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M. Couet (1,2,3), J.-F. Deü (1), L. Rouleau (1), F. Thouverez (2), M. Gruin (3)

(1) Conservatoire National des Arts et Métiers, France
(2) Ecole Centrale de Lyon, France
(3) Safran Aircraft Engines, France

616

A simple predictive method for evaluating damping from thin viscoelastic layers in
structures
F. Terzioglu, J. A. Rongong
The University of Sheffield, United Kingdom

627

Nonlinear dynamic properties of powders in additively manufactured steel beams
J. Black, S. Clawson, M. Allen, N. Crane, T. Nelson
Brigham Young University, United States of America

641



Table of Contents xii

Non-linear viscoelastic damping: designing tests needed for transient simulation of a
rail track
E. Balmes (1,2), G. Martin (2), O. Vo Van (3)

(1) Arts et Metiers ParisTech, France
(2) SDTools, France
(3) SNCF DTIPG, France

653

The importance of damping in nonlinear gear meshing simulations
F. Bruzzone (1,2), C. Rosso (1,2)

(1) Politecnico di Torino, Italy
(2) GeDy TrAss s.r.l., Italy

665

Vibration attenuation in AESA radar transmit/receive module via particle damping:
an experimental study
S. Kumar, A. Kumar
IIT Roorkee, India

675

Tunable suspension stiffness through thermally controlled polymers
J. Roberjot (1,3), E. Sadoulet-Reboul (1), G. Chevallier (1), N. Peyret (2), K. Jaboviste (1), C.
Arnould (3), E. Collard (3), E. Bachy (3)
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M. Aimé (1), A. Banvillet (1), L. Khalij (2), E. Pagnacco (2), E. Chatelet (3), R. Dufour (3)

(1) CEADAM, France
(2) INSA Rouen Normandie, France
(3) Univ Lyon, France

757

Multi-axis shock and vibration control testing of automotive battery packs: challenges
of an innovative testing practice
A. Garcia de Miguel (1), R. Araujo (1,2), U. Musella (1), M. dal Borgo (1), B. Forrier (1), E. di
Lorenzo (1), B. Cornelis (1)

(1) Siemens Industry Software NV, Belgium
(2) KU Leuven, Belgium

769

Using multi-shaker force control methods in modal analysis
S. P. Carter, D. Rohe
Sandia National Laboratories, United States of America

781

A novel MIMO random control strategy for efficient response replication at the
component level
E. Proner, E. Mucchi
University of Ferrara, Italy

796

Development of multiaxial vibration test systems for small objects
F. Decobert, S. Faye, L. Bemol
SEREME, France

807

DT
Session Dynamic testing: methods and instrumentation

Non-contact measurement of haptic systems
J. A. Case (1), A. Barnard (2), A. Taggart (3)

(1) Penn State, USA
(2) Penn State, USA
(3) PCB Piezotronics, USA

820

Database-supported correlation of modal data - the DLR correlation tool
R. Buchbach, J. Sinske, Y. Govers, M. Böswald
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(1) Université Grenoble Alpes, France
(2) ISTerre, France
(3) Ecole Supérieure du Bois et des Matériaux Biosourcés, France

1370



Table of Contents xix

Data-driven approaches in modal analysis of building structures
Y. Si (1), Y. Zhu (2), J. N. Kutz (3), L. Cheng (1)

(1) University of Groningen, The Netherlands
(2) Queen Mary, University of London, UK
(3) University of Washington, USA

1382

GECKO
Session GECKO session

Model order reduction of isogeometric BEM systems via Krylov subspace recycling
P. Le (1,2), D. Panagiotopoulos (1,2), E. Deckers (1,2)

(1) KU Leuven, Belgium
(2) Flanders Make @ KU Leuven, Belgium

1395

Application of the isogeometric shifted boundary method to the Poisson problem
N. Antonelli (1,2), A. Gorgi (1,2), R. Aristio (3), R. Zorrilla (1,2), R. Rossi (1,2), G. Scovazzi (4),
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University of Ljubljana, Slovenia

