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Abstract

Brake squeal is an NVH issue experienced by brake systems and
vehicle manufacturers for decades. This leads to customer
dissatisfaction and the questioning of the quality of the brake system.
Advanced testing tools, design modification, dynamometer testing,
vehicle validation etc., are performed to study, analyze and eliminate
this problem. But still it continues to exist nowadays. One of the most
important reasons is the complexity of the brake pad having non-
linear material properties. Therefore, it is imperative to understand
the behavior of the brake pad in terms of its dynamic properties
(eigenfrequencies, damping and mode shapes) under varying
boundary conditions. Experimental Modal Analysis (EMA) is used to
study the dynamic properties of any structure and is generally
performed under free-free boundary conditions. An approach to study
brake pads under pressure condition is a step towards reality, as brake
pads squeal only during braking events. Therefore, the Brake
Impedance Test machine (BIT) was developed. This work describes
the development of the BIT to study brake pads under different piston
compression loads, analyzing their results and proposing an approach
to standardize the testing procedure. The brake pads are excited by a
Scalable Automatic Modal hammer (SAM), with a precise
controllable force level. The vibration response is measured
contactless using a 3D Scanning Laser Doppler Vibrometer (3D
SLDV). This research, under these conditions and advanced
techniques, results in dynamic characteristics of brake pads closer to
those in a real braking event. These results can be correlated with
brake dynamometer data for further validation. The conclusions of
these upcoming studies will lead to effective brake pad parameters for
a robust brake design against squeal research.

Introduction and Motivation

Brake squeal has been a key issue in the automotive industry for the
past decades. Despite the efforts taken by the industry, undesired
brake noise and vibrations are still widespread problems faced by

manufacturers of automobiles, brake systems and OEMs. Constant
development in the NVH industry is stimulated by ever decreasing
development times, more stringent noise and dust emission
regulations and an industry in constant change.

Under a physics standpoint, brake squeal can be interpreted as energy
dissipated due to self-excited vibrations caused by fluctuations in the
friction forces at the pad/disc interface, due to phenomena like the
stick/slip effect [1]. It is generally considered [2-3] that these
fluctuations, which result in the annoying low-frequency squeal, are
caused by macroscopic geometric instabilities. Many different
parameters influence the vibrational behavior of a brake system.
These parameters are located both at microscopic and macroscopic
levels [4], but a fast-paced automotive industry rarely ventures on the
quality assurance at microscopic level for practicality reasons.

The manufacturing process of a brake pad is a very complex
procedure. The friction material of the brake pad consists of dozens
of different components [5] that undergo processes like blending,
molding, heating, grooving, chamfering, grinding, etc. [6] The
complexities related to these procedures have an influence on the
friction material and, ultimately, on the pads’ propensity to squeal.
Thus, any small changes in the geometry or the above mentioned
manufacturing processes will have an impact on the dynamic
properties (eigenfrequencies, modal damping ratios and mode shapes)
of these components.

The state of the art in NVH quality-related R&D comprises
experimental and theoretical methods. Dynamical simulations are
increasing their accuracy while their complexity is rising as well. On
the other hand, OEMs and automobile manufacturers rely on simpler
methods in their everyday quality R&D: methods such as
compressibility testing, acoustic resonance, ultrasound, dynamometer
testing and road testing are experimental methods of extensive use in
the industry. However, the analyzed parts’ testing robustness is
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sensitive to friction material nonlinearities, geometric tolerances and
changing system properties over time. These influences are not taken
into account during these test procedures because in general, only one
specification is tested at a time [7]. Test procedures and rigs
developed in the last years [8, 9, 10] evaluate only small friction
material samples, which are useful in order to correlate simulated
material parameters; but they don’t describe the dynamic behavior of
the entire brake pad assembly. Compressibility testing procedures use
entire pads, but compressibility alone has been proven an
uninteresting parameter when studying the vibro-acoustic properties
of brake pads and more oriented to quality-assurance processes and
pedal feel assessment [11].

