituting (26) into (22), it is obviously that the frequency
response function of the transmissibility between the
disturbance displacement d,,, and the payload displacement

q,; becomes identical as

. c/ks+1)nw’
@:—S ks +1)n *(i=leem). QD)
dd)i S +2§zra)ﬂs+a)¢'
Taking the 6-UPS parallel mechanism [26] as an example,
we calculate the magnitude frequency response of the
transmissibility between the disturbance displacement and the
payload displacement for all the six modes. When the integral
gains g, (i=1,---,6) increase, an identical damping ratio is
obtained for the six modes, as shown in Fig. 5 (a). When the
proportional gains g, (i =1,---,6) increase, an identical corner

frequency is obtained, implying the six modes have the same
bandwidth of vibration isolation, as shown in Fig. 5 (b). Fig.
5(c) depicts an identical rate of low-frequency transmissibility
when the double integral gains g, (i =1,---,6) increase. The

identical active damping, corner frequency, and rate of

low-frequency transmissibility are achieved simultaneously for
all modes when we use a combining proportional, integral, and
double integral compensator as the sub-controller, as shown in
Fig. 5 (d).

C. Stability Analysis

The stability was associated with the location of the poles of
the system in the left half plane. According to (27), the
closed-loop poles of the variable modes are

p==Co o -1 (i=1-,m). (28)

From (28), we see that the system is always stable as long as
the control gains are positive. The root locus for the closed-loop
poles of this system is shown in Fig. 6. It is seen that increasing

the proportional gain g, makes the closed-loop poles move

towards the imaginary axis, decreasing the stability margin.
Fortunately, increasing the integral gain g, pushes these poles

deeper to the left half plane, increasing the stability. Increasing
the double integral gain g;; makes the poles apart from the

real axis, and thus does not affect the stability.
(a) T (®) (©

81
Im
gIIiI J(
Re

— 8pi

Fig. 6 Root locus of the mechanism with P+I+II control algorithm within the
isotropic control framework. (a) Increasing the integral gain g pushes the

Im

S

poles deeper to the left half plane. (b) Increasing the proportional gain g,

makes the poles move towards the imaginary axis. (c¢) Increasing the double
integral gain g, makes the poles apart from the real axis.

D. Discussion of Isotropic Control and Isotropic Design

If the mechanism is of dynamic isotropy in terms of the
mechanical structure, i.e., the multi natural frequencies are
identical, the matrix ¥ will be an mxm identity matrix. And
the control gains g,,, g, and g,, (i =1--,m) in the multiple

sub-controller N, (s) will be identical as well. In this situation,

the isotropic control framework (Fig. 4), degenerates to the
decentralized control framework (Fig. 2).

The benefit of the isotropic control is that it dramatically
reduces the difficulty of realizing the isotropic performance.
We calculate the matrix ¥ while avoiding the substantial
constraints on the geometry and mass distribution. If the
payload changes, we only need to update ¥ and the control
gains instead of implementing a new process of mechanical
design. It should be noted that an excellent mechanical design is
still required. We need to guarantee the equilibrium
configuration is far from singularities at the design stage such
that the stiffness matrix K is positive definite and
well-conditioned.
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Fig. 7 ADAMS-MATLAB co-simulation model of the 6-UPS parallel mechanism. The base plate is disturbed by a six-dimensional acceleration as the input of the
ADAMS model. The ADAMS model output the measurements of the force sensors and the six-dimensional acceleration of the payload plate. The isotropic control
algorithm is implemented in MATLAB/Simulink to provide the actuation force for the six actuators.

Essentially, the isotropic control achieves the isotropic
performance through exerting the active forces into the
system, which are related to the system modes. The
isotropic design endows the system with an inherent
isotropic property. Thus, the isotropic control is only
applicable to active vibration isolation systems, whereas the
isotropic design applies to both active and passive systems.

