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Abstract. In this paper, a new class of periodic mounts for isolating
the vibration transmission from vehicle engine to the car body and
seats is presented. Periodic mounts exhibit unique dynamic
characteristics that make them act as mechanical filters for wave
propagation. As a result, waves can propagate along the periodic
mounts only within specific frequency bands called the “Pass
Bands” and wave propagation is completely blocked within other
frequency bands called the “Stop Bands”.

The experimental arrangements, including the design of
mounting systems with plain and periodic mounts are studied first.
The dynamic characteristics of such systems will be obtained
experimentally in both cases. Tests are then carried out to study the
performance characteristics of periodic mounts with geometrical
and/or material periodicity. The effectiveness of the periodicity on
the vibration levels of mounting systems has been demonstrated
theoretically and experimentally. Findly, the experimental results are
compared with the theoretical predictions. Good agreement is
obtained between theory and experiments.
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1. Introduction

Customer awareness and sensitivity to noise and vibration levels caused
the transportation industry to regard noise and vibration as important
criteria for improving market shares. One important source of mechanical
vibration in automobiles is the engine. The vibrations of the engines may
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cause structural failure, malfunction of other parts, or discomfort to
passengers because of high level noise and vibrations. The mounts of the
engines act as the transmission paths of the vibrations transmitted from
the excitation sources to the body of the vehicle and passengers.
Therefore, proper design and control of these mounts are essential to the
attenuation of the vibration of platform structures. To improve vibration
resistant capacities of engine mounting systems, vibration control
techniques may be used. For instance, some passive and semi-active
dissipation devices may be installed at mounts to enhance vibration
energy absorbing capacity. Analysis and design of such mounts are the
main objectives of this paper.

In general, vibration isolation can be achieved partially with the use
of many types of compliant connections between the vibration source and
the device to be protected. The classical approach to design isolation
systems focuses primarily on the properties of those compliant plain
mounts without regard to the effect of using the periodicity concept on
the isolated device.

The study of periodic structures has a long history. Wave
propagation in periodic systems related to crystals, optics, and the like
has been investigated for approximately 300 years. Brillouin
developed the theory of periodic structures for solid state applications
and then, in the early seventies, the theory was extended to the design of
mechanical structures * 3. Since then, the theory has been extensivel?/
applied to a wide variety of structures such as spring-mass systems [,
periodic beams » ¥ gtiffened plates ¥, ribbed shells ! and space
structures. Examples of such structures are found in many engineering
applications. These include bulkheads, helicopter drive shaft [, airplane
fuselages, vehicle engine mounting systems 191 and helicopter gearbox
supporting system ™. Each such structure has a repeating set of
stiffeners which are placed at regular intervals. Sackmaen et al. [*2
presented a layered notch filter device in passive mode that is limited
only for high-frequency vibrations. Such Filter which was developed
theoretically based on Floquet theory is a periodicaly layered stack of
aternating materials with widely different densities and stiffnesses.
Using modal analysis Szefi ™! examined the effects of three-dimensional
elasticity on periodically layered isolators in compression.
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Periodic rods in their passve mode of operation exhibit unique
dynamic characteristics that make them act as mechanical filters for wave
propagation. As a result, waves can propagate along the periodic rods
only within specific frequency bands called the “Pass Bands” and wave
propagation is completely blocked within other frequency bands called
the “Stop Bands’. The spectral width and location of these bands are
fixed for 1-D passive periodic structure, but tunable in response to the
structural vibration for active periodic structures ™ %%, Asiri et al. [*
presented a tunable mechanical filter with active periodic rods in a quas-
datic manner, to isolate the wave propagetion of longitudind vibration. To model
the tunable mechanical filter, the spectra finite element analysis and
transfer matrix method ¥ will be used to analyze the hybrid periodic rod
and determine the propagation parameter, m which indicates the regions

of stop bands and pass bands.

This pgper isorganized in four sections. In Section 1, a brief introduction
is given. Section 2 presents the theoretical background of passive mounts
and Section 3 demonstrates the performance characteristics of the mounts
alone as well as the mounts and engine system assembly. Comparisons
between the theoretical and experimental characteristics are also
presented in Section 3. Section 4 summarizes the findings and the
conclusions of the present study as well as the direction for future
research.