This work proposes a novel test procedure by means of an in-house
developed test stand, the Brake Pad Impedance Test Stand (BIT). The
BIT recreates the piston compression conditions an entire brake pad
experiences during a braking event. A relationship is established
between line pressure, translated as piston compression, and the
parameters obtained by Experimental Modal Analysis (EMA). The
dynamic characteristics of brake pads are studied for different
pressure loads on any kind of brake pad. The obtained results can
enhance the understanding of the changes in mode shapes which take
place during a braking event. The use of these dynamic properties,
correlated with dynamometer results (as shown further on in this
work) with Finite Element Analysis (FEA) brake simulations can
help to build more robust FEA models and therefore, more accurate
simulations and predictions of low-frequency brake squeal.

Materials and Methods

Four brake pads belonging a total of five batches are tested, the
batches labeled as X1, X2, Y1, Y2 and Z. A modal test is performed
on each pad under seven different compression loads at the Brake Pad
Impedance Test Stand (BIT): 0, 5, 10, 15, 20, 25 and 30 bar -
according to the specifications of the project industrial partner.
Therefore, 140 measurements are performed in total. The
manufacturer or serial numbers of the brake pads are not disclosed
due to confidentiality reasons. Brake pads from batches X, Y and Z
have slightly different manufacturing processes, while batches X1-X2
and Y 1-Y2 present differences in terms of their geometry. The
amount of obtained data is, therefore, very large and impossible to fit
in an academic paper alone. This paper shows representative
examples from these datasets and discusses the derived results.

The BIT is based on a traction/compression test stand Zwick Roell
7020, (Zwick GmbH, Ulm, Germany) with a design modification
(Figure 1). The test stand can compress the brake pad with an
equivalent pressure of up to 120 bar. Two stiff blocks are observable
in the picture; the one at the top is the piston adapter, the one at the
bottom is the compression block. The piston adapter consists of an
aluminum block where manufacturer-specified piston(s) are rigidly
attached. Piston adapters are manufactured in the laboratories at the
TH Wildau in a case-by-case basis in order to meet the needs in
regards of size, number and positioning of brake pistons of different
potential project partners /customers. The pad is compressed in
between the piston(s) and the compression block during a test.

Figure 1. Test setup of the BIT, with the Scalable Automatic Modal Hammer
(SAM) as an excitation input. The brake pad and the pistons are blurred for

confidentiality reasons. The piston adapter and the compression blocks are
sprayed with reflective spray for testing purposes. A set of pistons is attached
to the top aluminum part and a brake pad is compressed between the pistons
and the compression block.

Modal analysis is performed on the brake pad at the BIT in order to
dynamically characterize the studied brake pad under a given piston
compression load. Typically, modal testing is performed under
laboratory conditions, where the studied structure is freely suspended.
It is obvious that a free-free setting is very different to the setting
where brake pads actually work and squeal noise takes place. During
a braking event, pads are compressed against a rotating brake disc by
means of brake pistons and held together on a caliper. The BIT
recreates these conditions during a modal test, although without the
friction effects between pad and disc.

Any kind of experimental modal test needs an input excitation and an
output signal. The modal test is in this case performed automatically
for each test set up by means of the Scalable Automatic Modal
Hammer (SAM, NV-TECH-Design, Steinheim a.d. Murr, Germany),
presented in [12] and shown in detail in Figure 2, and a 3D Scanning
Laser Doppler Vibrometer (3D SLDV). The tested brake pad is
excited at one of its edges (as drawn in Figure 4) by means of the
SAM. The SAM allows exciting a structure with precisely adjustable
and reproducible force amplitudes. It is designed in a way that only
the inertial mass of the impulse hammer tip impacts the test structure
with a finely amplitude-adjustable Dirac impulse. The SAM is
instrumented with a mini impulse modal hammer tip model 086E80
(PCB Piezotronics Inc., Depew, NY, USA). The rotation is digitally
controlled in distance and velocity via the stepper motor software and
transmitted to the motor via USB. Without the SAM, the testing time
for a large number of DOFs and numerous brake pads in one batch
would be of many hours and difficulties related with precision and
operator fatigue would arise.

