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Abstract: This paper investigates the effects of the number and length of 
inertia channels and different cross-sectional areas on the low-frequency 
characteristics of hydraulic mounts. Firstly, it analyses the isolation of low 
frequency-large amplitude excitation hydraulic mounts relying mainly on 
inertial channels. Secondly, nine different structures of inertia channels are 
proposed and the mathematical model of hydraulic mounts is obtained using an 
equivalent mechanical method. Finally, the hydraulic mounts system model of 
the 1/4 vehicle model is built to analyse the effect of different inertia channels 
on the mounts' vibration isolation performance under road excitation. It has 
been shown that changing the number of inertia channels as well as the cross-
sectional area can regulate the peak and peak frequency of the dynamic 
stiffness and loss angle of the hydraulic mounts. 

Keywords: hydraulic mounts; inertia channel; equivalent mechanical;  
1/4 vehicle model; dynamic stiffness; loss angle. 
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1 Introduction 

The engine mounts are vibration-isolating elements installed between the vehicle frame 
and the engine, which play an important role in improving the Noise, Vibration, and 
Harshness (NVH) of the vehicle. The desired properties of mounts include large stiffness 
and damping property under low-frequency large-amplitude excitation and small stiffness 
and damping under high-frequency small-amplitude excitation (Yu et al., 2001). The  
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analysis of the hydraulic mounts of single inertial channels and decoupler membrane 
channel combinations is now more mature. Singh et al. (1992) first derived a linear model 
of the inertial channel hydraulic mounts and analysed their dynamic characteristics. 
Tiwari et al. (2003) obtained the mathematical model for the combined hydraulic mounts 
of inertial channels and decoupler membrane channels by an experimental approach. 
Yoon and Singh (2010a, 2010b) proposed linear time-invariant, nonlinear and quasi-
linear hydraulic mounts models and used the models to predict the transfer forces of 
hydraulic mounts under sinusoidal excitation conditions. 

Studies on multi-inertia channel hydraulic mounts or bushings include the following. 
Zhang and Shangguan (2006) studied the effect of the number, size, and length of inertial 
channels on the low-frequency dynamic performance of hydraulic mounts. It is revealed 
that different numbers of inertia channels can change the stiffness and loss angle of 
hydraulic mounts vs. excitation frequency. Yang et al. (2016a, 2016b) studied the 
identification and mathematical modelling of the parameters of a multi-inertia channel 
hydraulic bushing system through an experimental approach. Then, the effect of inertia 
channel or orifice flow channel combination on the low-frequency dynamic 
characteristics of the hydraulic bushing was analysed. Chai et al. (2013, 2014, 2015) 
undertook mathematical modelling of hydraulic bushings with different combinations of 
inertial channels and orifice flow paths; next, the effects of different inertia channels and 
orifice flow paths on the dynamic and time-domain characteristics of the hydraulic 
bushings were analysed numerically and experimentally. Lu and Ari-Gur (2002) derived 
the set total parameter model of the hydraulic bushing with the number of inertia 
channels equal to 2 and performed the dynamic characteristics analysis. Lu et al. (2018) 
designed three structures of magnetorheological fluid mounts (8-holes, 16-holes, and 
slot); their studies have shown that 8 holes have better vibration isolation performance 
than 16 holes. Fan et al. (2020) proposed a semi-active hydraulic mount with four 
chambers and three flow channels. The semi-active mounts are characterised in two steps, 
the first step analyses the resonance caused by the long inertia channel, and the second 
step analyses the resonance caused by the shortest flow channel corresponding to the 
independent decoupler membrane (DM) fluid chamber. Finally, switching between these 
two cases allows the mounts to provide excellent NVH performance over a relatively 
wide band. Li et al. (2019) proposed a hydraulic mounts model with different inertia 
channel and hole combinations to optimise the inertia channel structural dimensions to 
obtain the best vibration isolation performance. Although studies on the time and 
frequency domain characteristics of multi-inertia channel hydraulic bushings have been 
reported, there are still some differences between hydraulic bushings and hydraulic 
mounts characteristics (Yang et al., 2016b; Lu and Ari-Gur, 2002; Barszcz et al., 2012). 

Based on the above review, firstly, the inertial channel structural parameters  
directly affect the low-frequency dynamic characteristics of the hydraulic mounts  
based on the mathematical model of the inertial channel. Secondly, the hydraulic mounts 
for nine different combinations of inertia channels with different structures  
are proposed. Then, numerical analysis of the effects of the number, length, and  
cross-sectional area of the inertia channels is performed on the low-frequency  
dynamic characteristics of the hydraulic mounts. Finally, a 3-degree-of-freedom  
mounts system with a 1/4 vehicle model is built to analyse the effect  
of different inertia channel structures with low frequency-large amplitude on  
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the vibration isolation performance of the mounts. Numerical calculations show that 
changing the number, cross-sectional area, and length of inertia channels at low 
frequencies directly affects the low-frequency vibration isolation performance of 
hydraulic mounts. 

