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Abstract An in-situ method for the measurement of a resilient elements dynamic transfer
stiffness is outlined and validated. Unlike current methods, the proposed in-situ approach
allows for the characterisation of a resilient element whilst incorporated into an assembly,
and therefore under representative mounting conditions. Potential advantages of the pro-
posed method include the simultaneous attainment of both translational and rotational
transfer stiffness components over a broad frequency range without the need for any cum-
bersome test rigs. These rotational components are obtained via the application of a finite
difference approximation. A further advantage is provided via an extension to the method
allowing for the use of remote measurement positions. Such an extension allows for the
possible characterisation of hard-to-reach elements, as well as the over-determination of
the problem. The proposed method can thus be broken into two sub-methods; direct and
remote. Preliminary results are shown for the direct method on a simple mass-isolator-
mass laboratory test rig along with a more realistic beam-isolator-plate system. Validation
of this method is provided for by a transmissibility prediction, in which an obtained dy-
namic stiffness value is used to predict the transmissibility of a separate system. Further
results are presented for the remote case using a beam-isolator-plate system. In all cases
the results are obtained over a substantial frequency range and are of a sufficient quality

to be used as part of structure borne sound and vibration predictions.



1 Introduction

The work presented in this paper concerns the development of an in-situ measurement
method for the attainment of the dynamic transfer stiffness for resilient elements/isolators
[1). The need for such a method has been driven by its potential use in the field of sub-
structure synthesis and the prediction of structure-borne sound and vibration.

Often when predicting structure-borne sound and vibration it is convenient to model an
assembly in such a way that the frequency response functions (FRFs) of the individual sub-
systems are obtained independently, then coupled together mathematically. This method
is referred to as ’substructure synthesis’. Whilst the concept itself dates back as far as
the 1960s [2,3], only in more recent years, with advancements in data acquisition has this
technique become a useful tool in experimental vibroacoustics [4H6]. An important require-
ment for this substructuring methodology is that the FRF’s of the individual subsystems
are obtained in a transferable manner, i.e. they are solely properties of the subsystem. For
source and receiver subsystems this is not such a problem as their FRFs may be obtained
experimentally through an approximated ’free’ suspension or generated numerically using
modelling techniques such as FEA. Unfortunately the independent property required for
the characterisation of a resilient element, the dynamic transfer stiffness |7], is not so easily
attained. Current methods [8H11] including international standards [12H15] not only re-
quire cumbersome test rigs which necessitate that the resilient elements be removed from
its assembly, but their applications are generally limited to low frequencies. It is therefore
the aim of this paper to provide a convenient and flexible method that allows for the

dynamic transfer stiffness to be obtained in-situ and over a considerable frequency range.

2 Dynamic Stiffness

Consider the SIR (source-isolator-receiver) system shown in figure |1} where by the sub-
system I may be made up of multiple isolators. If we consider the source inactive, the

transfer impedance across I is defined as,

fey = Zcyey Ve, (1)



Figure 1: General source isolator receiver system.

where f., is the blocked force vector (with~denoting the blocked condition) at interface
c2, Ve, is an applied velocity vector at interface ¢; and Ze,e, is the transfer impedance
matrix relating these two quantities [16]. The blocked condition at ¢ removes the effect
of the receiver structure on the transfer impedance, similarly, an applied velocity at c; is
applied irrespective of the source structures passive response. We can therefore assume
that the transfer impedance is independent of both the source and receiver and is solely
a property of the isolator. The transfer impedance Z.,., may be obtained through the

inversion of a measured contact interface mobility matrix

-1
ZC;[C]_ ZC]_CZ —_ YC]_C1 YC1C2 (2)
ZC201 ZC202 Y02C1 YC2C2

The dynamic transfer stiffness, relating force to displacement rather than velocity, may be

obtained by multiplying Zc,c, through by iw
Wwhecye, = Kese, - (3)

The above method harbours no limitations with regards to the impedance of the coupling
element, providing that it is linear and time invariant. That is to say that the same
method can, and has in the past, been used to obtain the transfer stiffness/impedance of
a portion of a rigid assembly with good results. Moreover, the method is not restricted to

use on resilient elements under linear compression and may be applied to elements under



any level of pre-load providing that the applied forces during operation remain locally
linear. An alternative derivation of the method outlined above may be formulated from a
more theoretical standpoint, although with the aim of keeping this paper focused on the
methods application this has not been included. However for those interested it will likely
form the basis of a future paper.