2. Theoretical M odeling of Periodic Mounts
2.1 Overview

In this section, the emphasis is placed on studying the dynamics of
one-dimensional periodic mounts in their passive mode of operation. The
dynamics of one-dimensional periodic mounts are determined using the
transfer matrix method. The basic characteristics of the transfer matrices
of periodic mounts are presented and related to the physics of wave
propagation along these mounts. The methodologies for determining the
pass and stop bands as well as the propagation parameters are presented.
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2.2 Dynamics of Passive Mounts

2.2.1 General

Consider the generic one-dimensional periodic mount shown in Fig.
1. The undamped dynamics of the K" cell are determined from the
following finite element expression:

éMLL MLR tﬂ,' Uka,] éKLL KLR tﬂ,' uka,]_i,' Fka,]
é al. yte al YTy
e'V' RL MRRUT uRk p eKRL KRRUT uRk p T Fpk p (1)

where M;; and Kj; are appropriately partitioned matrices of the mass and
stiffness matrices. Also, u and F define the deflection and force vectors
with subscripts L and R denoting the left and right sides of the ki, cell.
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Fig. 1. One-dimensional periodic mount.

For asinusoidal excitation a afrequency W , Equation (1) reducesto:
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where: Kd is the dynamic stiffness matrix of the ki, cell.
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Equation (2) isrearranged to take the following form:

.\[ Ug, H — g KdiR KdLL Kc—iiR l;l I Uy, H (3)
le Y™ % - 1 e Y
T FR< b g-KdRR Kd:II:R KdLL + KdRL KdRR Kd:II:R HT FLk b

Considering now the compatibility and equilibrium conditions at
the interface between the kth and the k+1th cells, yields the following
expressions:

Ug = U, and Fpk =-F

e (4

Substituting these conditions into Equation (3), it reduces to:

N . 1 -1 AN ..
U, B¢ -KgKg, Ko UTU,
y=e L Uity (5)
T Lk"lb ngRR KdLR KdLL B KdRL B KdRR KdLR HT Lk b
In a more compact form, Equation (5) can be rewritten as:
| = a Gi ~y o Y, =[T]Y, (6)
TFLf\;ﬂ %thZZHTFL[\;k “ o

where Y and [T,] denote the state vector = {u. F.}' and the transfer
matrix of the ki, cell. Note that the transfer matrix relates the state vector
at the left end of k+ 14, cell to that at the left end of the kth cell. For

exactly periodic mounts, [Ty] = [T] and the eigenvalue problem of [T]
can be written as:

[Tl Y= 1Y, (7)
Combining Equation (6) and (7) gives:

Yier = 1Y, )

indicating that the eigenvalue | of the matrix [T] is the ratio between the
state vectors at two consecutive cells.
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Hence, one can reach the following conclusions:

a) If =1 then Yea = Y and the state vector propagates along

the mount asit is. This condition defines a “Pass Band” condition, and

|<1 Yk+l<Y

b) If ! , then k and the state vector is attenuated as it
propagates along the mount. This condition defines a “Stop Band”
condition.

A further explanation of the physical meaning of the eigenvalue |
can be extracted by rewriting it as:

—_ M — +ib
| =e"=¢& (9)

where " is defined as the “Propagation Constant” which is a complex
number whose real part (2 ) represents the logarithmic decay of the state

vector and its imaginary part (b) defines the phase difference between
the adjacent cells.

2.2.2 Uniform mounts

Consider the plain rod of Fig. (2) :

QU PR - —

< >
< >

Fig. 2. Mount under going longitudinal vibrations.
Asthe Equation of motion of the rod is given by:
u,- (r/E)u, =0

where u is the longitudinal deflection, '

modulus.

is the density and E is Young’s



103 Periodic Mounts to | solate Vibrations

Then, assuming a solution YOS =U0) € reqices the
Equation of motion to:
U, )+ (r/BwW?U(x) =0
U, (X)+k*U(x) = 0 (10)

where: k = wave number = V' / EW.

Using the following spectral shape function: U (x) = Ae ™™ + Be*,
which is also a solution of Equation (10), yields the spectral finite
element description of the dynamics of the mount as outlined by
Doyle™®.  This results in the following dynamic stiffness matrix of the
mount:

(K] = EAé (1- e*™)ikL - 26 % (- 1+ €2 )ikLu
L & 26 (-1+6™)ikL (- e™)ikL g
(11)
The corresponding Transfer Matrix [T] takesthe following form:
é K 'K, Kt u
[T] ze LR -lLL LR . l;l (12)
ngRR KdLR I<dLL B KdRL B KdRR KdLR H
Ka, =R ek
where L ,
0 = E—LA( 269 (- 1+ € )ikL )
Ky, =2(- 26 ™ (- 1+ €#)ikL)
L , and

Ky, :E—I:A(l- e )ikl
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2.2.3 Periodic mounts

Consider now the longitudinal vibrations of the periodic mounts
with geometrical or material discontinuities as shown in Fig. (3).