2 Hydraulic mounts characteristics analysis 

2.1 Hydraulic mounts with single inertia channel and decoupler membrane 
channel combination 

Figure 1 shows the inertial channel combination decoupling membrane channel hydraulic 
mounts. Among them, Figure 1(a) shows the profile of the hydraulic mounts, and  
Figure 1(b) shows the lumped parameter model. The mounts are supported by the main 
spring rubber element providing a certain amount of stiffness and damping to support the 
weight of the static engine, denoted by Kr and Br, respectively. When subjected to 
external excitation the fluid enters the lower chamber through the inertial and decoupler 
membrane channels, where the narrow inertial and decoupler membrane channels provide 
large damping for the mounts. where the flow rate through the inertial channel decoupler 
membrane channel is denoted by Qi and Qd, respectively; Cu and CL are the compliance 
of the upper and lower chambers; P1 and P2 are the dynamic pressures of the upper and 
lower chambers, and Ap is the equivalent upper chamber cross-sectional area. Among 
them, the values of hydraulic mounts parameters are shown in Appendix. 

Figure 1 Hydraulic mount: (a) profile diagram and (b) lumped parameter model (see online 
version for colours) 

 
 (a) (b)  

When the hydraulic suspension is excited by Xe(t), the lumped parameter model of the 
hydraulic mounts can be solved according to Figure 1(b), see equations (1)–(3). 

1 2

1 2

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
i i i i

d d d d

P t P t I Q t R Q t

P t P t I Q t R Q t

⎧ − = +⎪
⎨

− = +⎪⎩
 (1) 

1 2
1 1 2

( ) ( ) ( ) ( )
( ) ( ) - , ( )p i d i d

e

A Q t Q t Q t Q tP t x t P t
C C C

+ +
= =  (2) 
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1( ) ( ) ( ) ( ) 0e r e r e pMx t B x t K x t A P t+ + + =  (3) 

where Ii and Ri are the inertia and resistance of the fluid passing through the inertial 
channel, and Id and Rd are the inertia and resistance of the fluid passing through the 
decoupler membrane channel. 

According to equations (1)–(3), the variation of the flow rate and amplitude A = 3 mm 
for frequency f = 5Hz and A = 1.5 mm for frequency f = 15 Hz were obtained, 
respectively, as shown in Figure 2. As can be seen from Figure 2, the flow through the 
decoupler membrane channel is negligible at low-frequencies with large amplitudes. 
Therefore, the effect of the decoupler membrane channel on the hydraulic mounts at low 
frequency-large amplitude excitation is negligible, which is the same conclusion as in the 
paper (Li et al., 2019). 

Figure 2 Flow through inertial channel and decoupler membrane channel: (a) f = 5 Hz, A = 3 mm 
(b) f = 15 Hz, A = 1.5 mm (see online version for colours) 

  
(a) (b)  

2.2 Effect of structural parameters of inertia channel on dynamic 
characteristics of hydraulic mounts 

Figures 3 and 4 show the effect of varying the equivalent cross-sectional area Ai and 
length L of the inertia channel on the dynamic characteristics of the hydraulic mounts, 
respectively. As can be seen from Figure 3, the respective peak and peak frequencies of 
the dynamic stiffness and loss angle of the hydraulic mounts increase with the increase of 
the equivalent cross-sectional area of the inertia channel. The respective peak and peak 
frequencies of the dynamic stiffness and loss angle of the hydraulic mounts decrease as 
the inertia channel length L increases. It follows that the cross-sectional area Ai of the 
inertia channel and the length L directly affect the dynamic stiffness and loss angle of the 
hydraulic mounts. 

2.3 Multiple structure hydraulic mounts inertia channel design 

In order to study the effects of variations in the number, length, and cross-sectional area 
of inertia channels on the low-frequency characteristics of hydraulic mounts. Table 1 and 
the nine inertia channel structures shown in Figure 5(a)–(i) are proposed. 
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Figure 3 Effect of equivalent cross-sectional area of inertia channel ai on hydraulic mounts 
characteristics: (a) dynamic stiffness and (b) loss angle (see online version for colours) 

 
(a) (b)  

Figure 4 Effect of inertia channel length L on hydraulic mounts characteristics: (a) dynamic 
stiffness and (b) loss angle (see online version for colours) 

  
(a) (b)  

Table 1 Hydraulic mounts with different configurations of inertia channels 

Figure 5 Numbering 
of inertial channels Description 
C1 One inertial channel with diameter iD , length iL  