2392

A novel phase motion estimation method for structural vibration measurement using
two-dimensional hilbert transform
K. Xie, L.-L. Cheng
University of Groningen, Netherlands

2399

Local digital image correlation algorithms: spatial domain versus frequency domain
approach
P. Neri (1), A. Paoli (1), S. Occhipinti (2), C. Firrone (2), D. Botto (2)

(1) Unviersity of Pisa, Italy
(2) Politecnico di Torino, Italy

2411



Table of Contents xxix

Assessment of three-dimensional displacements via a novel natural-pattern tracking
algorithm
F. Bottalico, A. Sabato
University of Massachusetts Lowell, United States of America

2421

Reconstruction of cylinder flexural vibration and sound radiation fields from
multi-view single-camera measurements
S. Baldini (1), G. Guernieri (1), D. Gorjup (2), P. Gardonio (1), J. Slavič (2), R. Rinaldo (1)
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Université Clermont Auvergne, France

4193

Enhancing development flexibility: a grey-box strategy for adapting to unforeseen
adverse conditions
P. Ascia, F. Duddeck
Technical University Munich, Germany

4201



Table of Contents xlvii

USDM3
Session USD - Methods

Designing phononic crystals robust against mechanical property variability using
statistical data from statistical process control
L. H. M. S. Ribeiro (1), C. Claeys (2,3), A. T Fabro (4), D. Chronopoulos (2), J. R. F. Arruda
(1)

(1) University of Campinas, Brazil
(2) KU Leuven, Belgium
(3) Flanders Make @ KU Leuven, Belgium
(4) University of Brasilia, Brazil

4216

Model-based comparison of steel-string acoustic guitars with spruce and composite
soundboards
Y. Giro (1), J.-L. Le Carrou (1), A. Vincenti (1), S. Dartois (1), R. Viala (1), B. Navarret (2)

(1) Sorbonne Université, France
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Université Gustave Eiffel, France

4401

Random mode evaluation with polynomial chaos expansion
E. Jacquelin (1), S. Adhikari (2), D. Brizard (1)
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Abstract
Rattle noise in a gear train is defined as an undesirable noise that occurs due to the impact between the gear
teeth. This work aim to apply methodologies for detecting rattle noise in powertrain transmissions through
the processing of microphone and acceleration signals. An experimental campaign was conducted on an
off-road vehicle within a truck that was capable of reproducing the real operational conditions. Two kind of
operational conditions were investigated: the constant velocities and the time instants of changing gears. The
campaign employed experienced operators to identify scenarios with and without rattling. Consequently, rat-
tle indices were applied to the experimental measurements of acoustic pressure and acceleration. The results
allowed for the identification of rattle noise conditions, especially if applied to vibration data. Furthermore,
the effectiveness of a modified configuration has been tested, both with subjective evaluations and, thus, with
the rattle indices.

1 Introduction

Rattle noise in a gear train refers to an undesirable noise that occurs due to the impact between the gear
teeth. This phenomenon typically happens during certain operating conditions, such as when there are fluc-
tuations in speed, load, or torque in the gear system. The study of gear rattle noise is crucial for advancing
the state-of-the-art in gear design and optimization. By unraveling the contributing factors to rattle noise,
engineers can develop innovative solutions to minimize its occurrence and enhance system performance.
Consequently, a comprehensive understanding of gear rattle noise is not only a pursuit for acoustic com-
fort but a fundamental step towards achieving robust, reliable, and efficient mechanical systems in diverse
applications, from automotive transmissions to industrial machinery. This work aims to contribute to this
understanding.

In order to gain insight into the rattle phenomenon, several studies have sought to identify the primary
parameters that contribute to its appearance. Sakai [1] explored the effect of the lubricant by concluding that
higher oil viscosity helps in reducing rattle phenomena. Thus, Barthod et al. [2] reached the conclusion that
rattle phenomena are promoted by three main factors: larger gear backlashes, loose gears with higher inertias
and reduced drag torques. This was achieved through the use of lumped parameter models.