IV. SIMULATION RESULTS

We simulate to observe the performance of the isotropic
control in the time domain. Fig. 7 depicts the
ADAMS-MATLAB co-simulation model of the 6-UPS parallel
mechanism. The base plate is disturbed by a six-dimensional
acceleration. ADAMS model outputs the six actuation forces
and the six-dimensional acceleration of the payload plate. The
control algorithm is implemented in MATLAB/Simulink,
where the feedback is the actuation forces from ADAMS
model. We compare the acceleration responses of the payload
in the open-loop mode and the closed-loop mode to evaluate the
vibration isolation performance of the system.

The mechanism has six vibration modes with the natural
frequencies of 42, 42, 80, 81, 110, and 110 Hz. We define a
linear swept-frequency sine signal as the acceleration
disturbance. The frequency of disturbance increases linearly
from 0 to 200 Hz within 1 second to contains all the natural
frequencies of the mechanism. Each component of
linear-acceleration disturbance is 0.1xsin (2mx200¢x¢) m/s?,
and each component of angular-acceleration disturbance is
0.1xsin (2nx200¢x¢) rad/s.

TABLE 1 CONTROL GAINS FOR 17 =0.5, @, =5Hz AND ¢, =1

Gai Chanel Chanel Chanel Chanel Chanel Chanel
am 1 2 3 4 5 6
5187 5187 2737 2655 6989 6989
&u x10¢ x10* x10¢ x10* x10° x10°
1050 1.050 5537 5371 1406 1.406
&n x10° x10° X102 <102 X102 X102
6461 6460 3381 3278 8370 8370
& x10* %10 x10* x10* x10? x10°

)

X linear acceleration

<« & X angular acceleration
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Fig. 8 Six-dimensional acceleration of the payload plate in the open-loop and
closed-loop modes, respectively. The base plate is disturbed by a
swept-frequency acceleration, increasing linearly from 0 to 200 Hz. Under the
open-loop mode, the magnitude of the acceleration of the payload plate is
amplified to the maximum at the natural frequencies. Under the closed-loop
mode, the magnitude of the acceleration is attenuated throughout all
frequencies.

The isotropic matrix ¥ for the 6-UPS mechanism in Fig. 7
is obtained theoretically. We derive all the matrices in (4) using
the parameters from the CAD model, whose values are
referenced in [26]. If we set the rate of low-frequency

transmissibility 7 = 0.5, the corner frequency @, =5Hz, and

the active damping ratio &, =1 for all the six vibration modes,

the control gains can be calculated according to (26) and are
listed in Table 1. Fig. 8 depicts the acceleration response of the
payload plate in the time domain without and with the control
laws when the base plate is disturbed. Under the open-loop
mode, the magnitude of the acceleration of the payload plate
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reaches the maximum as the frequency of disturbance
approaches the natural frequencies. Under the closed-loop
mode, the magnitude of the acceleration of the payload plate is
attenuated throughout all frequencies. ADAMS-MATLAB
co-simulation presents the vibration isolation performance of
the proposed method, which will be further validated by the
experiment implemented in the next section.

V. EXPERIMENTAL VALIDATION

The experimental setup is established, as shown in Fig. 9.
The 6-UPS parallel mechanism is hung by the steel cables to
compensate for its gravity. In each kinematic chain, the
piezoelectric actuator can produce push and pull forces. The
force sensor can measure the dynamic interaction force
transmitted from the base plate to the payload plate. An external
shaker disturbs the base plate of the parallel mechanism in the
lateral direction. The triaxial accelerometers are assembled
onto the payload plate and the base plate to measure their
acceleration, respectively.