Sub-cel Sub-cel Sub-cel Sub-cel
Y
» I—a | ‘I—b
(a) Geometrica periodicity (b) Materia periodicity

Sub-cel Sub-cel

> q
< Pre—>|

(c) Geometricd and materid periodicity

Fig. 3. The periodicity types of a unit cell of passive periodic mounts.

The dynamics characteristics of the individual substructure (a or b)

can be described by its transfer matrix [Ts], as defined by Equation (12),
as follows:

é (1+ e—ZikSLS) LS (1_ e—ZikSLS) l;l
e ik B ; ik, U
X 2e'kh E.A 2ikLe™= - .
[T.] = g _ - N HWIth ssab
€ EAikL,(L-e”") (Lres)
e L 2¢' 2¢'<= 9]

(13)

Combining the transfer matrices of the substructures a and b, yields the
transfer matrix [T] for the asymmetric unit cell as follows:

[T] =[Tu] [Ta] (14)



105 Periodic Mounts to | solate Vibrations

The eigenvalues of the transfer matrix [T] of the unit cell can then be
calculated to determine the propagation parameter and the stop/pass
bands of mounts with various geometrical and material discontinuities.

3. Performance of the Passive M ounts
3.1 Overview

In order to demonstrate the feasibility of the concepts presented in
Section 2, experimenta investigations were conducted. These investi-
gations were carried out in two stages. In the first stage, the vibration
attenuation characteristics of several configurations of the passive mount
were determined and evaluated. These configurations were then inte-
grated with an engine assembly to evaluate their performance as means
for attenuating the vibration transmission from the engine to the body.

3.2 Experimental Facilities

In this study, two experimental test rigs have been employed to
evaluate the performance of the passive periodic mounts. The first test rig
aimed at monitoring the vibration transmission characteristics of the
mounts alone as influenced by geometrical and material discontinuities.
Figure 4 shows the details of the employed test facility.

The second experimental setup shown in Fig. 5 was used to
measure the vibration transmission from the engine to the body through a
set of four passive periodic mounts. The setup is used specifically to
study the effect of the geometrical and material discontinuities on the
vibration transmitted through these mounts.

In this experiment, the struts were cut in three forms, plain struts as
show in Fig. 6(a), geometrical struts shown in Fig. 6(b) and material and
geometrical discontinuity struts as shown in Fig. 6(c) which consist of
Aluminum and Rubber with the diameters and lengths shown in Table 1
with different number of cells starting from two cells to five cells to
compare between them and to show the effectiveness of the number of
cells on the vibration isolation process. In Material and Geometrical
Discontinuity Struts, the Aluminum and Rubber were fixed together
using a special kind of glue which can carry the applied loads.
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Fig. 4. Experimental setup for evaluatingthevibr ation tranamisson characterigics of themounts
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Fig. 5. Experimental setup for measuring vibration transmission with periodic mounts.
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Fig. 6. Types of strutsused during the experimental setup, (a) Plain Strut, (b) Geometrical
Strut, (c) Material and Geometrical Discontinuity Strut.

Table 1. Thediameters and lengths of Aluminum and Rubber cdlls.

Diameter, mm Length, mm
Aluminum 50 20
Rubber 43 15

3.3. Finite Element Modeling

In the present study, ANSYS FE code is employed to investigate
the dynamic characteristics of the mounts. The specifications of the
model shown in Fig. 7 are as follows:

Element type used is Solid Brick eight Node 92 for rigid bodies.
Material properties: the material properties used in the models is
shown in Table 2.

Degrees of freedom: all models were constrained at X-Y
directions. So one degree of freedom was applied which is
trandation in Z-direction.

Mesh type is smart size 6-default.

Solution: Modal Analysis and Harmonic Response Analysis.
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IANSYS

Fig. 7. ANSYSFE model for material and geometrical discontinuity strut of five cells.

Table 2. Material properties.