A general modal test setup and diagram can be seen in Figures 3
and 4 respectively. The joint use of these systems aims not only
towards an increase in the accuracy of the experimental data, but
also in the effective automatization of the data acquisition. Results
regarding the successful implementation of these methods are
presented in [13] among other works. A higher experimental
practicality and a decrease in the testing time compared with more
traditional techniques are expected.
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Figure 2. Detailed view of the Scalable Automatic Modal Hammer (SAM),
mounted on a height scale. The SAM was mounted on a magnetic arm for this
research in order to allow a better hammer access to the narrow space between
brake pad and piston adapter. It also took advantage of the ferromagnetic
surface of the traction/compression test stand.

The response signals are measured by means of a 3D SLDV system
model PSV-500-3D (Polytec GmbH, Waldbronn, Germany), (Figure
3), property of the Laboratory for Machine Dynamics and NVH at the
TH Wildau. The side of the tested brake pad needs to be uniformly
sprayed before the test with a non-aqueous white color developer
(ARDROX 9D1B, Chemetall GmbH, Frankfurt a.M., Germany) to
improve the reflectivity of the laser beams. By triangulating the
signals of the three laser heads, the software decomposes the response
of each beam on a given XYZ coordinate system. The operational
deflection shape (ODS) of the brake pad is observed relative to this
three-dimensional coordinate system, enabling the engineer to study
both the in-plane and out of plane motion of the structure [14].

Material
testing

3D SLDV machine

Figure 3. Typical modal test setup of the BIT. The SAM excites the brake pad
while compressed by the traction/compression test stand. The vibration under

compression is acquired by the 3D SLDV in the three directions of space. The
entire setup is defined as the BIT.

For these measurements, the sampling frequency is set at 44.1 kHz,
resulting in an effective bandwidth of 20 kHz and the signal is
discretized with 12800 FFT lines, leading to a measurement
resolution of £1.56 Hz. 48 degrees of freedom (DOFs) are measured
at the side of the brake pad with three averaged measurements at each
DOF. Velocity output signals are measured at the edge of the brake
pad as it is impossible to scan the backing plate surface. Due to the
design of the BIT, it is not possible to position the laser beams in
most of the surface regions, not even by using mirrors. The BIT
should be severely modified, e.g. installing very long piston adapters,
with the consequent risks of inaccuracies and even buckling effects

during the compression. The use of 3D SLDV allows obtaining the
out-of-plane modes of the pad by measuring the edge of the pad, as
seen on Figure 4 and in the next chapter of this work.

TOP
VIEW

Figure 4. Side and top schematic representation of the hammer impact
position (red arrow and point) and the SLDV scanned degrees of freedom
(DOFs) represented with cyan squares. The brake pad is compressed against
the compression block by means of a piston or a set of pistons, and the
impacts are inflicted at the right corner of the backing plate surface, about 3
mm from the edges; in order to properly excite both bending and torsion
resonant modes.

As seen in the ODSs and mode shapes further on this paper, 48 DOFs
set a proper middle ground between spatial aliasing and testing time.
The velocity output is measured in the range of 100 mm/s/V. For the
excitation, the SAM is set to excite the tested brake pad with 60 N at
the edge of the pad as shown in Figure 4. With these techniques, the
average testing time for each pad is of around 10 minutes.

The experiments and the analysis of the ODSs are performed by
means of the software PSV 9.1 (Polytec GmbH, Waldbronn,
Germany). Modal parameters and shapes are extracted using
ARTeMIS Modal Pro 5.0 (SVS A/S, Aalborg, Denmark).
Eigenfrequencies are extracted by means of Frequency-Domain
Decomposition (FDD) in this program and complexity values are
calculated by the Complex Mode Indicator Function (CMIF) method
and followed by an autocorrelation via Modal Assurance Criterion
(MAC). Complexity data, shown further on this work, is also provided
by this program. MATLAB 9.0 (MathWorks, Natick, MA, US) is used
to create contour plots using the Frequency Response Functions
(FRFs) derived from the tests, in order to evaluate the ODS patterns.

