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Abstract.

The use of accelerometers to monitor the vibrations of either complex machinery or simple
components involves some considerations about the mounting of the sensor to the structure.
Different types of mounting solutions are commonly used, but in all cases they can be classified
in one of these. categories: stud mounting, screw mounting, adhesive mounting, magnetic
mounting-and probe sensing. Indeed each of them has a specific field of application depending
on e.g. thesmounting surface conditions, the temperature, the accessibility to the specific
mounting point, etc. The choice of the mounting solution has an important effect on the accuracy
of the usable frequency response of the accelerometer, since the higher the stiffness of the fixing,

the higher the low-pass frequency limit of the mounting. This paper specifically focuses on



Downloaded by [ECU Libraries] at 05:40 30 March 2016

adhesive mounting of accelerometers, which includes a great number of different products from
the temporary adhesives like the beeswax to the permanent ones like cyanoacrylate polymers.
Among the variety of commercial adhesives, three specific products have been experimentally
compared to assess their transmissivity and the results are reported in this paper. ‘A two
component methylmethacrylate (HBM X60), a modified silane (Terostat .737) and a
cyanoacrylate (Loctite 454) adhesives have been used to joint two aluminium bases, one
connected to an accelerometer and the other to the head of electromagnetic shaker. A design of
experiments (DOE) approach was used to test the system at several levels of amplitude and

frequency of the external sinusoidal excitation supplied by the shaker:

Keywords: mechanical properties of adhesives, cyanoacrylate, silicones , accelerometers

mounting, vibration transmissivity, statistical analysis

INTRODUCTION

The vibration monitoring activity is the most used technique to assess the working condition of a
machinery. The aims-of this.activity are: monitoring the noise level of a component, monitoring
the vibration transmitted to close system components, increasing the precision of an end-effector,
reducing the health risk for a user, and determining possible mechanical damage of specific
components like bearing and gears. Regardless the specific aim, all the vibration measurements
are normally performed by means of a piezoelectric accelerometer or based on Micro Electro-
Mechanical Systems (MEMS) technology. The development of both piezoelectric and MEMS

technology leads to robust products, resistant to hostile environments, with small dimensions and
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a wide frequency response. Since the introduction of the first piezoelectric accelerometer was in
the ‘50s (MEMS come lately), a relevant amount of papers on signal processing can be traced in
literature, defining the know-how on vibration analysis so far. It is interesting to observe that
despite the thousands of papers describing how to treat the vibration signal, only few papers
focuses on a correct setup of the vibration sensors [1]. This practical aspect is demanded to the
university courses on vibrations analysis, personal experience or to information given by the
accelerometer suppliers [2—-4]. This paper focuses on a specific aspects of the accelerometer
setup, the mounting between the sensor and the surface of the component. The most frequent
solutions adopted can be classified in few categories: stud mounting, screw mounting, adhesive
mounting, magnetic mounting and probe mounting: Each of them has a specific field of
application depending on e.g. the mounting surface conditions, the temperature, the accessibility
to the specific mounting point, etc. A detailed description of all the mounting techniques is not
the purpose of the paper, but in the classic. handbook on shock and vibration [5] all details are
provided. Among the several techniques, the stud/screw and adhesive mounting are the most
used. These types of mounting results in a rigid connection with high stiffness and wide
frequency range response.. The higher the stiffness of the fixture, the higher the low-pass
frequency limit of the . mounting. While an high stiffness is always provided through the screw
coupling; the stiffness of the adhesive bond depends on the physical characteristics of the
adhesive; which are not always supplied by the vendor. The aim of this paper is to assess
experimentally the dynamic response of three different adhesives which cover the different type

of structural adhesive used in on-field applications. Structural adhesives are a standard in the
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fastening of sensors and accelerometers, since they provide a fast and simple mounting without

the need of drilling permanent threaded holes on the chassis of the machine [5].

