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Summary

This paper presents a paramtric study based on a high-resolution measurement system of rotating

tires towards noise prediction. The developed system, to be mounted on a tire testing machine, con-

sists of digital cameras, strobes, and a �eld-programmable gate array (FPGA) board. The developed

system captures a clear instant image of a rotating tire irrespective of the rotation speed by triggering

strobes. Since the rotation of a tire on a testing machine is periodic, the system can e�ectively capture

the rotating tire at a high sampling frequency, though the digital cameras used may not have a high

frame rate. The digital cameras proposed in the system are commercially available digital single-lens

re�ex (DSLR) cameras, which are CMOS-based and thus have high resolution, equipped with macro

lenses, which further improve resolution by zooming into the tire deformation. This low-cost system

is, therefore, considerably superior to high-speed cameras in both frame rate and resolution and

can measure tire deformation associated with sound generation by synchronously measuring sound

with a microphone array. The parametric study on a simple slot on a smooth tire was investigated

by capturing images at every 0.025° tire rotation with synchronous microphone and spindle force

measurements. The result demonstrated identi�cation of the noise generation mechanism initiation

timing and the characteristic of the noise.

PACS no. xx.xx.Nn, xx.xx.Nn

1. Introduction

Demands for noiseless tires have been increasing due
to new regulations limiting pass-by noise in Europe
and Japan. The noise generation and propagation
have been extensively studied in the past few decades,
which has resulted in the development of various
modeling and simulation techniques. The computed
sound, however, does not quantitatively match the ex-
perimentally measured sound [1, 2, 3]. This is partly
because the noise is generated by multiple mecha-
nisms and partly because it is propagated in a com-
plicated manner. This gives rise to the need for syn-
chronized high-resolution measurement of tire defor-
mation, sound, and vibration. This enables validation
of accuracy at every stage of noise prediction simula-
tion.

Rotating tire noise can be generalized into
structure-borne and air-borne noise. These noises are
created by a complex interaction of both mechani-
cal vibration and aerodynamic mechanisms. Modeling
and simulation have been main methods of noise pre-
diction. Larsson et al. [4] used a �nite element model
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to investigate the dynamic behavior of the three di-
mensional tread block considering a frequency range
of up to 3kHz. Other numerical models concentrate
more on sound propagation processes such as the Bier-
mann et al. [5] developed simulation process that eval-
uates a sound pressure �eld using a �nite/in�nite el-
ement approach. More recently, Brinkmeier et al. [6]
have included more e�cient numerical treatments for
sound radiation prediction. Despite the afore men-
tioned development of techniques, the numerical pre-
diction still lacks quantitative agreement with exper-
imental results due to the complexity of noise gener-
ation and various physical phenomena that are not
included in the models.

Contrary to modeling approaches, experimental
methods include all of the noise generation mecha-
nisms. Jochen [7] created miniature non-pneumatic
tires to parametrically investigate noise characteris-
tics based on groove geometry leading to a compari-
son to the Nilson [8] and Gogen [9] models. Cesbron
et al. [10] focused on contact stress measurement us-
ing a smooth tire. Other experimental methods exist,
however, most of the study does not synchronously
capture the actual tire states and the timing of the
noise generation.

A preliminary veri�cation and validation study on
the developed system under di�erent operating con-
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ditions was demonstrated in [11], however, the study
focused on image capture and did not analyze the
sound data simultaneously. In addition, measurement
of slot deformation with synchronous noise measure-
ments at this resolution has not been achieved to the
best of our knowledge.

This paper presents a parametric study of the sim-
ple tread tire noise generation with a high-resolution
measurement system which quanti�es tread deforma-
tion of fast-rotating tires using a CMOS-based digital
single lens re�ex (DSLR) camera, strobes, and a �eld
programmable gate array (FPGA). The study shows
the potential to reduce the discrepancy between an-
alytical/numerical predictions and experimental ob-
servations by identifying and understanding speci�c
noise generation mechanisms and their initiation tim-
ings.

This paper is organized as follows. The next sec-
tion describes the developed system. The experimen-
tal setup and test procedure is described in Section 3
, followed by experimental results on tires with a sim-
ple two-dimensional tread geometry in Section 3.3. Fi-
nally, Section 4 summarizes conclusions and proposed
future work.

2. Measurement System

The integrated system for rotating tire image and
sound/spindle-force acquisition is used. Figure 1
shows the integrated data acquisition system, which
consists of an FPGA controller, strobes, cameras, and
a computer. The system is combined with an existing
tire testing rig including a tire, rolling drum, drum
controller, encoders, and data acquisition device. In
the system, speed of the tire under test is indirectly
regulated with a dedicated drum rotation speed con-
troller. The tire spindle force, wheel position, and
microphone array measurements are stored and pro-
cessed with a data acquisition device. Only the wheel
encoder signal is passed to the proposed system as a
reference signal, providing data synchronization capa-
bility. The FPGA determines the wheel position from
the reference signal, and captures tire deformation us-
ing strobe lights and cameras for o�ine analysis. Fig-
ure 2 shows an example of an FPGA development
board.

3. Experimental Analysis

3.1. Test con�guration

Figure 3 displays the parameters used to de�ne slot
dimensions. The slot was cut across the tire to meet
the two dimensional assumption of the experiments.
Additionally, tire shoulder material was removed to
gain optical access. The single slot was introduced
�rst, and then a second slot was added, creating a

Figure 2. Visualization system implemented in a FPGA
development board

Figure 3. Tire slot dimensions

tread block. A slots spacing value, Ls, was selected
based on common slot pitch values.