Results and Discussion

Robustness of the BIT

The BIT was firstly tested in regards with its test robustness and the
repeatability and reproducibility of the process. It is of critical
importance to assess the non-interference of the BIT itself in the
measurement results. If a global BIT vibrational mode is found in the
results, it could invalidate the results of many brake pad analyses.
Therefore, an ODS analysis was performed in the BIT meanwhile in
a normal work cycle. Figure 5 shows the mobility of the DOF with
the most deflection. The lack of any resonant peaks in the mobility
evidences that this DOF’s deflection is mainly caused by background
measurement noise and is of negligible amplitude.
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Figure 5. Mobility of the DOF at the BIT with the highest deflection between
0 and 20 kHz (region represented in yellow color in the global BIT ODS).
Note how there is no global vibration in the system for the entire frequency
range of interest in this work and beyond. The results lay below the noise floor
except at the rigid-body motion level.

Frequency Response Functions Analysis

Figure 6 shows a comparison of the FRFs obtained from a brake
pad tested under different compression loads from 0 to 30 bar.
These kinds of plots were obtained for all tested brake pads. Due to
the impossibility to present all datasets in this paper, results from a
few selective measurements are displayed in Figure 6. The FRFs
show peaks progressively shifting to higher frequencies as the
compression loads increase. This was an expected behavior on the
light of the results presented already in [15]. Some eigenfrequencies
present a slight or no amplitude variation and eigenfrequency shifts
are clearly observed for all pads of all batches. In this case, the
region between 5-8 kHz presents a strongly non-linear behavior and
no shifts are detected.

Figure 7 displays some waterfall plots derived from FRF plots,
obtained using MATLAB, from the same brake pad. The FRFs have
been placed one after another in one waterfall plot for each
compression load level. The Y axis represents the geometry point
where this FRF is derived from, the Z axis represents the motion
amplitude at that given frequency range. The blue/green regions
indicate node lines, or regions with lower deflection amplitudes, while
the red regions indicate deflection maxima. These waterfall plots are
an evidence of deflection shape patterns progressively shifting to
higher frequencies as compression loads increase, but mostly
maintaining the mode shape. In these waterfall plots it can be observed
how low frequency mode shapes (0-4 kHz) are suppressed.
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Figure 6. FRFs comparison of a X2-batch brake pad tested under compression
loads ranging between 0 bar (no contact of the pistons on the pad) to 30 bar.
Growing shades of blue mean FRFs obtained at growing compression loads.
Note the eigenfrequency shifts to higher frequencies with growing
compression loads at different regions of the bandwidth and especially in
modes | and 2.
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Figure 7. Waterfall plots derived from the obtained FRFs for different points
of a X2-batch brake pad geometry. Each waterfall plot shows the evolution of
the mode shapes with respect to the frequency at growing compression loads.
It can be observed how the mode shape patterns keep relatively constant
between 5 and 30 bar. The red arrows indicate the hammer impact direction
and position, as described in Figure 4
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Mode Shapes Analysis

As shown in figures 6 and 7, this pad was studied as well under 0 bar,
namely grounded conditions. A structure simply leaning on the floor or
the test bench without any applied pressure is said to be under grounded
conditions [16]. In this particular case, the results will be very
approximate to those obtained when analyzing the brake pad in free-free
conditions. In consequence, the mode shapes derived from this test are
typical of free-free setups - bending and torsion mode shapes occur.