In order to demonstrate the independent nature of the dynamic transfer stiffness, the
contact interface mobility matrices of two mass-isolator-mass (M-I-M) assemblies have
been measured. A spaced pair configuration was used, as shown by figure 2l Averaging
the mobilities above and below the mount provides an approximate single contact point
interface mobility matrix. In general this mobility matrix may or may not be made
up of sub-matrices accounting for multiple degrees of freedom. However, the particular
measurement configuration used here limits the determinable dynamic transfer stiffness’s
to the out-of-plane z degree of freedom only. Consequently the sub-matrices are reduced
to scalar quantities.

Two different sets of masses were used in the construction of the two test rigs (source
masses were chosen such that they were sufficiently different without introducing any
preload effects in the isolator). Details of the source and receiver masses are summarised
in table[ll The transfer mobility and dynamic stiffness’s obtained from these two test rigs

are shown in figure

Input Forces

Accelerometers
Isolator

Receiver
mass

Input Forces

Figure 2: Mass-Isolator-Mass test rig.



Comparing the mobility results from figure [3] for the two test rigs it is clear that an
increase in the inertia of the source and receiver structures causes a significant decrease
in the transfer mobility Y.,.,, as expected. However as suspected, the dynamic transfer
stiffness, K,,.,, remains unchanged by this variation. We can thus confirm that the
dynamic transfer stiffness obtained through the inversion of a measured contact interface
mobility matrix is in fact an independent isolator quantity. It should be noted that the
noise introduced at higher frequencies (above a 2kHz) is a result of the isolator attenuated
vibration falling below the sensitivity threshold of the measurement equipment. The
frequency at which this noise is introduced is dependent on the inertia of the assembly,
with a larger mass requiring a larger vibration amplitude in order to exceed the sensitivity
threshold.
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Figure 3: Results obtained from test rigs 1 & 2. Upper - transfer mobilities.

Lower - dynamic transfer stiffness’s.



Source Isolator Receiver
Test rig 1 0.86kg mass 1.8kg mass
Test rig 2 3.2kg mass 5.1kg mass
Test rig 3 0.86kg mass Continental 3.2kg mass
Test rig 4 0.86kg mass CONTITECH 5.1kg mass
Test rig 5 0.86kg mass 27 796 25 - 29 18.3kg mass
. Steel beam(mm) Perspex plate(mm)
Test rig 6
250L x 50W x 9D 340L x 495W x 10D

Table 1: Test rig construction details.

It may be of interest to note that the resilient mount used above, and throughout the
rest of this paper is a 'SCHWINGMETALL Compression Mount, C Type, Mould Number
27796/C’ and is supplied with a static spring stiffness of 16800N/m. Comparing this to
the measured value at 10Hz of ~ 20000N /1, it is not unreasonable to put the 19% increase
in stiffness down to the frequency dependent nature of rubber like materials. Furthermore
this increase in stiffness over just 10Hz provides a strong rational behind the use of a

dynamic measure of the stiffness of resilient mounts and isolators.

2.1 Transmissibility Validation

It has so far been shown that the dynamic transfer stiffness is an independent quantity and
can be obtained through a simple matrix inversion, however the validity of the resulting
stiffness has not yet been established. Such confirmation will be achieved in the following
section by means of a transmissibility prediction. The transmissibility of a given single
degree of freedom system may be obtained either experimentally through the ratio of
operational velocities above and below the mount, equation |4l or theoretically using a

simplified model, i.e. a mass on a spring, equation

Vin Ycl c1

Tmeas = =3 4
Vout YCQCl ( )
and P
T —=_"5
pred Zm + Zs (5)

The validation process undertaken may be outlined as follows:



1 A mass-isolator-mass test rig is constructed, with a source mass of Mj.

2 A set of forces are applied above and below the mount, and the resulting interface

mobility matrix inverted to yield the dynamic transfer stiffness, K.
3 A second mass-isolator-mass test rig is constructed, with a source mass of Ms.

4 A single force is applied above the mount, and the resulting point and transfer

mobilities are used to calculate the system’s transmissibility via equation

5 A transmissibility prediction is made for the second test rig using the stiffness

obtained from the first test rig. The terms in equation [5| thus become, Z; = K /jw
and Z,, = jwMs.