In addition, several researches have been conducted with the objective of identifying methods to reduce un-
pleasantness caused by rattle phenomena. One of the most significant parameters in the appearance of rattle
noise are the torsional oscillations of the input velocity. It has been demonstrated that the optimisation of
the torsional characteristics of clutch plates ([3],[4],[5]) has a significant impact on the reduction of torsional
oscillations of the input velocity. Furthermore, within this context, Park and Kim [6] developed a mathemat-
ical model for optimising the torsional damper parameters with the objective of reducing gear rattle noise
and verifying the model both with numerical and experimental tests.

A number of studies have been conducted with the purpose of identifying objective indices capable of char-
acterising the vibro-impact phenomena. Sakai et al. [1], Singh et al. [7] and Rigaud and Perret-Liaudet
[8] proposed rattle indices and thresholds based on the analysis of quantities such as gear inertia, angular
acceleration and drag torque. Pizzolante et al. [9] developed a lumped parameter model model suitable for
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investigating the rattle behaviour of multiple branch geartrains proposing an index based on the same quan-
tities. In addition to the aforementioned criteria, other considerations were based on the knowledge of the
instantaneous velocities of the gears ([10], [11], [12]), which allowed for the presence of an optical encoder
mounted on each analysed gear. Given the difficulty of acquiring the requisite quantities in real operational
conditions, Cristofori and Mucchi [13] propose the use of rattle indexes based on quantities such as vibration
data and microphone data, which are verified through the use of a lumped parameter model.

The objective of this study is to employ two rattle indices proposed in [13] in a real-world scenario to in-
vestigate the signal of one accelerometer and two microphones. In addition to distinguishing between rattle
and no rattle conditions, the efficacy of a modified configuration was also investigated with the aforemen-
tioned indices, with the objective of determining the ability of the proposed rattle indices to detect potential
differences.

The following Section 2 presents an investigation of the studied system, an account of the experimental setup,
and a description of the instrumentation employed. The employed rattle indices are described in Section 3,
with particular attention paid to their applications to the acquired signals. Furthermore, the experimental
campaign to verify the rattle indices accuracy is detailed in Section 4. Concluding remarks are reported in
Section 5.

2 System under investigation

A gearbox mounted on an off-road vehicle is subjected to a detailed examination. For reasons of confiden-
tiality, the transmission details cannot be disclosed. However, a simplified scheme is shown in Figure 1. It
is worth noting that in addition to the baseline configuration, a modified configuration was subjected to test-
ing. The scheme was depicted in Figure 2. With this regard, a comprehensive literature review revealed that
the implementation of modifications designed to reduce torsional oscillations was capable of mitigating the
rattle issues. Thus, in the modified configuration the mass of the flywheel was increased and an additional
anti-rattle mass was added.

Engine Transmission PTO

Accessories

Flywheel

Acc.

Figure 1: Baseline configuration of the transmission.

2.1 Test set-up

Two different kinds of tests have been conducted, both for the baseline and the modified configuration,
differing from the input profile velocity. The aforementioned tests were conducted on a dedicated truck,
which allows for the reproduction of the real operational conditions.

• Idle: the idle speed test involves maintaining a constant velocity for 40 seconds while driving the
off-road vehicle. The aforementioned test was conducted for each engaged gear individually.

• Powershift: this test enables the off-road vehicle to be driven at constant velocities and to change
engaged gears during the tests, allowing the irregularities caused by changes in flow during operating
conditions to be evaluated.
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Engine

Damper

Transmission PTO

Accessories

Flywheel

Acc.

Figure 2: Modified configuration of the transmission.

While idle tests were necessary to verify the effectiveness of the indices and to give rattle thresholds, power-
shift tests allow to investigate also non-stationary conditions related to the change of the gears.