C2 Two inertial channels with diameter iD , 1/2 id  and length iL  

C3 Two inertia channels with diameter 1/2 iD , length iL  

C4 Two inertia channels with diameter iD , length 1/2 iL  

C5 Two inertial channels with diameter iD , length iL  and 1/2 iL  

C6 Two inertia channels with diameter iD  length iL  

C7 Three inertial channels with diameter iD , length iL , 1/2 iL  and 1/2 iL  

C8 Three inertial channels with diameter iD , length iL , iL  and 1/2 iL  

C9 Three inertial channels with diameter iD , length iL  

C1 is a single inertia channel hydraulic mount with a cross-sectional area of Di and a 
length of Li. C2 inertia channels have di and 1/2Di diameters, respectively, and the same 
length as C1. C3 inertial channels have a diameter of 1/2 Di and the same length as C1. 
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C4 has two inertial channels with a length of 1/2 Li and a cross-sectional area of Di.  
The cross-sectional areas of the 2 inertial channels of C5 are both Di, and the lengths are 
Li and 1/2 Li, respectively. The cross-sectional areas of the 2 inertial channels of the C6 
structure are Di, and the lengths of the inertial channels are all Li. The cross-sectional 
areas of the 3 inertial channels of the C7 structure are all Di, and the lengths of the inertial 
channels are Li, 1/2 Li, and 1/2 Li, respectively. The cross-sectional areas of the three 
inertial channels of the C8 structure are all Di, and the lengths of the inertial channels are 
Li, Li, and 1/2 Li. The cross-sectional areas of the three inertial channels of the C9 
structure have the same inertial channel lengths as C1. 

Figure 5 Multi-inertia channel hydraulic mount: (a) single inertia channel with diameter iD , and 
length iL ; (b) two inertia channels, with diameter iD , and 1/2 iD  length iL ; (c) two 
inertia channels, with diameter id  and 1/2 iD  length iL ; (d) two inertia channels, with 
diameter iD  and 1/2 iL  length; (e) two inertia channels, both with diameter iD , and 
1/2 iL  length, respectively iL , and 1/2 iL ; (f) 2 two inertial channels with the same 
structure and di length of iL ; (g) three inertial channels, all with iD  diameter and length 
of iL , 1/2 iL ,1/2 iL ; (h) three inertial channels, all with iD  diameter and length 
of iL , iL , 1/2 iL  and (i) three inertial channels with the same structure and id  and the 
length is iL  (see online version for colours) 

 
(a)  

(b) 
 

(c) 
 

(d)(f) 

 
(e) 

 
(g) 

 
(h) 

 
(i) 

 

3 Multi-inertia channel hydraulic mounts frequency domain 
characteristics analysis 

3.1 Equation derivation and verification 

Singh et al. (1992) equates the set parameter model of the multi-inertia channel hydraulic 
mount of Figure 6(a) to the mechanical model of Figure 6(b). According to Figure 6(a), 
the mathematical model equation of the lumped parameters of the multi-inertia channel 
hydraulic mounts can be obtained as follows. 
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1( ) ( ) ( )T r e r e pF K x t B x t A P t= + +  (4) 

1 2

( ) ( )1( ) ( ) - , ( )in in in in
p e

u u L

A x t A x t
P t A x t P t

C C C
= =∑ ∑  (5) 

1 2( ) - ( ) ( ) ( )in in in inP t P t I Q t R Q t= +  (6) 

1 2

1 1[ ( ) ]p e in in in in in in in in in inA x t A x A x I A x R A x
C C

− − = +∑ ∑  (7) 

Figure 6 Multi-inertia channel hydraulic mount: (a) lumped parameter model and (b) equivalent 
mechanical model (see online version for colours) 

 
(a) (b)  

Referring to Barszcz et al. (2012) and He and Singh (2005), it is known that 2
1 1/pk A C=  

is the equivalent linear stiffness of the upper chamber of the multi-inertia channel 
hydraulic mount, 2

2 2/pk A C=  is the equivalent linear stiffness of the lower chamber of 
the multi-inertia channel hydraulic mount, inb  is the equivalent damping of the hydraulic 
mount inertia channel fluid, and 2

in p inm A I=  is the equivalent mass of the hydraulic 
mount inertia channel fluid. Equations (4) and (7) can be transformed into equations (8) 
and (9) as follows. 

2 2
2 2[ ( ) ] ..... 1, 2,3p p

e in in in p in in p in
u L

A A
x t x x I A x R A x n

C C
− − = + =∑ ∑  (8) 

2

( ) ( ) [ ]p
T r e r e e in

u

A
F K x t B x t x x

C
= + + −∑  (9) 

Due to L uC C  in hydraulic mounts and (Barszcz et al., 2012; Vahdati, 2005), the 
mounts are at low frequencies (1–50 Hz) Br = 0. Thus, the equivalent inertia and 
equivalent fluid resistance of the inertia channel and equation (8) is simplified to equation 
(10). 