Brake pad from batch x2 under 0 bar pressure

Figure 8. Top - Comparison of deflection shapes with their corresponding
eigenfrequencies of a brake pad from batch X2 under 0 bar compression (i.e.
grounded). Bottom - Idem, but is under 30 bar compressive load. The pictures of

the pad and pistons are blurred due to confidentiality reasons. The red arrows
indicate the hammer impact direction and position, as described in Figure 4

Contrarily, the mode shapes under compressive loads are suppressed
in ranges below 6 kHz at 5 bar (refer waterfall plot in Figure 7) and
below 7.5 kHz at 30 bar pressure, as Figure 8 shows. A high
amplitude peak around 2 kHz is found in every FRF for all brake
pads in all pressure conditions. Even though the mode shape around

this region is suppressed, the ends of the brake pad could be seen
vibrating. Bending and torsion mode shapes are detected only after
6-7 kHz. On the ranges between 0 to 6 kHz, there is only deflection at
the region of the brake pad where the excitation force is applied,
while the rest of the pad is constrained of any low frequency
deflection. A further evaluation of mode shapes under grounded and
pressurized conditions led to the conclusions that, for instance, mode
shapes occurring at around 4 kHz under free-free or grounded
conditions occur as well at around 6.5 kHz under compression loads.
Therefore, mode shapes do not suffer large modifications under
compression loads; they just get “shifted” to higher frequency ranges
alongside with the eigenfrequencies (Figure 7).

Mode shapes of a brake pad from batch X2 are shown in Figure 8 for
two different analyses, 0 and 30 bar. Figure 8 (top) shows clear mode
shapes, those expected from structures tested under free-free
conditions. In Figure 8 (bottom), the shapes are affected by the
constraints in their vibration only up to approximately 6.9 kHz. That
mode shape corresponds to that occurring at 4.2 kHz of that same
brake pad under no compression load. It can also be observed in
Figure 8 bottom how the right side of the brake pad is subjected to
higher deflection when under compression. This is because the brake
pad is excited by the SAM in that region (red arrow marks region)
and hence, more prone to high-amplitude vibration.

Complexity Analysis

In the first place, the change of dynamic properties at the brake pads
under different compression loads was examined and the results were
compared. The next step was to compare the change in the dynamic
properties of different brake pads tested in the BIT; this led to the
complexity analysis of the brake pads after the modal parameters
extraction by means of the Complex Mode Indication Function
(CMIF) method built in ARTeMIS Modal Pro. A rigorous definition
of this method and its implementation on frequency-domain
identification are not detailed here as they are out of the scope of this
work, but can be consulted in [17, 18].

In practice, mode shapes can be complex due to non-proportional
damping, bad measurements or poor modal parameter estimation or
inconsistent data due to time-variant conditions. Mode complexity
typically arises in practice when the modal damping in the system is
not related to the mass or stiffness. In these cases, mode shapes
animations show “travelling waves” due to that minimum and
maximum values do not occur at the same time. On the contrary,
modes with low complexity are characterized by stationary node
points and lines [19].

In the case of this study, the system damping is typically of a
non-proportional nature, resulting in traveling nodal lines and node
points. Figure 9 and 10 show the mode shapes of brake pads from
batches X1 (top) and X2 (bottom) at 8 kHz under 30 bar compression
load and their associated complexity value.
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Figure 9. Top row - Two maximum deflection amplitudes of brake pads from
batch X1 at 8 kHz under 30 bar compression load, with a modal complexity
value of 61% for that mode. Traveling node lines are observed. Bottom row

- Idem, but for a brake pad from batch X2. The complexity in this mode is of
14%. No traveling node lines are observed in this case. The pictures of the pad
and pistons are blurred due to confidentiality reasons. The pad is excited at the
right side, according to the schematic view seen on Figure 4.

Figure 10. Left - Eigenvector scatter (complexity plot) of the mode shape at 8
kHz under 30 bar compression load for a brake pad from batch X1. Right

- Idem, but for a brake pad from batch X2. Note how the angle between
eigenvectors and real axis is much smaller in this case than from the X1-batch

pad.

Complexity plots of mode shapes from 140 measurements were
analyzed. The differences in complexity values among different
batches of brake pads at different modes were detected and
documented. Brake pads with different manufacturing processes
present large variations in terms of mode complexity, as shown in
Figures 9 and 10. As mentioned earlier, batches X1 and X2 vary in
terms of geometry. Variations in complexity are related to the
non-linearity present in the system and can serve in the future as an
indicator of how a given brake pad can behave.