The real-time control system is implemented using
MATLAB/Simulink Real-Time. Two pieces of NI PCI-6229
Board are adopted for signal acquisition and voltage
output. The signal conditioner supplies power for the sensors
and eliminates the bias of the signals. The signals of the
accelerometers and force sensors are acquired into the NI
PCI-6229 Board. The force data are used as feedback in the
control loop. The acceleration data are used to evaluate the
performance of vibration isolation. The output values of the NI
PCI-6229 Board is amplified 12 times higher through the
voltage amplifier and then input into the piezoelectric actuators.
The sampling rate is set at 10 kHz. A high-pass filter at 1 Hz
and a low-pass filter at 600 Hz are built digitally to limit the
bandwidth of the controller and to isolate the controller from
the high-frequency disturbances and low-frequency wandering
signals.

The accelerations of the payload and base plates are
measured under the open-loop and closed-loop modes,
respectively. The data are collected every 10 Hz from 20 Hz
to 500 Hz. The acceleration transmissibility has multi
resonance peaks, as shown in Fig. 10. Comparing the
open-loop and closed-loop responses, we can observe that
the resonances at 90 Hz, 130 Hz, and 310 Hz are attenuated,
indicating the active damping is achieved. For instance, for
the first resonance peak, the closed-loop controller attenuates
the magnitude of the transmissibility ratio from 24 dB to 11dB.
The rate of low-frequency transmissibility is reduced from
20 Hz to 40 Hz. It indicates the rate of low-frequency
transmissibility is reduced. All the corner frequencies
movie toward the left, demonstrating increased isolation
bandwidth. For instance, the first corner frequency is
reduced from 90 Hz to 70 Hz. The limitation of the proposed
isotropic control is the neglect of the spring dynamics of the
flexible joints, which arouse resonances at higher frequencies.
Fortunately, the controller is effective for the vibrations below
300 Hz, which is within the output capacity of the actuators.
The mechanism has a better capacity of vibration isolation for

higher frequency disturbances than the lower ones. Fig. 11
depicts the acceleration response of the payload plate under
the open-loop mode and closed-loop mode in time domain,
respectively: (a) 20 Hz; (b) 90 Hz; (¢) 130 Hz; (d) 310 Hz.
Theoretically, increasing the proportional, integral, and
double integral gains can further attenuate the vibrations.
However, in practice, gradually increasing the gains causes
saturation of the piezoelectric actuators. The reason is that
we did not compensate the nonlinear effects of the actuators,
i.e., hysteresis, which will be carried out in our future
study.

Signal conditioner Voltage amplifier

Target PC

Host PC

Fig. 9 Experimental setups of the 6-UPS parallel mechanism. The real-time
control system is implemented using MATLAB/Simulink Real-Time.

30
—6e— Open loop
20k —&— Closed loop
)
=)
= 10t
<
2
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<
=
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220 L s L L 1
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Fig. 10 Frequency response of the acceleration transmissibility from the
base plate to the payload plate. The low-frequency transmissibility ratio
decreases, the resonances are attenuated, and the corner frequencies move
toward the left. They indicate reduced low-frequency transmissibility
ratio, active damping, and increased isolation bandwidth, respectively.

VI. CONCLUSION

This paper proposes an isotropic control framework for the
parallel mechanisms. The isotropic controller is a counterpart
of the isotropic design to achieve an isotropic performance for
the parallel mechanisms. If the isotropic design is guaranteed,
the isotropic control will degenerate into the traditional
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decentralized control. Isotropic control is more efficient than
isotropic design since it only requires the update of control
gains instead of a new round of mechanical design if a payload
condition is changed. Both the simulation and the experimental
results demonstrate effective vibration isolation capabilities of

the
inte

system. Besides the proportional, integral, and double
gral compensator used in this paper, other control

algorithms can be implemented in the isotropic control
framework to improve the vibration control performance

further.
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Fig. 11 Acceleration response of the payload plate under the open-loop

mod
Hz;

e and closed-loop mode in time domain, respectively: (a) 20 Hz; (b) 90
(¢)130 Hz; (d) 310 Hz. As the disturbance frequency increases, the

acceleration transimissibility ratio decreases. The mechanism has a better
capacity of vibration isolation for higher frequency disturbances than the
lower ones.
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