1[ ( ) ]e in in in in ink x t x m x b x− = +∑  (10) 

where 
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, ,

1 , 1 ,2 2

-1 -1
1 1

,
( ) ( )i i i i

n n
i i i i i i

eq eq p eq eq eq p eqn n
R R
n n

i i

I R
I m A I R b A R= =

= =

Π Π
= ⇔ = = ⇔ =
∑ ∑

 

Equations (9) and (10) can be further simplified to equations (11) and (12). 

1[ ( ) - ( )] ( ) ( )e eq eq eq eq eqk x t x t m x t b x t= +  (11) 

1( ) [ ( ) ( )]T r e e eqF K x t k x t x t= + −  (12) 

For equations (11) and (12) Laplace transformations see equation (13). 

2 1
1

1
22 2

1

( )
( )

( )
( )

r
r eq eq

rT

e eq eq

K kK k m s b s
K kF sK s

x s m s b s k

⎡ ⎤
+ + +⎢ ⎥+⎣ ⎦= =

+ +
 (13) 

Organising equation (13) into a standard second-order system. 
2 2

1 1 1 1
22 2 2

2 2 2

( )[ 2 ]( )
2

rK k s sK s
s s

ξ ω ω
ξ ω ω

+ + +
=

+ +
 (14) 

where 

r 1
1 2

r 1 eq p

K k
ω =

(K + k )I A
， 2

1
2

eq p

k
I A

ω = ，
2

eq r 1 p
1

r 1 eq

R (K + k )A
ξ =

2 K k I
，

2

2
eq p

1 eq

R A
ξ =

2 k I
 

Singh et al. (1992) can represent equations (4)–(6) in the form of a block diagram, where 
the blue dashed box is the hydraulic transfer path and the red dashed line is the rubber 
transfer path, as shown in Figure 7. 

According to Figure 7, the closed-loop transfer function of the system under external 
excitation of the multi-inertia channel hydraulic mount is obtained as follows: 

3 2 2 3 2
3 2 1 0 3 2 1 0

33 3 2
3 2 1 0

( ) ( )
( ) ( ) r pT

e

K A s A s A s A A B s B s B s BFK s s
x A s A s A s A

+ + + + + + +
= =

+ + +
 (15) 

where 

3 1 2 2 1 2 2 1

1 1 2 1 2 0 1 2 1 2 1 2

3 1 2 2 1 2 2 1 1 1 2 1 2 0 1 2

,
,

, , ,

u L u L u L

u L u u u u L L L L

L L L L

A I I C C A C C I R C C I R
A C C R R C I C I A C R C R C I C I C R C R
B C I I B C I R C I R B C R R I I B R R

= = +
= + + = + + + + +
= = + = + + = +

 

The dynamic stiffness K22(s) solved by the equivalent mechanical mathematical model is 
compared numerically with the dynamic stiffness K33(s) of the multi-inertia channel 
hydraulic mount solved by the square diagram of Singh et al. (1992) to validate the 
developed mathematical model of the multi-inertia channel hydraulic mount. The 
equivalent mechanical mathematical model is calculated to obtain the dynamic stiffness 
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K22(s) and the dynamic stiffness K33(s) of the multi-inertia channel hydraulic mounts 
solved by the block diagram as shown in Figure 8. The curves of K22(s) and K33(s) in 
Figure 8 are the same. Therefore, it is proved that the mathematical model solved for the 
dynamic stiffness K22(s) is correct. 

Figure 7 Multi-inertia channel hydraulic mount cube diagram (see online version for colours) 

 
Source: Singh et al. (1992) 

Figure 8 Dynamic characteristics of multi-inertia channel hydraulic mounts: (a) dynamic 
stiffness and (b) loss angle (see online version for colours) 

 
 (a) (b)  

3.2 Multi-inertia channel hydraulic mounts frequency domain characteristics 
analysis 

1 To analyse the effect of changes in the number and length of inertia channels on the 
characteristics of the hydraulic mount and to compare the changes in the mounts 
characteristics of the three structures C1, C4, and C6.  

2 To analyse the effect of changes in the number of inertia channels and  
cross-sectional area on the characteristics of the hydraulic mount and to compare the 
changes in the mounts characteristics of the three structures C1, C2, and C3.  
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3 To analyse the effect of changes in the number of long inertia channels on the 
characteristics of the hydraulic mount and to compare the changes in the mounts 
characteristics of the three structures C1, C6, and C9.  

4 Analysis of the effect of short inertia channel changes on hydraulic mounts 
characteristics when the number of inertia channels is greater than 2, and comparison 
of the changes in mounts characteristics of four structures C5, C6, C7, and C8.  

5 To analyse the effect of the number of short inertia channels on the characteristics of 
the hydraulic mount when the number of inertia channels is constant, the changes in 
the mounts characteristics of the three structures C7, C8, and C9 are compared. 

