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A B S T R A C T

Mechanical manufacturing processes and their production machinery are noisy. The noise always stems from tran-
sient forces that excite the structure to vibrations, emitting sound waves into the environment due to vibrations on
the surface. Noise emission is today considered as a quality defect of machinery and thus methods and means are
sought to mitigate the noise emission to a level compatible with human operators. On the other hand as the noise
origin is the process itself, the emitted noise has a signal content that directly indicates the status of the process and
sometimes also the health state of themachine and its elements. Noise reduction today is still fairly experience based,
which requires generating a good understanding of noise generation, noise transmission and noise radiation and is
discussed in this paper. Measurement of noise and its analysis are indispensable for the traceback to the origin to
focus the countermeasures but also to reveal the signal content out of the sound waves. Noise prediction is still at
the threshold of industrial application, but will in future play a major role for including noise topics into the design
from the beginning and not only as corrective measures after the machine is built. Available simulation tools are pre-
sented in this paper. The greatest progress in this respect stems from room acoustics and the automotive industry,
where the requirements are much stricter than in the manufacturing environment. Ways and achievements in the
utilization of noise signals for process andmachine healthmonitoring will also be presented. The industry seeks here
for broad band sensors, able to carry large amounts of easy to retrieve signals to reduce the number of additional sen-
sors. Typical standards today collect countermeasures being applied for spreading the knowledge generated for intui-
tive approaches. The paper also shows future trends and developments and the research required in that field.

© 2021 Published by Elsevier Ltd on behalf of CIRP.
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1. Introduction

According to a study [166] from 2005 250 Million people are suffer-
ing worldwide from occupational noise induced hearing loss due to
insufficient noise prevention. Significant efforts and huge investments
have been undertaken for over a century to mitigate the evil of noise in
manufacturing for the wellbeing of occupants but still today the capabil-
ity to predict noise levels is very limited. This results from the five
dimensional character of noise events depending on space, time and fre-
quency. On the other hand, noise signals out of processes and machines
provide rich and valuable signals for diagnosis and monitoring, which
have only recently attracted increasing attention but are by far not
developed to maturity. Providing adequate working conditions as well
as monitoring for increasing autonomy of manufacturing systems are
today of ultimate importance and demand scientific solutions.

The discussion on noise emission in public areas started in the late
19th century with quantitative studies on workers in boiler manufactur-
ing companies and the founding of the world’s first Society for the
Suppression of Noise in 1890 in London. Different legislative acts that
followed limited the noise emission especially in the public domain.
Noise in manufacturing started to become a real topic around the 1950s
recognizing that not only hearing damage but also attenuation of effi-
ciency and safety of workers result from noisy environments. Occupa-
tional health requirements became increasingly strict. In 1995, the
European machinery directive [44] was enacted together with national
regulations with precise requirements for employers and employees.

A large campaign of noise level measurements of machine tools
under workshop conditions according to ISO 8525 published in [33]
reveals that nearly all machines exceed under full power the limit of
85 dBA. Fast stamping machines, wood working machines and weav-
ing machines range among the loudest manufacturing equipment.
Furthermore, large differences between similar machines and rela-
tionships between spindle speed or power and the emitted noise
level have been found.

Today noise emitted from machine tools is rated as a quality
defect. Standards have been developed that help engineers to modify
and enhance existing designs with respect to noise reduction, as for
instance VDI 3720 [237-241]. These standards mirror the state of the
art, namely, taking a rather experience-based approach referring to
examples showing possible improvements and by this classifying the
means available so far.

To provide access to the intriguing but difficult field of sound and
noise for production engineers the physical basics of sound and human
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Fig. 1. Sound propagation and relationship between sound intensity and sound
power: ~p2ðrÞsquare of the root mean square value of the sound pressure on the closed
surface S at distance r from the source.