The aim of the paper is to assess which is the effect of the adhesive film used to bond the stud in
terms of vibration monitoring and signal transmission. Despite the wealth of information about
static mechanical properties of adhesive, like elastic modulus and strength, often supplied
directly from the manufacturer, technical literature reports less information /about.the dynamic of
adhesives and mainly in case of high strain rate loading [6] and viscoelastic properties [7]. This
work investigates the effects of different adhesives on the vibration monitoring commonly used
in industry. The adhesives are used to join two aluminium bases, the first one connected with a
threaded coupling to an accelerometer and <the ‘second-one coupled with the head of
electromagnetic shaker. The description® of..the experimental procedure and the detailed
experimental set up are shown in Section 2.3. The decision to use an aluminium substrate is one
of the most demanding condition for the adhesive, since aluminium surface properties are not
ideal for the adhesive bonding due to oxide formation. According to technical literature the more
reactive the surface is.(such as mild steel or brass) the stronger the bonding will be. The
Materials and Method section describes as well the design of experiment approach used. It
consist of three variables in the experimental plan: adhesive type, frequency and amplitude of the
signal. The adhesive choice is led by a practical consideration: typically the adhesive mounting
of an‘accelerometer is performed with a commercial, general purpose adhesive which can be
found in every industrial site. Thus a superglue, a modified silane adhesive and a strain gauge
adhesive, often recommended by the accelerometer manufacturer, are considered in the

experimental plan. The frequency and the amplitude are chosen in order to span the entire range
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of the electromagnetic shaker used. The section 3.1 show how the post processing of the data is
carried out. The vibrator signal is post-processed to extract two significant output parameters: the
SAR, which is the amplitude of the power spectrum at the excitation frequency and its weight
percent over the overall energy of the signal. These data are elaborated with a statistical software
to evaluate which variable affects the system responses and which is the adhesive effect on the
vibration monitoring. The Section 3.2 exploits the ANOVA (Analysis of Variance) technique to
estimate which are the main effect on the two selected responses by means of half normal plots
and variable interactions diagrams. In the conclusions some relevant considerations are carried

out and some practical hints for the adhesive bonding of accelerometers are presented.

2. Materials And Method

2.1 Design of Experimental plan

The concept of Design of Experiments (DoE) was developed to optimize the experimental effort
for multiple variables involved in a problem [8]. The same principles can be also applied to
numerical studies, treating each numerical analysis with a different set of problem parameters as
a ‘virtual experiment’ [9]. In this work the DoE technique was used to estimate the factors with
the strongest "influence on the dynamic mechanical response of adhesive for mounting

accelerometers. Three factors were considered in the analysis namely:
a) Excitation frequency, f

b) Excitation amplitude, A
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C) Adhesive type, G

Four values of excitation frequency, f, are examined viz. 5 Hz, 2500 Hz, 5000 Hz and 7500 Hz,
in order to span the entire range of the accelerometer. (Using the DoE notation, f is varied over
four levels). The values chosen for the excitation amplitude are expressed as a percentage of the
maximum amplitude provided by the shaker, A=50% and A=100%. The adhesive type are four,
G1 is the commercial superglue (Loctite 454), the G2 is an elastic adhesive maodified silane
(Terostat 937), both produced by Henkel Adhesive, Cerano (NO), Italy.The G3 is a very stiff
two component methylmethacrialte adhesive (HBM X60), produced by HBM, Milan, Italy and
G4 is a reference configuration in which there is no adhesive but continuum material. We did not
added the beeswax as another level, even though it is one of the most typical way to connect an
accelerometer for two main reasons. First the:beeswax is stiff in axial direction, but compliant
along the plane, therefore it is not recommended for triaxial accelerometers. Second, we wanted
to test a general connection, able to mount an accelerometer also upside-down, so the beeswax is

not applicable.