It can be seen in Figure 9(a) that the peak and peak frequencies of dynamic stiffness and 
loss angle of hydraulic mounts increase with the number of inertia channels for the same 
inertia channel cross-sectional area. Figure 9(b) shows that adding a 1/2Di inertia channel 
to the existing inertia channel has less effect on the dynamic characteristics of the 
hydraulic mounts. However, the sum of the cross-sectional area of the two inertial 
channels C3 is the same as that of C1 but exhibits a larger stiffness and loss angle at low 
frequencies. It can be seen that the reduced cross-sectional area of the inertia channel 
hydraulic mounts exhibits greater stiffness and damping at lower frequencies. Figure 9(c) 
shows that increasing the number of long inertia channels can achieve suspended 
broadband vibration isolation, which is the same conclusion as in Zhang and Shangguan 
(2006). Figure 9(d) shows that the number of inertia channels increases under the same 
conditions as the total inertia channel length of the hydraulic mounts and the peak 
dynamic stiffness and loss angle of the hydraulic mounts with long and short inertia 
channels increase on the basis of the hydraulic mounts with long and short inertia 
channels. Figure 9(e) shows that increasing the number of short inertia channels can 
achieve broadband tuning. Therefore, the number, cross-sectional area, and length of the 
different inertia channels directly affect the dynamic characteristics of the hydraulic 
mounts. 

4 Multi-inertia channel hydraulic mounts time domain characteristics 
analysis 

Although, multi-inertia channel bushing time-domain characteristics have been reported 
in Chai et al. (2013, 2014). However, differences between hydraulic mounts and 
hydraulic bushings have been demonstrated in Yang et al. (2015). In this section, the time 
domain characteristics of the multi-inertia channel hydraulic mounts are studied and 
analysed by recombining equation (13) as shown in equation (16) below. 

22 1 2 2
2 2 2

( )( )
2hr hy r
s sK s K K K k

s s
λ

ξ ω ω
+= + = +

+ +
 (16) 

where 

2
eq p eq1

2 22
1 eq eqeq p

R A Rk
ω = ,ξ = ,λ=

2 k I II A
 



   

 

   

   
 

   

   

 

   

    Analysis of low frequency response characteristics  153    
 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 9 Dynamic stiffness and loss angle of multi-inertia channel hydraulic mounts: (a) C1, C4, 
C6; (b) C1, C2, C3; (c) C1, C6, C9; (d) C5, C6, C7, C8 and (e) C7, C8, C9 (see online 
version for colours) 

(a) 

  
(b) 

  
(c) 

  
(d) 

   
(e)  
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4.1 Sinusoidal excitation 

In order to facilitate the solution of the transmitted forces for the sine excitation 
( ) sinx t A tω=  multi-inertia channel hydraulic mounts, equation (16) is appropriately 

rearranged to equation (17). Where the transmitted force of the rubber part is expressed 
as ( )ThF t  and the transmitted force of the hydraulic part is ( )ThF t . In this case, the 
hydraulic transmitted forces for solving the multi-inertia channel hydraulic mounts are 
solved by the method of Chai et al. (2014), using the input excitation ( )x t  and the 
hydraulic part stiffness ( )ThyF t  for the convolution solution. The specific solution is as 
follows: 

2
2 2 2

22 1 2 2 2 2
2 2 2 2 2 2

(2 )
( ) 1

2 2r
sK s K k

s s s s
ω ξ ω λ

ξ ω ω ξ ω ω
⎡ ⎤−

= + − −⎢ ⎥+ + + +⎣ ⎦
 (17) 

2 2 2 2

2
-1 2 2 2

1 2 2 2 2
2 2 2 2 2 2

-2 2 2

2 2
2 2

(2 )
( ) 1

2 2

( ) 2 ( )
( ) sin( ) sin( )

1- 1-

hy

t t
d d

sK t k L
s s s s

t tt e t e tξ ω ξ ω

ω ξ ω λ
ξ ω ω ξ ω ω

ω ξ ω λδ ω ω θ
ξ ξ

−

⎛ ⎞−
= − −⎜ ⎟+ + + +⎝ ⎠

⎡ ⎤−⎢ ⎥= − + −
⎢ ⎥⎣ ⎦

 (18) 

( ) ( )Thr rF t K x t=  (19) 

0
( ) ( )* ( ) ( ) ( )d

t

Thy hy hyF t K t x t K x tτ τ τ= = −∫  (20) 

where 

2
d 2ω = ω2 1 ξ− , 2

2 2tan ( 1 / )θ ξ ξ= − −  

According to the above equations, the time domain response of the C1 structure with 
hydraulic mounts at 10 Hz and 30 Hz excitation frequency and 0.3 mm amplitude is 
solved. Comparing the calculated transmitted forces in Figure 8(a) and (b) with the 
results of the constructed AMEsim model, a good agreement can be observed. ( )ThF t  the 
error between the peak calculated by the mathematical model and the peak of the model 
built by AMEsim is about 6.26% at 10 Hz and about 2.07% at 30 Hz. Differences 
between the mathematical calculations and the AMEsim model could be due to 
differences between the equivalent damping at different frequencies. 