Table 1
Sound technological basic elements

Term formula
symbol

description in equation

Effective acoustic
pressure in N/m2

~p ~pðrÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
T

ZT
0

p̂2ðr; tÞ ¢ dt

vuuut ð2Þ

Effective sound particle
velocity in m/s

~v ~vðrÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
T

ZT
0

v̂2ðr; tÞ ¢dt

vuuut ð3Þ

Sound intensity in
W/m2 l IðrÞ ¼ ~pðrÞ ¢ ~vðrÞ ¼ ~p2

r ¢ c ð4Þ

Acoustic power in W P PSi ¼ I ¢ Si ¼
~p2ðrÞ
r ¢ c ¢ Si ð5Þ
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hearing are provided in Chapters 2 and 3 respectively. Chapter 4 elabo-
rates on the effect chain of noise generation and radiation for a deeper
understanding of possible influences on the final noise emission. Noise
cannot be treated without discussion of vibrations, because all structural
transmission and the original initiation at the source are based on vibrat-
ing structural elements. This topic was discussed extensively in CIRP key-
note papers, e.g. [3,26], and needs mentioning but no repetition here.
The combat against noise in shop floors is still based on measuring and
experience based interaction and ends in the ultima ratio as to individu-
ally protect the workers. Noise measuring today seems to be a mature
technology and is described in Chapter 5. Chapter 6 discusses noise pre-
diction, modelling and simulation which instead is still developing for
production machinery and factory halls. This directly leads to Chapter 8,
describing current state of the art solutions for noise mitigation. On the
other hand, noise signals are also valuable to gain information from the
process and health state of the respective machinery and its elements,
which is the topic of Chapter 7 also starting off by Chapter 4. This is actu-
ally a bio-inspired approach taking into account that experienced opera-
tors recognize the mode of operation and faulty components from the
noise emission. Still technology is far behind the tremendous capabilities
of human hearing in detecting differences between sound signals. Acous-
tic emission (AE) based on structure-borne noise as well as airborne
noise is sampled and analysed. The value of noise as a signal is its rich
information content in terms of loudness, frequency spectrum and direc-
tion of propagation, all as function of time, enabling to trace it back to its
source. Its importance is ever growing, as monitoring of machinery espe-
cially within Industry 4.0 is the basis for data analytics, machine learning
and predictive maintenance.

Noise emission of machine tools was after a group of early papers,
recognizing noise as problem [23,24], reviewing standards [115], dis-
cussing noise measurement topics [254,228], and noise reduction of
loud machinery [45,229,230], not really a fashionable topic within
CIRP other than in the context of monitoring, e.g. [256]. The physics
of noise with its five dimensions is in its full complexity not accessi-
ble to industry nor in typical manufacturing applications. Therefore
standards and guidelines are the basis of all industrial activities
around noise emission, and the most important ones are the ISO
standards [87-113] and also VDI2711 [247], VDI3720 [237-241] and
VDI 3740 [242�246].
Fig. 2. Schematic representation of an anechoic chamber [19].
2. Physical Principles

The transport of energy in an elastic medium in terms of mechanical
vibrations (waves) is called sound. The alternating quantity p, which
superposes the atmospheric pressure p0, regarded as time- and location-
independent, is the sound pressure. The sound event, which is perceived
at one location, comprises two major attributes, the sound intensity and
the frequency f or wavelength λ. The frequency range below 16 Hz is
referred to as infra-sound, and above 20,000 Hz as ultra-sound. The
acoustically audible frequency ranges between 16 Hz to 20,000 Hz.
Sound pressure is the physical quantity for the identification of sound
emission. The pressure fluctuations are caused by the compression
and relaxation of air particles. The sound velocity vector indicates
the direction of sound propagation. Sound events cause air particles
in a volume of the area A and of infinitesimal height to fluctuate in
pressure and velocity. A sound field is defined if the sound pressure
and the sound velocity are known at every point and time. The
propagation of sound waves in a sound field occurs at the speed of
sound c. The sound energy transported per unit area and time,
which is caused by an energy source, is called sound intensity,
defined as p(t) ¢ v(t). The mean intensity is obtained by averaging
this quantity over the time period T.