Correlation with Dynamometer Results

Dynamometer data was supplied by the industry partners in this
project only for batches X2 and Z. According to the provided
information, all X and Z batches have major squeal occurrences
around the 2 kHz region. In all the FRFs from brake pads tested
under pressure, a mode around 2 kHz is identified with a high
amplitude peak. On the other hand, no major squealing events are
observed in the region 2.5-5.5 kHz (Figure 11). This is the region
where mode shapes are suppressed under compression resulting in a
no ‘modal coupling’ criteria of squeal. The first signs of overall
vibration are found at 6 kHz in the results obtained from the BIT (for
instance, in Figures 7 & 8). The dynamometer results from both

batches show that squealing events are occurring at 6 kHz after the
suppressed region. This can be clearly seen in the waterfall plot in
Figure 7, where the brake pad starts vibrating.
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Figure 11. Dynamometer test results from pads from batch X2 (top) and Z
(bottom). Note the number of squealing events in regions near 2 kHz, 6 kHz in
both cases and near 8 kHz in case of batch Z.

The difference between the squealing conditions in batches X2 and Z
can be identified around the 8 kHz region (Figure 11). This is the
region where the complexity factor is thought to play an important
role. According to the results from the BIT, batch Z and batch X2
present generally different complexity values. As explained, highly
complex mode shapes present a travelling nodal line that keeps
unsettling at a fixed point. Instead, a real mode shape has a fixed
nodal line and, in consequence, it has a greater possibility to couple
with global resonant modes of a brake disc, than a complex mode
shape. Further work has to be done based on this hypothesis, on
identifying the global modes of a brake disc and its complexity
values, and correlate that with the values obtained from the BIT.

Conclusions

Several conclusions can be extracted from this work. The
eigenfrequencies of brake pads shift to higher frequency ranges under
compression loads. It is evident that the dynamic parameters of brake
pads undergo changes under different line pressure as the subject
under pressure is a highly non-linear material. Analyzing brake pads
by means of the BIT represents a step towards measuring the
dynamic characteristics of brake pads during a braking event. Still,
temperature and friction effects are not taken into account in this
study. The mode shapes occurring at low-frequency ranges in
grounded conditions are suppressed once the pad is loaded. Our
industrial partners acknowledged this conclusion by saying that they
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added few materials to get the modeshapes in this region suppressed.
This was very clearly identified by the BIT. Brake pads from different
batches show that the results under compression loads differ at
various frequency ranges in terms of mode complexity. These results
help to further understand the non-linear behavior of brake pads
under line pressure and to identify what modes, at what frequency
ranges and at what compression load are influential in a hypothetical
brake squeal event. This way, the BIT can become an important tool
for NVH R&D and quality testing in the future.

Further Research

It is obvious that the measurements taking place at the BIT only
involve normal compressive forces; no temperature or friction effects
are studied on the BIT. Doing so would require building another kind
of test stand, and that need is already covered in the market by
inertial dynamometers. However, these effects are inherent to a
braking event. Correlation of these results with dynamometer results
is one of the next steps in this research. The squealing frequencies
from a brake pad, derived from dynamometer tests under certain line
pressure conditions, must be correlated with the eigenfrequencies
obtained from the BIT under that same pressure condition.
Identifying the mode shape present at that squealing frequency will
help engineers what parameters to change in order to avoid squealing
braking events.

Brake pads are being currently tested under varying temperature
levels. This is achieved by means of a heating plate that simulates the
temperature a brake rotor achieves during a braking event. With the
brake pad compressed against the plate in the same fashion as the
BIT does, results are being evaluated at the moment and suggest
decreasing eigenfrequencies with increasing temperature. In case the
procedure leads to meaningful results, a heating plate is to be
incorporated as a module to the BIT. Excitation of brake pads using a
larger SAM, based on a heavier handheld modal hammer, using
piezoelectric shakers for an even excitation of the brake pad are
topics in discussion at the moment.
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