4.2 Step excitation 

Step response x(t) = Au(t), combined with equation (16) yields the transmitted force 
Fthr(t) for the rubber part and Fthy(t) for the hydraulic part. Where the method for solving 
the hydraulic part of the transmitted force is the same as that in Section 4.1 using the 
convolution method of Chai et al. (2014), which is solved as follows. 

( ) ( )Thr rF t K x t=  (21) 
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-
10

-
1

( ) ( )* ( ) ( ) ( )d ( sin cos )

2 2 2 { [ sin( ) cos( )] sin cos }
2

t t
Thy hy hy d d d

d

t
d d d

AF t K t x t K x t k e t t

Ak e t t d
d

κ

κ

τ τ τ κ ω ω ω
ω

ξ ω λ κ ω θ ω ω θ κ θ ω θ
ω ω

= = − = +

−− − + − + −

∫
 (22) 

where 

2 2κ ω ξ=  

Combining equations (21) and (22) to solve for the time domain response of the Fth(t) 
under step response excitation of C1 hydraulic mounts. Figure 11 shows the comparison 
between the mathematical model and the AMEsim model, and there is a good agreement 
between the two models. From Figure 11(a) and (b), it can be seen that the error between 
the peaks of the models built by the two methods is about 12.7% at the excitation 
amplitude A = 0.3 mm and the maximum peak difference is about 8.62% at the excitation 
amplitude A = 3 mm. 

Figure 10 Transferred force of C1 structure hydraulic mount: (a) f = 10 Hz, A = 0.3 mm  
and (b) f = 30 Hz, A = 0.3 mm (see online version for colours) 

 
 (a) (b)  

Figure 11 Transferred force of hydraulic mount of C1 structure: (a) A = 0.3 mm and (b) A = 3mm 
(see online version for colours) 

 
 (a) (b)  

Figure 12 investigates the effect of equivalent damping eqR  and inertia eqI  on the 
transmitted force under step-response excitation, with eqR  and eqI  values (adjusted by 
varying the length iL  or cross-sectional area iA ) having a significant effect on the peak 
amplitude and period 2d dt π ω=  of the oscillation. When the value of eqI  increases, 
both dt  and the peak transmitted force increase, and the overshoot of the system also 
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increases, as shown in Figure 12(a). Because increasing eqI  when eqR  is constant From 
equation (14) we can get 2ω  and 2ξ  both increase, -κte  combined with equation (22) we 
can see that the decay exponent decreases. As shown in Figure 12(b), the increase in the 
equivalent damping eqR  significantly reduces the amplitude of the system oscillation and 
increases the -κte  value. It can be concluded that different lengths and cross-sectional 
areas can be combined in making the multi-inertia channel hydraulic mounts exhibit the 
best vibration isolation performance. 

Figure 12 Effect of equivalent damping eqR  and inertia eqI  on transient transmitted force for step 
response hydraulic mounts: (a) effect of equivalent inertia eqI  on transmitted force for 
hydraulic mounts and (b) effect of equivalent damping eqR  on transmitted force for 
hydraulic mounts (see online version for colours) 

 
 (a) (b)  

Figure 13 shows the variation of hydraulic mounts transfer force for the same step 
response excitation for 5 combinations of 9 inertia channels proposed in this paper. 

Figure 13(a) shows that the RMS values of C1, C4, and C6 transfer forces are 
772.5093N, 764.6361N, and 765.9450N, respectively. This shows that the C4 structure 
with hydraulic mount has the best vibration isolation performance. Meanwhile, the 
overshoot of C1 is minimal. Because, the damping ratio 0.1542-C1ξ =  of the C1 structure 
is greater than the damping ratio 0.0772-C4ξ =  of C4 and the damping ratio 

0.10902-C6ξ =  of C6. 
Figure 13(b) shows that the RMS values of C1, C2, and C3 transfer forces are 

772.5093 N, 777.6950 N, and 799.5279 N, respectively, which shows that C1 has the 
smallest RMS for the same step response. It can be seen that the parallel connection of a 
smaller cross-sectional area inertia channel to the C1 inertia channel can improve the 
vibration isolation performance of the hydraulic mounts. Although there is almost no 
overshoot in C3, the RMS of the transfer force in C3 is the largest. It can be seen that 
increasing the number of inertia channels with the same total cross-sectional area of the 
hydraulic mounts increases the damping of the mounts. However, the vibration isolation 
performance of the mounts is reduced. 