I rð Þ ¼ 1
T

ZT
0

p r; tð Þ ¢ v r; tð Þ dt in W=m2 ð1Þ

The total sound power of a source is obtained by integrating the
sound intensity over a closed surface S around the sound source.
Table 1 shows definition and use of effective pressure and speed.
PQ ¼
I
S

~p2 rð Þ
Z

¢ dS ¼
Xn
i�1

PSi ¼
~p2 rð Þ
r ¢ c ¢ S in W ð6Þ

If the sound generated by a source can propagate unhindered, the
resulting sound field is a free field. Hence, the sound intensity
decreases by the power of two and the sound pressure linearly with
the distance (Figure 1). In practice, the free field is realized by
anechoic chambers (Fig. 2), in which the reflection component can be
neglected above a lower cut-off frequency (see ISO 26101 [114]).
If the sound generated by a source can be reflected at room
boundary surfaces, a constant sound field is created in the room with
a constantly emitting sound source. If the reflection component is
sufficient for the sound pressure to be constant in space, the sound
field corresponds to a diffuse field. The sound pressure drop in a dif-
fuse field is almost zero. In practice, the diffuse field is generated in
reverberation chambers, which are particularly suitable for the inves-
tigation of stationary broadband noises (cf. Fig. 3).

The sound field in factories or working rooms lies between free and
diffuse fields, which is called a semi-diffuse or real sound field. Fig. 4
schematically shows the sound field of a real room. Close to the sound



Fig. 3. Schematic representation of a reverberation chamber [132].

Fig. 4. Schematic diagram of a real sound field.
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source, e.g. a noise emitting machine, is the near field. Outside the near
field up to the reverberation radius rH, the sound field can be regarded
as a free field. From the radius rH on, the sound field is largely diffuse.
The sound waves propagate with the speed of sound c. In fluids and in
gases pressure and density waves occur by longitudinal waves, which
are the result of a particle motion in the direction of the wave propaga-
tion. The speed of sound cfg in gases is a function of the density r0 in the
initial status and adiabatic modulus of compressibility k:

cfg ¼
ffiffiffiffiffiffiffiffiffiffiffi
k ¢ p0

r0

r
k ¼ cp

cv
ð7Þ

which is a measure for the density change in the fluid. The ratio of the
specific heat cpof a gas at constant pressure to that of a gas at constant
volume cv arises because sound waves induce adiabatic compression,
and thus contribute to the pressure induced by the compression. Acous-
tic waves in solid materials instead prevail as longitudinal waves, where
the direction of oscillation is parallel to the propagation direction with
speed csl, or transverse waves with propagation speed cst caused by an
oscillation vertical to the propagation direction. The speeds of sound in
solid-state media depending on the density r, Poisson ratio µ and
Young’s modulus E of the solid material are then calculated as:

csl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E ¢ 1� mð Þ
r 1þ mð Þ 1� 2mð Þ

s
cst ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E

2r 1þ mð Þ

s
ð8Þ
Table 2
Speed of sound of materials used in machine tool design

speed of sound

cair � 340 m/s at T = 15°C cAl (7075-T6) � 6,350 m/s

cwater � 1,450 m/s at T = 10°C cconcrete (C20/25) � 2,240 m/s

csteel � 5,200 m/s cconcrete (C30/37) � 2,355 m/s

ccast iron � 4,990 m/s
Table 2 indicates the speed of sound for different materials. The
basic equations for acoustics consider the mass- and momentum con-
servation. For sound waves in air, the correlation between the sound
field quantities can be described by the wave equation of the acoustic
velocity potential f [214]:

1
c2

@2f

@t2
� Df ¼ 0 ð9Þ

The harmonic approach applied in the wave equation results in
the Helmholtz-equation:

Dfþ k2f ¼ 0 ð10Þ
The solution for the wave equation (9) follows as:

f ¼ f0

r
¢ e�ikr ¢ eivt in m=s ð11Þ

Here r is the distance of the source and f' is the constant quantity
with the dimension m3/s. k is the wave number:

k ¼ v

c
¼ 2p

λ
in 1=m ð12Þ

v is the wave frequency in rad/s. The wave equation (9) and the solu-
tion approach (11) can be used to calculate p and v:

p ¼ � r
@f

@t
¼ if0 ¢ vr

r
¢ e�ikr ¢ eivt ð13Þ

v ¼ @f

@r
¼ f0

r2
1þ ikrð Þ ¢ e�ikr ¢ eivt ð14Þ

The ratio between sound pressure p and sound velocity v is called
the acoustic impedance or acoustic resistance. With (13) and (14),
the acoustic impedance can be calculated [214,216]:

Z ¼ p
v
¼ rc ¢ ikr

1þ ikr
¼ p̂

v̂
¢ i
1þ ikr

¼ p̂
v̂
¢ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ k2r2
p ¢ ei’ ð15Þ

The phase angle ’ between sound pressure and sound velocity is:

’ ¼ arctan
Im p

v

� �
Re p

v

� � ¼ p

2
� arctan 2p

r
λ

� �
ð16Þ

It follows that the transition from ’ = 90° to approximate phase
equality ’ � 0° takes place at a relatively short distance. It can be
noted, that r = 0 results in ’ = 90°, r = λ changes ’ to � 9°, and r = 3λ
by ’ � 3°. For practical application, this means that at a distance of
one wavelength r � λ the sound field can be regarded as quasi even,
i.e. sound pressure and sound velocity are approximately in phase.
For industrial noise where the dominant frequency lies in the range
of f > 30 Hz, the phase equivalence is already achieved at a distance
of r � 1 m, which is recommended in standards, e.g. ISO 3744 [93] as
measuring distance for sound pressure measurements. At a distance r
from the source (r >> λ) the acoustic impedance Z, defined in Ns/m3,
is a real quantity (p and v are in phase):

Z � r ¢ c ð17Þ
In practice, this is already used at a distance of r � λ because (13)

and (14) then reduce to:

p ¼ i ¢ vr
r

¢ e�ikr ¢ eivt ¼ i ¢ p̂ ¢ e�ikr ¢ eivt ð18Þ

v ¼ i ¢ f
0 ¢ v

r ¢ c ¢ e�ikr ¢ eivt ¼ i ¢ v̂ ¢ e�ikr ¢ eivt ð19Þ

For air at room temperature Zair � r � c � 410 Ns/m3 (c � 340 m/s;
r = 1.21 kg/m3). With a real impedance

v ¼ p
Z
¼ p

r ¢ c
ð20Þ

holds for v. For large r or r/λ the intensity of the spherical wave field
decreases with 1/r2. With (20) and (4), the sound intensity is:

I rð Þ ¼ ~p rð Þ ¢ ~v rð Þ ¼ ~p2 rð Þ
Z

¼ ~p2 rð Þ
r ¢ c ¼ ~v2 rð Þ ¢ Z ð21Þ

In machine tool structures, the sound propagation in noise-effect
chains is significantly affected by respective mechanical components
and their interfaces. The mechanical impedance is the resistance that
an elastic structure provides to the forces acting on it. If the excitation
force in periodic excitations and the system speed at the same point
are in the same direction, the input impedance can be expressed by
the quotient of force and speed. The mechanical input impedance ZE
is usually complex, i.e. the force and the velocity are phase-shifted. A
high input impedance ZE leads to low structure-borne sound in the struc-
ture during force excitation. The idealized input impedance can be illus-
trated for different components, e.g. the coupling points of machines to
the structures, using the example of a damped single-mass oscillator



Table 3
Effect chain of noise within machine tools [255]

term formula symbol

input impedance (conversion of the
exciting force into vibration speed
of the component) in Ns/m or kg/s

ZE ¼ F̂
v̂1

(35)

transfer function in the machine
structure (vibration speed stimu-
lated component referring to
vibration speed radiation
component)

GU ¼ v̂2
v̂1

(36)

radiation factor: transfer of the
movement of the radiation com-
ponent to the air, resulting in the
acoustic power

AF ¼ P̂
v̂2

(37)

degree of radiation or radiation level
(S = vibratory surface)