We decided to pick three very different adhesives also in term of viscoelastic behaviour. A DMA
on the selected-adhesives would have been useful, but in literature we could not trace precise
information about-the viscoelastic behaviour of the adhesives chosen. We can only qualitatively
assess that the adhesives have very different viscoelastic behaviour based on the chemistry of the
polymers involved [10,11]. in particular the stiffer adhesives (G1 and G3) have limited viscous
effect, while the softer one (G2) is quite viscoelastic. According to our intent the viscoelasticity

could play a potential beneficial role since it stiffen the adhesive layer improving the signal
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transmission, as shown in for similar adhesives. A summary of the variable levels is reported in
Table 1 with a schematic of the mounting configuration. The two aluminium blocks (white
squares in the schematics of Table 1) are connected with a thin layer of adhesive (in black), the
lower one is connected to the shaker, the upper one has a threaded connection for. the
accelerometer (grey semicircles). The only difference for the reference configuration with
respect to the other cases, is the mass of the single block which is double weighted in order to
keep the same nominal natural frequency. We decided not to consider the adhesive layer
thickness in the experimental plan even though it is important in the.adhesive stiffness and
strength [12-17], since it is a typical uncontrolled parameter.in a practical application of a
bonded accelerometer. The description of the deposition of the adhesive layer and the curing

process is reported in Section 2.3.

Among the several DoE techniques available, a full factorial plan is adopted, with three
replicates for each experimental plan. This approach is combined with a blocking procedure to
take into account the different bonding of the adherents. The blocking procedure is a useful tool,
typical of the DoE approach, used to avoid any influence of the experimental set up or the

operator, as described-in[8,18,19].

Four different frequencies, two amplitudes, three adhesives and three replicates lead to a total
amount. of 72 experiments on the bonded configuration, which can be used to estimate the
influence of the primary variables and the interactions. Moreover we carried out 24 additional

experiments on the reference configuration, leading to a gross total of 96 experiments.
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The statistical software Design Expert was used to build the set of experimental test to be run
and to randomize the order of the experiment. The software was also used to post process the

results of the analysis by means of the analysis of variance analyses (ANOVA).

2.2 System response

The statistical influence of the variables is evaluated in terms of two system responses. Since the
shaker excitation is a sine wave at given frequency, the amplitude of the corresponding spectral

component is the main output choice. In particular the outputs of the experiments are:
Spectral amplitude at excitation frequency (SA for brevity)
Percentage of signal energy stored at excitation frequency (SE for brevity)

The SA is obtained after the FFT of the measured signal, considering the amplitude of the
vibratory signal at the excitation frequency, the SE is the energy of the signal at the excitation

frequency over the total energy of the system.

Since one of the level.of the adhesive is a reference level obtained with a block with double mass
and no adhesive, it is possible to add two other system response, by dividing the values of the
experimental points by the value of the reference configuration (on average). The other two
outputs-are not dependent on the system configuration and allow the adhesive effect to be

compared more efficiently.

SAR = SA/SAno aghesive Spectral amplitude ratio (SAR for brevity)
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iv.

SER = SE/SE o adnesive Stored energy ratio (SAR for brevity)

2.3 Experimental set-up

The experimental set-up consists in a small electrodynamic shaker, a monoaxial accelerometer,
an input and an output board of National Instruments. Table 2 summarizes the.model.and the
characteristics of the components. The shaker is provided with an embedded amplifier, open-
chain controlled with 0-1 VRMS signal supplied by the NI myDAQ board. The'shaker has three
different amplitude gain which can be selected by the user, but which are kept constant for all the
tests. The accelerometer is connected to the NI-9233 board which is specifically designed for
IEPE devices. The aluminium blocks have a lcmxlcm square base and 1.2cm height. The
reference block has the same square base but a 2.4 height, simulating two single blocks
connected together, being negligible the adhesive weight. All the blocks have been tapped in
order to fix it with the shaker head and the accelerometer by means of threads. The blocks were
bonded using a rig to maintain' alignment between the upper and lower one and a small dead
weight (0.1 kg) to apply.a sufficient pressure to entire adhesive layer. The excess of adhesive is
squeezed out and removed with a blade immediately after the applications, since two adhesives
are very fast and cures in seconds. In order to ensure a proper curing of all the three adhesives we
kept all the joints at room temperature for 48h. This procedures ensure a quite constant layer of
adhesive, with an estimated nominal thickness of 0.05mm. The resulting setup is showed in
Figure 1a and Figure 1b. The curing procedure was carried out at room temperature for 48h in