Figure 13(c) shows that C1, C6 and C9 transfer force RMS values are 772.5093 N, 
765.9450 N and 763.8864 N, respectively, and C9 has the smallest transfer force RMS 
for the same step response. Meanwhile, C9 has the largest overshoot and oscillation 
period. It can be seen that the damping ratio 2ξ  of the hydraulic mounts decreases as the 
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number of inertia channels n increases, and the damped self-oscillation angular frequency 
dω  increases. 

Figure 13 Step response system transmitted force variation for multi-inertia channel hydraulic 
mounts: (a) C1, C4, C6 combination; (b) C1, C2, C3 combination; (c) C1, C6, C9 
combination; (d) C5, C6, C7, C8 combination and (e) C7, C8, C9 combination  
(see online version for colours) 

 
 (a) (b) 

 
 (c) (d) 

 
      (e)  

Figure 13(d) shows that the RMS values of C5, C6, C7, and C8 transfer forces are 
765.2990 N, 765.9450 N, 762.8364 N, and 763.1861, respectively. It can be seen that C5 
and C7 have the smallest RMS of transfer force for the same step response. Therefore, 
increasing the number of inertia channels can improve the hydraulic mounts' vibration 
isolation performance. 

Figure 13(e) shows that the RMS values of transfer forces for C7, C8, and C9 are 
762.8364 N, 763.1861 N, and 763.8864 N, respectively, and C7 has the smallest RMS 
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value. For the same number of inertia channels, increasing the number of short inertia 
channels can improve the vibration isolation performance of hydraulic mounts. 

4.3 Random pavement excitation 

Figure 14 shows a 1/4 car model with a multi-inertia channel hydraulic mount. The 
model includes an engine, hydraulic mount, vehicle frame, suspension, and tyres. Where 

uK  and uB  denote suspension stiffness and damping, tK  is tyre stiffness; engine 
excitation ( )excF t , road input ( )h t , ( )ex t , ( )cy t  and ( )wz t  denote engine displacement, 
vehicle frame displacement, and under-suspension unsprung displacement, respectively. 
Thus, the mathematical expression for building a 1/4 car model with multi-inertia channel 
hydraulic mount is shown in equation (23). 

( ) ( )
- ( ) ( ) ( ) ( ) 0

( ) ( ) ( ) 0

e e r e c r e c exc

b c r e c r e c u c u c

w u c u c t

M x K x y B x y F F
M y K x y B x y K y z B y z F
M z K y z B y z K z h

+ − + − + =⎧
⎪ − + − + − + − − =⎨
⎪ − − − − + − =⎩

 (23) 

The road input model plays an important role in vehicle dynamics analysis for a more 
realistic reflection of the effect of external excitation on different inertia channels. The 
power spectral density of the pavement can be obtained by using the power spectral 
density (PSD) based longitudinal random pavement unevenness classification proposed 
by ISO 8608 (Yang, 2016) whose solution expression is shown in equation (24). Where, 
the single-wheel continuous vibration pavement input signal of a car driving on a Class C 
road surface is shown in Figure 15. 

0
0

( ) ( )q q
nG n G n
n

ω−
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

 (24) 

where n is the spatial frequency in 1m− ; 0n  is the reference spatial frequency, 
1

0 0.1 mn −= ; ( )qG n  is the road surface spectrum value at the reference spatial frequency, 
generally known as the unevenness value of the road surface, in 2 1m / m− ;ω  is the 
frequency index. 

Figure 14 Multi-inertia channel hydraulic mount 1/4 car model (see online version for colours) 

 



   

 

   

   
 

   

   

 

   

    Analysis of low frequency response characteristics  159    
 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 15 Single wheel continuous vibration road input signal (see online version for colours) 

 

Figure 16 numerically calculates the root mean square (RMS) aT  of the engine end 
acceleration and vehicle end acceleration transmissibility and the RMS xe ycT −  of the 
relative engine and vehicle displacement transmissibility for each of the nine inertia 
channels in five combinations on Class C roads. 

Figure 16(a) shows that the RMS values of aT  in C1, C4, and C6 are 39.2066, 
26.3253, and 29.1892, respectively, and the RMS values of xe ycT −  are 0.4927, 0.7309, and 
0.6334. It can be seen that increasing the number of inertia channels decreases the aT  
RMS and increases the xe ycT −  RMS with constant inertia channel cross-sectional area, and 
short inertia channels have a greater effect on the system. 

Figure 16(b) shows that the RMS values of aT  in C1, C2, and C3 are 39.2066, 
36.2033, and 30.9796, respectively, and the RMS values of xe ycT −  are 0.4927, 0.5352, and 
0.2565. It can be concluded that adding small cross-sectional area inertia channels with 
the same cross-sectional area of existing inertia channels will decrease the aT  value and 
increase the xe ycT −  value. However, increasing the number of inertia channels with the 
same total cross-sectional area increases the RMS value of aT  and decreases the RMS 
value of xe ycT −  for hydraulic mounts. 