Figure 4 shows the microphone array placement
around the rotating tire. As shown in the �gure,
the con�guration was based on following the semi-
anechoic chamber sound measurement speci�cation
on American National Standards S12.34. The yellow
and green circles indicate far/near-�eld microphone
positions, respectively, and all the microphone top-
view and side-view dimensions are speci�ed in the
�gure.

3.2. Procedure

All the tire experiments are performed in a semi-
anechoic chamber shown in the Figure 5. The micro-
phone array and the spindle-force load cell readings
are collected simultaneously to correlate noise genera-
tion initiation and physical mechanisms. The 10 ft di-
ameter drum and 215/60R16 tire, strobes, and a cam-
era were used for the setup. Figure 6 shows a hand-
cut plain tread tire, with a two-dimensional design,
to simplify and separate noise generation mechanisms
and reduce the complexity of the tire tread design.
The tire tread shoulder was cut to expose the tread
side view and minimize additional noise generation.
All the data was collected in a single tread slot with a
secondary slot introduced later to study the resultant
interference of the noise and the change in structural
behavior. The capability of the developed system was
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Figure 1. Overall system schematic

Figure 4. Microphone placement in centimeter

examined using multiple operating conditions, which
are listed on Table I.

3.3. Results

Figure 7 shows an example of the synchronous mi-
crophone and tire slot image captured through the
contact patch with the tire rotating in a counterclock-
wise direction. Microphone pressure signals for lead-
ing edge,mic 9, and trailing edge, mic 11, are shown
relative to the tire position. The images were captured
at every 0.025°increment. Thus, the position range
of 35°shown in the �gure contains 1400 images. The
acoustic signal plot is labeled at four di�erent posi-

Figure 5. Semi-anechoic chamber testing facility

Figure 6. Hand cut tire with two slots

tions indicating the corresponding tire position shown
in the tire images. The slot dimension {5mm, 7mm} at
three di�erent speeds rotating in a counterclockwise
direction are further studied.

3.3.1. Leading edge

Figure 8(a) shows normalized leading edge mic 9 mea-
surements at di�erent speeds. The �gure shows that
dominant frequency does not change when the speed
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Table I. Dimensions and other parameters for the experi-
ments.

Parameter Value

Encoder 3600 [PPR]

Tire type 215/60R16
In�ation pressure 35 [PSI]

Load 1000 [lb]
Direction Clockwise/ Counterclockwise

Speed 40, 60, 80 [km/h]

Slot width 140 [mm]
{Lw,Ld} {5, 5}, {5, 7}, {10, 5} [mm]

Ls 30 [mm]

Analog sample rate 88.2 [kHz]

Strobe duration 1.2 [µs]
(1⁄3 peak value)

Figure 7. Synchronous image and microphone data

of the tire is varied. This is also con�rmed from the
spectrogram results in Figure 10 demonstrating that
the maximum value of the leading edge signal stays
in 1050 ∼ 1150Hz range. The signal shape charac-
teristics are qualitatively similar at di�erent speeds.
However, the subtle di�erences can be observed such
as a couple of initial peaks of sound signal correspond-
ing to the �rst and second edge engagement as shown
in Figure 8(b). The �rst peak identi�es tire position
when the �rst edge of the slot is in contact with the
drum surface and the second peak identi�es the sec-
ond edge engaging the drum depicted in the Figure 9.
Commonly the second edge engagement is referred to
as impact noise. The peak time di�erences, which di-
rectly correspond to the dimension of Lw, are calcu-
lated to be {4.4, 4.5, 4.8} millimeters.

3.3.2. Trailing edge

Figure 11(a) shows the normalized trailing edge mic
11 measurements at di�erent speeds. Unlike the ob-
servation for the leading edge, there is a change in
pressure before the dominant wave that results from

Figure 8. Normalized leading edge Mic 9

Figure 9. Leading edge slot position

the leading edge noise generation. In addition, the
trailing edge shows the frequency change in result-
ing noise where a higher speed leads to a higher fre-
quency. The shape of the dominant signal is similar at
di�erent speeds as seen in the zoomed section of the
plot in Figure 11(b), however, the dominant frequency
value increases. The dominant frequency increase can
be also con�rmed in the spectrograms in Figure 12
where the maximum frequency is higher and has a
wider frequency range than the leading edge. Another
major di�erence between the leading and trailing edge
signals is the duration of the wave generated by the
event. For this example, the trailing edge noise dura-
tion is 35% less than that of the leading edge.
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Figure 10. Normalized spectrogram of mic 9

Figure 11. Normalized trailing edge mic 11

4. Conclusion

This paper has described the simple tread parametric
study based on the high-resolution measurement sys-
tem. High-resolution images with synchronous data
acquisition identify speci�c noise generation mecha-
nisms and their initiation timings. The simultaneous

Figure 12. Normalized spectrogram of mic 11

tire slot image with a microphone array and spin-
dle force measurements allow a strong correlation be-
tween signal peaks and slot engagement. Separation
of the slot's initial and secondary edges was identi�ed
with the frequency characteristics of the signals.

Future work will involve using this system to collect
extended datasets with more realistic tread shapes. In
addition, instead of a hand-cut slot, the geometry can
be more consistently created using a laser tire cutter
with di�erent geometry dimensions. Furthermore, the
�nite element simulation should be incorporated with
these measurements to validate the numerical estima-
tion of the tread deformation.
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