* Both masses were chosen such that they were sufficiently different without having

to worry about the introduction of preload effects on the isolator.

The process was repeated with the roles of M; and My swapped. The results of this
validation are shown in figure [4]
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Figure 4: Measured and predicted transmissibility for two M-I-M assemblies.

It can be seen that in both cases the frequency at which the transmissibility peaks is

predicted with considerable accuracy. The variation in amplitude between the measured



and predicted results may most likely be put down to the simplified nature of the mass
on a spring model. Regardless of this difference in amplitude it has been shown that the
stiffness obtained from one assembly may be used to predict the response of another. This
not only confirms the transferability of the data, but also that it is in fact the true stiffness

of the mount.

2.2 Rotational Components

Although not always necessary, the inclusion of rotational DOF in a structure borne
vibration prediction has at times shown to be an essential requirement [17]. It would
therefore prove advantageous if some form of extension could be provided allowing the
simultaneous measurement of both the translational and rotational components of the
dynamic transfer stiffness. Such an extension is provided through the application of a
finite difference approximation [18]. Employing such a method requires minimal additional
measurement equipment, no cumbersome test apparatus and may be conducted in-situ
with relative ease. For a single arbitrary point the finite difference method allows the
translational, rotational and cross mobility terms to be approximated using the following

set of equations:

Youro + Yoo + Yoor, + Yior,

e ; (
Yo m i Tt ®)
Yor ~ Yoor — lefZ;QYval + Yo, 1, )

where A represents the spacing between accelerometers and the central point. If we
consider the contact interface mobility matrix measured on the test rig shown in figure 2]
the finite difference method may be applied in a convenient manner by simply pre and post

multiplying the interface mobility matrix by a transformation matrix, as show in equation

[0

Yv1f1 YU1F1 YUlfz YU1F2 chncu 1/611012 YVCuCzl chuczz
Ya1f1 Yao,r, Yalfz Yo, - B Yesenn Yeses | Yesesr Yersen BT (10)
Y'UQfl YU2F1 Yv2f2 Y02F2 YL21¢11 }/;21012 Yv¢2102l Yv¢21¢:22
Yoézfl Ya2F1 YOsz YQ2F2 }/:222611 }/:222612 Yv022021 Yv022022

oo



where,

1 1
10 o0
Sk 0 o0
e (11)
2 2
-1 1
0 0 2 &

The resulting mobility matrix may then be inverted and differentiated to obtain the trans-

lation, rotational and cross dynamic transfer stiffnesses.

Three more M-I-M test rigs were constructed (test rigs 3, 4 & 5), the details of which
are given in table [I} and their contact interface mobilities measured. Using the finite
difference method the transfer stiffness corresponding to an applied angular displacement
at the top of the mount and a resultant torque at the bottom, Kr,,,, was obtained.
The results of which are shown in figure [l It can be seen that as with the translational
stiffness, the rotational stiffness remains relatively unchanged whilst the mobility can be
seen to vary considerably, as expected. It is clear however, that at the lower frequencies
the agreement between the results obtained for the rotational stiffness are less convincing
than that of the translational stiffness. It is believed that this is partly due to the error
introduced in the finite difference approximation, and that these results may be improved

by optimising the accelerometer and force spacing used.
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Figure 5: Results obtained from test rigs 3, 4 & 5. Upper - rotational transfer

mobilities. Lower - rotational dynamic transfer stiffness’s.

3 In-situ Dynamic Stiffness

It has so far been shown that the dynamic transfer stiffness of a resilient element may be
obtained from a set of simple measurements on a M-I-M assembly with promising results.
However, such systems are rarely found in practise, and it is therefore of interest to see
how well the proposed method fares under a more realistic scenario. Let us now consider
the beam-isolator-plate (B-I-P) assembly shown in figure @ Details of this test rig may
be found in table [ The highly resonant nature of this assembly provides a challenging

case, similar to something that may be encountered in practise.
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Figure 6: Beam-Isolator-Plate test rig.