Figure 16(c) shows that the RMS values of aT  in C1, C6, and C9 are 39.2066, 
29.1892, and 26.9823, and the RMS values of xe ycT −  are 0.4927, 0.6334, and 0.6973, 
respectively. Increasing the number of inertias directly affects the engine-to-vehicle 
frame acceleration transmissibility and the relative engine-to-vehicle displacement 
transmissibility. 

Figure 16(d) shows that the RMS values of aT  in C5, C6, C7, and C8 are 27.2524, 
29.1892, 25.4610, and 25.9575, respectively, and the RMS values of xe ycT −  are 0.6910, 
0.6334, 0.7610 and 0.7343. It can be seen that the same inertia channel cross-sectional 
area and short inertia channel will reduce the low-frequency large amplitude vibration 
isolation performance of hydraulic mounts. 

Figure 16(e) shows that the RMS values of aT  in C7, C8, and C9 are 25.4610, 
25.9575, and 26.9823, respectively, and the RMS values of xe ycT −  are 0.7610, 0.7343, and 
0.6973. The C9 structure hydraulic mount has the best low-frequency large-amplitude 
vibration isolation performance, and the C7 structure hydraulic mount has the worst  
low-frequency large-amplitude vibration isolation performance. It can be seen that the 
low-frequency large-amplitude vibration isolation performance of hydraulic mounts 
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decreases when the number of short inertia channels increases with the same number of 
inertia channels. 

Figure 16 Multi-inertia channel hydraulic mount vibration accelerations and relative bit 
transmissibility for: (a) C1, C4, C6; (b) C1, C2, C3; (c) C1, C6, C9; (d) C5, C6, C7, C8 
and (e) C7, C8, C9 (see online version for colours) 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e)  
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By analysing the results of the 1/4 car model with multi-inertia channel hydraulic mounts 
it is obtained that:  

1 Under the condition of the constant cross-sectional area of the inertia channel, 
increase the number of inertia channels, hydraulic mounts with low frequency large 
amplitude vibration isolation performance decreases.  

2 The total inertia channel cross-sectional area of the hydraulic mounts remains the 
same and increasing the number of inertia channels can improve the low-frequency 
large-amplitude vibration isolation performance of the hydraulic mounts.  

3 Increasing the number of short inertia channels with the same number of inertia 
channels will reduce the low-frequency large amplitude vibration isolation 
performance of the hydraulic mounts. 

5 Conclusion 

The paper investigates the effects of variations in the number and length of inertia 
channels and cross-sectional area on the low-frequency dynamic characteristics of 
hydraulic mounts. Firstly, the high and low-frequency characteristics were analysed by 
combining hydraulic mounts with inertial and decoupler membrane channels. Secondly, 
to observe the effects of different inertia channel cross-sectional area and length 
variations on the dynamic stiffness and hysteresis angle of the hydraulic mounts. And 
then, nine different structures of inertia channels are proposed; the equivalent mechanical 
method is used to obtain the mathematical model of hydraulic mounts, and the 
correctness of the model is verified by comparison with the block diagram method 
proposed by Singh et al. (1992). Next, the influence of the number and length of inertia 
channels and the variation of the cross-sectional area on the low-frequency dynamic 
characteristics of the hydraulic mounts is analysed based on the mathematical model. 
Finally, the hydraulic mounts system model of the 1/4 vehicle model is built to analyse 
the effect of different inertia channels on the mount’s vibration isolation performance 
under road excitation. 

The results show that  

1 the vibration isolation performance of the hydraulic mounts at low frequencies relies 
mainly on inertia channel action 

2 the structural parameters of the inertia channel of the hydraulic mounts directly 
affect the dynamic characteristics of the mounts. 

At the same time, increasing the number of inertia channels can broaden the low-
frequency dynamic characteristics of the hydraulic mounts. 
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Appendix 

Symbol Name Value Symbol Name Value 
Kr Rubber 

Stiffness 
2.5 × 105 N/m L Inertia channel 

length 
100 mm 

Br Rubber 
damping 

100 N.s/m Ai Cross-sectional 
area of the 
inertia channel 

3 × 10–5m2 

Ap Equivalent 
cross-
sectional area 
of the upper 
chamber 

2.5 × 10–3m2 η Fluid viscosity 0.06 pa.s 

Cu Upper 
chamber 
volume 
flexibility 

3.0 × 10–11m5/N Id Fluid inertia in 
decoupler 

7.5 × 104 kg/m4 

CL Flexibility of 
the lower 
chamber 
volume 

2.6 × 10-9m5/N Rd Linear fluid 
resistance in 
decoupler 

1.17 × 107 kg/(s.m4) 

 