order to ensure complete polymerization of all the adhesives.
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In each test the head of shaker moves harmonically with characteristics listed in Table 1. The
amplitude is not measured in absolute “g” value, but as percentage of the maximum control
voltage. The sampling frequency is 50 kHz and the acquisition time is 2 seconds. The acquisition
system waits a couple of seconds before starting to avoid acquisition of transient effects of the

shaker.

3. RESULTS And DISCUSSION

3.1 Post Processing of the data

Vibration data are post-processed in National Instruments’. LabVIEW environment. The two
seconds of acquisition are split in three contiguous parts of 0.5, 1 and 0.5 seconds respectively,
and only the central part of the signal is used (1 second), in order to avoid transient effect on the
acquisition. The resulting spectrum resolution — 1Hz — is still sufficient to clearly match the

excitation frequencies.

In order to obtain the system response, the power spectrum of the vibration data is computed as

reported in (1)

)
_ FFT"(%)-FFT(X)

2

PS(f)

10
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where FFT* denotes the complex conjugate of the Fast Fourier Transform (FFT) of vibration
data (X ) and n is the number of elements of samples. In an ideal condition the sine excitation
signal of the shaker — measured by the accelerometer — generates a single peak in the frequency
domain at the excitation frequency fe.. On equal terms except the adhesive used, an. interesting

comparison among different adhesive type is made on two outputs (despite connected):
. The amplitude of the power spectrum at the excitation frequency. (SA)

. The ratio between the amplitude of the spectrum at the excitation frequency and the sum

of all the power spectrum components, i.e. the total energy of.the acquired vibration signal. (SE)

The choice of these parameters follows a simple consideration: SA is what is usually measured
in experimental activity, i.e. it’s an absolute value depending of the energy of input source, while
SE returns the quality of the acquired signal independently of the energy of input source. The
Parseval’s theorem gives a further consideration regarding the choice of the power spectrum
instead of a simple spectrum. In fact the Parseval’s theorem states that the total energy contained
in a time domain waveform is equal to the total energy of the waveform's Fourier Transform

along the frequency domain. The equality is reported in equation (2)

j: x(t)[ dt = j: X (f)f df )

11
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It follows that the total energy of the signal can be computed as a simple sum of power-spectrum
components. As mentioned in paragraph 2.2 further parameters are obtained from SA and SE
dividing by the corresponding values computed in the case of the reference configuration (SAR

and SER respectively).

3.2 ANOVA analyses

Multivariable problems can be approached following a statistical method. The Design of
Experiment procedure, a powerful statistical technique based on the analysis of variance analyses
can be conveniently applied to these classes of problems. ANOVA calculates the variance
(standard deviation) of a response.considering a specific variable and the global variance of the

responses. The ratio between these two variances is called the F-Test value.

In a stochastic (randem) process F-value equals one, which means that the considered variable
has no effect on'the response, because it cannot be distinguished from experimental noise (or
numerical error).-Conversely the larger the F-Test value the more the variable influences the
process.. There are a number of approaches to represent the results graphically to demonstrate the
effects of the variables on the system outputs. One of the most popular is the normal plot, used to
estimate whether a certain set of data follows a Gaussian distribution or not. If the data

approximates a straight line the phenomenon is statistically "normal” i.e. follows a stochastic

12
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law. The variables affecting the system response will then fall outside the normal distribution
line, thus their effect cannot be ascribed to a stochastic process. The greater the deviation of the
point from the normal line the larger the confidence interval (i.e. the probability that the
variables are significant is higher). The half normal plot, used in this paper is interpreted in the
same way as the normal plot but allows absolute values of the effects to be considered. The
replicates of the system are important because they are used to build the error line because they

are ruled by a stochastic law by definition.