2.2 Instrumentation

A piezoelectric accelerometer (model PCB 356B2) with a sampling frequency of 25600 Hz and a resolution
of 1 Hz was mounted on the gearbox housing in close proximity to the power take-off (PTO), with the
reference scheme taken from Figures 1 and 2. Two microphones (model PCB 378B02, sampling frequency
51200 Hz and 1 Hz resolution) were used to record the sound pressure signals. The external microphone was
positioned 30 cm from the transmission engine of the off-road vehicle, while the internal microphone was
located inside the driver’s cab. In addition, a pick-up sensor has been fitted to the input shaft of the gearbox
to detect changes in engine speed, which can also be used to detail gear change during powershift tests.

2.3 Subjective evaluations

Initially, it was crucial to evaluate the subjective assessments of the rattle noise weight in the experimental
test. Within this framework, four operators with expertise in the assessment of rattle noise were tasked with
evaluating each engaged gear. Three distinct conditions were identified, as illustrated in Table1: rattle (∨)
and no-rattle (×) conditions, as well as the incipient rattle (∼) condition, which represents a situation where
the rattle noise is minimal. Table 2 summarises the results of the idling tests, with the letters A to J indicating
the different gears engaged, which is different from the power flow, but at the same input speed. It has
been observed that tests with high engaged gears increase system irregularities and produce rattling noises.
With regard to the discrepancies between the baseline and the modified configuration, the assessments do
not indicate any significant divergences, except for the gears F and G. Nevertheless, the operators observed
a reduction in the rattle noise disturbance, despite the rattle remaining present.

Table 1: Details of the experimental configurations tested.

Symbol Evaluation
∨ with rattle
× without rattle
∼ incipient rattle

Table 3 summarises the results of the powershift tests. In addition to the constant velocity evaluations, the
shift conditions were also assessed, with the rates displayed between the gears from A to J. It was observed
that the shift conditions are of critical importance, as the rattle also occurs also in low gears. To illustrate,
even if the Gears E and F did not exhibit rattle at constant velocity in the baseline configuration, the change
between these two demonstrated vibro-impact phenomena that may be perceived as an annoyance.
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Table 2: Subjective evaluations on the idle tests.

Configuration A B C D E F G H I J
Baseline × × × × × ∼ ∨ ∨ ∨ ∨
Modified × × × × × × ∼ ∨ ∨ ∨

Table 3: Subjective evaluations on the powershift tests.

Configuration A B C D E F G H I J
Baseline × × × × × × × × × ∨ × ∼ ∼ ∨ ∨ ∨ ∨ ∨ ∨
Modified × × × × × × × ∨ × ∨ ∼ ∨ ∨ ∨ ∨ ∨ ∨ ∨ ∨

3 Rattle criteria

This section is dedicated to the description of the indices employed to detect rattle noise. These criteria are
based on the processing of both acoustical and vibration signals. In order to provide further clarification,
examples of signal processing applied to the acquired signals will be presented.

3.1 RI1

The first index benefits from the signal processing methodology employed to identify bearing faults. In
particular, RI1 is based on the envelope spectra analysis, proposed by Randall et al. in [14]. This decision
is based on the understanding that the rattle noise is an impulsive phenomenon. The flowchart in Figure 3
outline the signal processing to obtain RI1.

Time signal: x(t)

X(f)

Xfilt(f)=X(f1, f2)

xfilt(t)=IFFT(Xfilt(f))

xa(t)=xfilt+jx̃filt

xenv(t)=|xa(t)|

Xenv(f)=FFT(xenv(t))

RI1=max(Xenv(f))

Figure 3: Flowchart for the RI1 evaluation.