The dynamic stiffness obtained from the measured B-I-P interface mobility matrix
is shown in figure [7} It can be seen to agree well with the stiffness obtained from the
mass-isolator-mass assembly over the majority of its frequency range. Although it is clear
that the resonant nature of the assembly introduces a degree of error most notably around
600Hz, where the antiresonance of the system’s mobility occurs. This error is thought to
be a result of the measurement method used. Since we are unable to measure both the
acceleration and applied force at the same position simultaneously we have had to adopt
a spaced pair measurement configuration. The interface mobility matrix is then approxi-
mated by averaging these spaced pair mobilities above and below the mount. It is believed
that this approximation introduces an error, most notable about the antiresonances of the
system due to their dependance on excitation position, although it is believed that this
error may be reduced by using a smaller separation distance. Regardless of this error the

result does confirm the method’s applicability to more 'realistic’ assemblies.
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Figure 7: Results obtained from test rig 6. Upper - transfer mobility. Lower

- dynamic transfer stiffness’s (including stiffness obtained from test rig 1).

3.1 Remote Extension

One of the primary advantages of the method presented here is its ability to be applied
in-situ on an assembly, without having to remove the resilient elements thus maintaining
representative mounting conditions. However, with the advantage of in-situ application
comes the disadvantage of restricted access. Often when conducting in-situ measurements,
access is limited and the practitioner may be unable to excite the structure at the required
interface contact points. In such cases it would be useful to allow the use of remote
measurement positions. Such an extension is achieved via the application of the round
trip’ method. It has been shown by Moorhouse et al. [19,20] that the point and transfer
mobilities across a single interface may be obtained without the need for excitation at the
points of interest. Instead excitations are provided across two sets of remote measurement

positions. The relationship of interest is given by,

Yee = Yea Y/ YOS (12)
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Following a similar derivation to that of [20], whilst accounting for a second interface
provides a means of obtaining the transfer mobility between two interfaces. The resulting
relationship is given by,

Yoo = YeaYor Yoo (13)

Together equation and [I3] may be used to calculate each component of the interface

mobility matrix,

Yoo, = Yo, Y i YD, (14)
Yeioo = Yeu Yoo YO o (15)
Yeze, = YezaYpa Yo (16)
Yeser = YezaYa Yoob- (17)

The above set of equations may be factorised into a single matrix equation and written in

the more convenient form:

-1 T T
Yc101 Yc102 _ Yclb 0 Yab 0 Ycla Ycza
Yczcl Yczcz 0 Ycza 0 Yba Ychb Yg;b

] (18)

The remote extension presented above has been applied to the same B-I-P assembly
as shown in figures [6] and [/} An illustration of the remote measurement setup is shown
in figure The measurement positions on the source beam represent the remote points
a and those on the receiver plate the remote points b. The measurement of the applied
forces at these remote positions along with the resultant accelerations, including those at
the interface contact points allow us to obtain all of the mobilities required by equation
It should be noted that three measurement positions were included in a to allow for
the over-determination of the problem and that a determined solution only requires one

remote measurement above and below the mount.
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Figure 8: Beam-Isolator-Plate test rig showing remote measurement posi-

tions.

The inversion and differentiation of the resulting mobility matrix provides the dynamic
transfer stiffness without ever having to excite at the contact interfaces. Results for both
the determined and over-determined system are presented in figure 0] along side the results
obtained from the direct (non-remote) M-I-M and B-I-P assemblies.

First considering the determined result, it can be seen that the resultant stiffness
agrees well with that obtained from the M-I-M assembly across the majority of the fre-
quency range. Similarly to the non-remote B-I-P stiffness there is a considerable amount
of error at around 600Hz. Unlike the two non-remote results the bandwidth of the remote
method is limited by the introduction of noise above 2kHz.

14
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Figure 9: Remote results obtained from test rig 6. Upper - dynamic transfer

stiffness’s. Lower - corresponding phase responses.

Turning our attention to the over-determined result, it can be seen that the error
introduced due to the system antiresonance is no longer visible. It is believed that the
use of an over-determined remote mobility measurement returns a interface mobility with
minimal error since no spatial averages are required and that this consequently reduced

the error in the inversion.

4 Conclusion

An in-situ measurement method has been presented for the attainment of the dynamic
transfer stiffness of resilient elements. Validation was provided through two simplified
transmissibility predictions. It has been shown that the method provides good results
over a considerable frequency range for simplistic non-resonant structures and may easily
be extended to cater for rotational stiffness components via a finite difference approxi-
mation. The application of the method to more realistic resonant structures is slightly
hampered by the introduction of measurement error about the system’s anti-resonances.
However, it is shown that this error may be remedied by using an extension to cater

for remote measurement positions, thus providing the user with the opportunity to over-

15



determine the problem.
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