3.2.1 Half Normal plot of the responses

Figure 2 shows the half-normal probability plots from an ANOVA according to [18] . The
analysis was performed on two outputs.of the problem (system response) described in
Section 3.1. Figure 2a shows the SA, Figure 2b.the SE. The ANOVA aims at highlighting what
are the effects that influences a physical phenomenon by comparing these effects of the output
variable with the effect of the pure chance. This can be obtained by comparing the results
coming from the several levels of the selected variables with the effect of the replicates, driven

by the stochastic experimental error.

In Figure 2 the X-axis represents the standardized effect associated with each factor considered.
The greater the standardized effect, the higher the influence of the variable on the response. The
Y-axis represents the half-normal probability associated with each effect. The half normal plot is
simply obtained by the normal plot with absolute values of the response (no effect of the sign).

Additional statistical information on the half normal plot construction can be found in [18].

13
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These values represent the probability that the effect of the variable is significant. The solid line
interpolating the points represents the error of the test (given by the replicates and the non
influent high order interactions between the variables). The points that fall off the error line
represent the factors that mainly affect each response. Thus, Figure 2 shows that f and A have the
strongest influence both on SA and SE. The effect of the frequency is more relevant for SA (note
the logarithmic transformation applied) while the interaction of amplitude.and frequency is
important for the SE only. As can be noticed by the labels of the axes'in Figure 2 a
transformation is applied to SA and SE in order to normalize the data. This linearization, called
Box-Cox transformation, is strongly recommended in [19] dealing with experimental set of data

by means of ANOVA technique, which performs better with linearized problems.

Thus in Figure 2a the effect of the variables are reported on the natural logarithm of the SA and
on the SE raised to the power of 1.5. The half normal plots of the SAR and SER are reported in
Figure 3a-b respectively. The Figure shows that dividing SA and SE by the reference
configuration causes the adhesive type to be important in the system response, in terms of peak
frequency (Figure 3a) but not in terms of percent energy of the signal (Figure 3b). The effect of
the amplitude, relevant for the absolute measurement, obviously vanishes in Figure 3, because

the signal is normalized over the reference.

3.2.2 Variables interactions and relevance

The effect of the variables in case of interaction is reported in Figure 4a for SA and in Figure 4b
for SE. The same graphs are reported in Figure 5 for SAR (a) and for SER (b). These plots are

interesting especially in case of variable interactions (Figure 4b) and in case of multiple variables

14
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involved in the problem (Figure 4a - Figure 5a), while in Figure 5b the experimental point
collapse on a single line because only the excitation frequency affects the system response. The
error bars in Figure 4 and Figure 5 are due to the standard deviation of the experiments in the
three replicates for each configuration tested. Figure 4a shows that the amplitude of signal
produce an increase in the SA, which is more pronounced at some specific frequencies (2500 Hz
and 7500 Hz), while is not evident at the lowest frequency. This behaviour is.probably due to the
dynamics (e.g. resonance) of the shaker foundation. This is consistent with the subsequent Figure
5a (despite the different ordinate), showing that a normalization with respect to the reference
condition removes the variability highlighted in Figure 4a. The adhesive influence is quite
evident in Figure 5a, in which it is shown that there is an.influence of the adhesive in terms of
amplitude of the signal, but the shape of three curves is the same, both for very stiff adhesive like

the HBM X60 and very flexible polymers like the silano-modified Terostat 937.