Materid Density(kg/m” Modulus of Elasticity (GPa)
Aluminum 2700 69
Sted 7000 207
Rubber (Mearthane 1200 0.00245
Durethane)

4. Discussion of Results

4.1 Mount Alone
4.1.1 Periodic Mounts with Geometrical Discontinuity

Figures 8(a) and 8(b) show respectively the magnitude of the
experimental and numerical transfer function (TR) between the input
excitation as applied to one end of the mount and the transmitted
acceleration to the other end of the mount as obtained by a passive mount
with geometrical discontinuities. Good agreement can be observed
between the experimental and numerical results usng ANYSYS FE
model. The displayed results indicate clearly attenuation of the vibration
for the start of the frequencies higher than 12,000Hz. Figure 8c shows
that the stop band can be clearly predicted theoreticaly by plotting the
real part a of the propagation parameterm. For values of a * O, the
stop band can be clearly identified and match closely the experimental
and numerical (ANSY S) results. Figures 9& 10 show other configurations
of periodic mounts with geometrical periodicities, which clarifiy the
effect of geometrical parameters on the location of the stop band.
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Fig. 8. Experimental and numerical TF using ANSYS, and propagation parameter for a
periodic mount with geometrical discontinuities (D, =15 mm, L, =70 mm, D, =50

mm, and L,=20 mm).
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Fig. 9. Experimental and numerical TF using ANSYS, and propagation parameter for a
periodic mount with geometrical discontinuities (D,=5 mm, L, =50 mm, D, =50

mm, and L,=24 mm).
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Fig. 10. Experimental and numerical TF using ANSY S, and real part of propagation factor
for a periodic mount with geometrical and material discontinuities ( Da =50 mm,

L.=20mm, D, (Rubber)= 43 mm, and L,=15 mm).

4.1.2 The Periodic Mounts on the Shaker

Figure 11 shows clearly that the periodic mounts are much more
effective than the engine seats in attenuating the transmission of vibration
from the shaker to the upper plate through the periodic mounting system.

4.1.3 Motor Supported by Periodic Mounts

Figures 11 - 13 display the magnitude of the transfer function
between the input excitation of the motor and the transmitted acceleration
to the base as obtained by a passive mount with geometrical and material
discontinuities. It is evident that the passive mounts have been effective
in attenuating the vibration transmisson from the motor to the base.
However, it is important to note that the use of mounts with material
discontinuities is found to be more effective in suppressing the vibration
transmission than the mounts with geometrical discontinuities. Such
effectiveness stems from the fact that material discontinuities result in
higher impedance mismatch at the discontinuity interfaces.
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Fig. 11. Vibration transmission from the shaker through the engine seats and periodic
mounts to the upper plate.
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Fig. 12. Vibration transmission from motor supported by periodic mounts with geometrical
periodicity (D, =5mm, L,=50mm, D, =50 mm, and L,=24 mm).
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Fig. 13. Vibration transmission from the motor through the periodic mounts (five cells) with
geometrical and material periodicity (D, (Aluminum) =50 mm, L, =20 mm,

D, (Rubber) = 43 mm, and Ly=15 mm).

5. Conclusions

This paper has presented a new class of periodic mounts for
isolating the vibration transmission from vehicle engine to the car body
and seats in an attempt to produce quiet interior environment of the
vehicle. The theory governing the operation of this class of mounts has
been presented. The factors governing the design of effective mounts
have been identified. The performance characteristics of passive mounts
alone have been measured experimentally and compared with the
theoretical predictions. Close agreement between theoretical predictions
and experimental results has been achieved. The performance of the
mount with a motor assembly has also been monitored experimentally.
The predictions of the stop bands have also been found to be in close
agreement with the experimental results. The periodic mounts have been
compared to plain mounts. Such periodic mounts are found to be much
more effective than the engine seats in attenuating the transmission of
vibrations. Mounts with geometrical and material discontinuities are
found to be more effective in attenuating the transmission of vibration
from the motor to the body. Such effectiveness is attributed to the large
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degree of impedance mismatch produced with geometrical and material
discontinuities.

Attempts to provide the passive mounts with active control
capabilities are a natura extension of the present study. Apart from their
unique filtering characteristics, the ability of periodic mounts to transmit
waves, from one location to another, within the pass bands can be greatly
reduced when the ideal periodicity is disrupted or disordered. Attempts
will be made to capitalize on such unique characteristics. This results in
the well-known phenomenon of “Localization” whereby the effects of an
external disturbance are localized at (or confined to) the structural zone
surrounding it ™. In the case of passive mounts, the aperiodicity (or the
disorder) can result from unintentional material, geometric and
manufacturing variability. However, in the case of active periodic mounts
the aperiodicity can be intentionally introduced by proper tuning of the
controllers of the individual substructure or cell ¥ Baz and Asiri et.
al™. with such unique filtering/localization characteristics of the
periodic/aperiodic mounts, it would be possible to passively or actively
control the wave propagation both in the spectral/spatial domains in an

attempt to stop/confine the propagation of undesirable disturbances.
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