DYNAMICS OF ROTATING MACHINERY 1277



The initial acquisition of the acceleration and the acoustical pressure was conducted in the time domain.
The frequency spectrum is then computed and bandpass filtered. The objective of this choice is to prevent
the frequency characteristics of the signal from obscuring the rattle signal. Thus, it is necessary to select a
frequency filter that is appropriate for the specific task. In a generic gear train, the signal must be bandpass
filtered at frequencies above the meshing frequencies. Within this specific example, the signal must be fil-
tered between 3000 Hz and 6000 Hz, which correspond to f1 and f2 in the flowchart, respectively. Therefore,
the filtered time signal was obtained through the use of the Inverse Fast Fourier Transform (IFFT) algorithm
and the analytic signal (xa) was derived, whose imaginary part is the Hilbert transform (x̃filt) of the real part
of the signal. Eventually, the envelope of the analytic signal was computed. Figure 4 illustrates the analytic
signal (depicted in black) and the relative envelope (shown in red) of Gear A (without rattle) and Gear J
(with rattle). Within this context, the data being processed are the acceleration data. In order to maintain
confidentiality, the y-values of the graphs were normalised.

(a) Gear A: without rattle (b) Gear J: with rattle

Figure 4: Analytic signal of the vibration data and relative envelope of the baseline configuration during Idle
tests.

Finally, RI1 is identified as the maximum value of the envelope spectrum of the analytic signal as the signals
with rattle display the frequency components of the excitation. In particular, given that the engine in ques-
tion is a two-stroke combustion engine, the excitation frequency is twice the rotational frequency. Figure5
illustrates the envelope spectra of Gear A and Gear J, demonstrating that the signal with rattle exhibits the
excitation frequency that was previously concealed within the starting signal.

(a) Gear A: without rattle (b) Gear J: with rattle

Figure 5: Spectra of the analytic signal envelope of the vibration data of the baseline configuration during
Idle tests.

DYNAMICS OF ROTATING MACHINERY 1278



3.2 RI2

RI2 is defined as the RMS value of the signal filtered at high frequencies (Eq.1). As the literature review in
[13] indicates, when teeth impact, their behaviour is analogous to that of a series of hammers, resulting in
system excitation with flat spectra in a wide frequency range. The frequency filter is the same as that used in
the signal processing of RI1.

RI3 = RMS(xfilt) (1)

4 Application of the rattle indices

This section presents the results of applying the aforementioned rattle indices to the gearbox under exami-
nation. It examines the ability of the indices to detect rattle noise and to distinguish between different con-
figurations. The signal processing will initially be applied to the vibration data, followed by the acoustical
pressure data.

4.1 Acceleration data

Initially, the tests conducted in idle conditions were employed to assess the efficacy of the proposed indices
and to establish thresholds for differentiating between rattle and no-rattle conditions. The thresholds were
selected based on the Baseline configuration during idle tests. It is worth noting that, for the sake of brevity,
only the radial direction of the accelerometer was considered as the most emissive direction. Nevertheless,
the other directions give analogous results.

Figure 6 illustrates the resulting values of the RI1 and RI2 for the baseline configuration in the idle test. For
reasons of confidentiality, the values of the y-axes were normalised. In order to facilitate comprehension,
three areas pertaining to the evaluations of Table 1 were delineated. The red colouration signifies tests with
rattle, the yellow colouration indicates incipient rattle, while the green colouration represents tests conducted
without rattle. The evaluations in Table 2 help in defining the rattle thresholds. It is important to highlight
that the resulting values permit an objective differentiation between different rattle scenarios, especially RI1.

Figure 6: RI1 and RI2 results on the accelerometer data for the baseline configuration in Idle tests.

Once the effectiveness of the rattle index was confirmed, the modified configuration was subjected to further
testing. Figure 7 shows the results of the comparison. The proposed rattle criteria permit the objective eval-
uation of rattle both in the baseline and the modified configuration within the same thresholds set within the
baseline configuration. Furthermore, it is demonstrated that the indices exhibit reduced values for the mod-
ified configuration, thereby maintaining the capacity to distinguish rattle. These results were in accordance
with the subjective evaluations.
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Figure 7: RI1 and RI2 results on the accelerometer data for the baseline (red) and the modified (black)
configuration in Idle tests.