From the point of view of an accelerometer user this behaviour is positive, because the adhesive
do not disturb the signal but it only scale the amplitude. The absence of the adhesive influence in
Figure 3b confirms that there is no effect of the adhesive in the shape of the measured signal.

Moreover Figure 5b shows that only the frequency slightly affects SER.

conclusion

In this paper three structural adhesives have been experimentally compared to assess their
transmissivity in terms of dynamic response. The chosen adhesives are comprehends the most

used in accelerometers setup for diagnostics purposes in both laboratory and on-field

15
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environments and other two general purpose adhesives. In particular, the first one is a two
component methylmethacrylate (HBM X60), the other two are a modified silane (Terostat 737)
and a cyanoacrylate (Loctite 454) adhesives and they have been used to joint two aluminium
bases, one connected to an accelerometer and the other to the head of an electromagnetic shaker.
A further test has been performed on a double-length aluminium base, i.e. a continuum block
without any adhesive acting as reference condition. The shaker provides a sine. wave vibration in
terms of acceleration at different combinations of frequency and amplitude;.as summarised in
Table 2. A monoaxial accelerometer gives the feedback vibration signal.which has been used to
compute four different parameters assessing the dynamic response of the structure by hand. The
output parameters are all based on the power spectrum of the vibration signal. In details they are
the amplitude of the spectrum at the shaker excitation frequency (SA), the ratio between SA and
the total energy of the signal (SE), and finally the values of SA and SE for a given adhesive
compared to the corresponding values in the reference condition (SAR and SER respectively). A

design of experiments (DOE) approach led to the salient results which are summarized in the

following:
. Frequency and‘amplitude have the strongest influence both on SA and SE
. The effect-of the frequency is more relevant for SA while the interaction of amplitude and

frequency is important for the SE only

. SAR and SER shows the importance the adhesive type in the system response, in terms of

peak frequency (SAR) but not in terms of percent energy of the signal (SER).

16
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. The effect of the amplitude, relevant for the absolute measurement SA and SE, obviously

vanish in both SAR and SER, because the signal is normalized over the reference.

J The adhesive influence is quite evident in SAR, in which it is shown that there.is an

influence of the adhesive in terms of amplitude of the signal

o The variable interaction for SAR and SER parameters is the same, both for very stiff

adhesive like the HBM X60 and very flexible polymers like the silano-modified Terostat 937.

Above them two results are worth mentioning as design guidelines:. the response amplitude
depends on the structural characteristics of the adhesive and the transfer function of the adhesive
layer doesn’t distort the signal regardless of the type of adhesive. Therefore, as long as the
adhesive layer is thin enough the adhesive type.does not-influence the transmissivity of the signal
and therefore it possible to use the most convenient one according to cost related evaluations or

availability.
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Figure 1. Experimental setup (a) and detailed picture of the adhesive mounting (b)
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Figure 2. Half normal plots of SA (a) and SE (b) with the proper Box-Cox transformation
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Figure 3. Half normal plots of SAR (a) and SER (b)
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Figure 4. Variables interactions (A, f) for SA (a) and SE (b) parameters
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Figure 5. Variables interactions (f, G) for SAR (a) and SER (b) parameters
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Table 1. Levels of the variables considered in the problem

Variables Level 1 Level 2 Level 3 Level 4
Frequency, f

5 2500 5000 7500
(Hz)
Amplitude, A

50 100
(%)
Adhesive type,

Loctite 454 | Terostat 737 HBM X-60 | None
G
Mount

——— — ——
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Table 2. Specifications of the components used in the experiment

Component Model Specifications
ModalShop | 20N peak sine force, frequency range up
Shaker
K2004E01 to 11kHz
Monoaxial, frequency range 1-10kHz and
Accelerometer | PCB353B18
sensitivity 10mV/g
Output board NI myDAQ | Analog output, 200 kS/s, 16-bit
NI cDAQ
Input board with NI-1| 51,2 kS/s per Channel, 24-Bit IEPE
9233
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