Figure 8 shows the RI1 results of the powershift test, while the Figure 9 shows the RI2 results. Within these
graphs, the asterisk symbol represents a constant velocity, while the circle symbol represents the instants of
shifting between two gears.

Figure 8: RI1 results on the accelerometer data for the baseline (red) and the modified (black) configuration
in Powershift tests.

Figure 9: RI2 results on the accelerometer data for the baseline (red) and the modified (black) configuration
in Powershift tests.

It is evident that the employed indices are capable of differentiating between the conditions of rattle noise.
The results are in good accordance with the subjective evaluations presented in Table 3. Moreover, the
indices permit differentiation between the baseline and modified configurations, also in non-stationary tests.
It is therefore of interest to note that the indices can be used to evaluate the critical condition of changing
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gears in situations where the acoustic issues related to the vibro-impact phenomena become important.

4.2 Microphones data

In addition to the results of the acceleration data, the rattle indices have also been tested on the microphone
data. Firstly, the signal of the internal microphone positioned within the driven cabin was analysed. The
results of the rattle indices for the baseline configuration are presented in Figure 10. RI1 was unable to detect
the rattle, whereas RI2 demonstrated an increasing trend. Nevertheless, it was not possible to determine a
threshold value to evaluate critical conditions, given the low differences in the RI2 values. It can be observed
that only gears I and J exhibit a slight increase in RI2 value. It can be assumed that the driver’s cabin may
serve to filter certain noises and may mask those instances of rattling noise that are inherent to the vehicle.

Figure 10: RI1 and RI2 results on the internal microphone data for the baseline configuration in Idle tests.

The rattle indices were then applied to the acoustic pressure of the microphone outside the driver’s cabin. As
illustrated in Figure 11, in both proposed indices, it has been possible to set a threshold, despite the relatively
minor differences between the rattle and no-rattle scenarios with respect to the vibration data results. A
comparison of the two rattle indices revealed that RI1 was more effective when applied to acoustical pressure
data. Nevertheless, it was not possible to identify the incipient rattle of the gear namely F.

Figure 11: RI1 and RI2 results on the external microphone data for the baseline configuration in Idle tests.

Thus, the differences between the baseline and the modified configuration were analysed in Figure 12. It was
observed that the rattle indices, when applied to the acoustical pressures of the external microphone, did not
differentiate between the baseline and the modified configurations. For real, no discernible pattern emerged
that could differentiate between the two configurations, for either of the employed indices.
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Figure 12: RI1 and RI2 results on the external microphone data for the baseline (red) and the modified (black)
configuration in Idle tests.

5 Summarizing remarks

The objective of this study was to investigate a gearbox of an off-road vehicle with a view to evaluating the
conditions that give rise to rattle noise and to assess the impact of a modified transmission configuration.
In particular, the modified configuration incorporates an additional mass to the flywheel and an additional
damper.

When applied to the internal microphone signals, both the rattle indices were unable to detect those con-
ditions of rattle noise. With regard to RI2, the outcomes of the internal and external microphones were
comparable. Only minor discrepancies were observed between the various rattle scenarios, which rendered
the application of the aforementioned indices to the acoustical pressure signals ineffective. Instead, the RI1
of the external microphone gives good results with reference to the ability of detecting vibro-impact phe-
nomena. Nevertheless, it was unable to differentiate between the two configurations investigated.

In terms of rattle noise detection, both RI1 and RI2 were found to be effective when applied to the acceler-
ation signals. As for the microphone signals, RI1 allows for a better differentiation between different rattle
conditions. In addition to this, the proposed results indicates that the rattle indices are sensitive to the im-
provement provided by the modified configuration in mitigating rattle issues. Moreover, these indices were
found to be effective not only in the stationary conditions, but also in those non-stationary conditions of
shifting gear.
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