(38)
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with the external periodic excitation force at the angular frequency
v = 2pf and F ¼ F̂ ¢ ejvt. The structure oscillates with the frequency v and
causes vibration displacements x. It follows:

ZE ¼ F̂
v̂
¼ F̂

_x
¼ imvþ dþ kF

iv
ð22Þ

The input impedance is composed of three components. The ground
impedance ZM ¼ imv defines the impedance of a point mass. The
damper impedance ZD ¼ d represents the impedance of a velocity pro-
portional damper. The vibration velocity of the damper is in phase with
the external force. The impedance share of a spring is ZF ¼ kF

iv . The input
impedance composed of the three basic impedances can take on very dif-
ferent values and phase shifts. In order to illustrate the physical signifi-
cance of the mechanical impedance, the ratio given by jZj=v as a
function of frequency is the dynamicmassmb. The dynamicmass charac-
terizes the resistance of a structure to external forces and depends on the
frequency. For a large compact mass, the dynamic mass tends to the
same value as themass of the structure. Examples are:

ideal spring mb ¼ kF=v2 ð23Þ

ideal damper mb ¼ d=v ð24Þ

ideal beam mb ¼ 2
ffiffiffi
2

p
rA ¢ 4

ffiffiffiffiffiffiffiffiffi
EJb
r ¢A

s
¢ ffiffiffiffi

v
p �1 ð25Þ

ideal plate mb ¼ 8 ¢
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E ¢h3
12 1� m2ð Þ ¢ rh

s
¢ v ð26Þ

Above E denotes the modulus of elasticity, µ the Poisson number,
r the density of the panel with the thickness h, A the sectional area, Jb
the area moment of inertia, kF the spring constant, and d the damping
coefficient. The decreasing dynamic masses of machine tool struc-
tures promote their excitation to oscillate with increasing frequency.
The dynamic mass behavior can be significantly improved by the aid
of a compact mass at the point, where the excitation force is intro-
duced. In contrast to ideal components, the impedance of real com-
ponents does not have a continuous course over the frequency and
show resonances and anti-resonances as depicted by equation (24).
Below the 1st input frequency of the component, the components
behave like a free mass and a spring. Attenuation measures in this
frequency range are ineffective. At higher frequencies, resonance
excitations can cause considerable drops in the impedance curve and
thus elevated vibration amplitudes can occur. Damping measures at
high frequency range lead to significant vibration reductions in the
resonance cases. By further increase of the actuating frequency at
machine tool structures, plate or beam vibrations occur. The damping
measures in this frequency range are not particularly effective in
order to reduce vibrations. Since in many cases, e.g. during the design
phase, a determination of the impedance by measurement is not pos-
sible, a simplified model for the estimation of the mechanical input
impedance by jZj � v ¢ mb without taking into account resonance
effects is proposed in [72]. mb corresponds to the mass within an
imaginary sphere at the point of force introduction with the radius
λ/4, where λ is the bending or shear wavelength. In most cases, λ cor-
responds to the bending wavelength λB for plate-like components, as
they occur in many sound-radiating machine structures or surfaces.
In [214] the bending wavelength is determined as:

λB ¼ cB
f
¼

ffiffiffiffiffiffi
2p

p ¢4
ffiffiffiffiffiffiffiffiffiffiffiffiffi
B0=m00

q
¢ 1ffiffiffi

f
p ð27Þ

cB ¼
ffiffiffiffiffiffi
2p

p ¢4
ffiffiffiffiffiffiffiffiffiffiffiffiffi
B0=m00

q
¢

ffiffiffi
f

p
ð28Þ

with cB the bending shaft speed in m/s, B0 the bending stiffness of the
plate in Nm in relation to length, m00 the mass of the panel in kg/m2

relative to the area. For a plate with the thickness h the following can
be derived:

B0 ¼ E ¢h3
12 1� m2ð Þ in Nm ð29Þ
m
00 ¼ r ¢h in kg=m2 ð30Þ
The mass within the imaginary sphere with the radius λB/4 corre-

sponds to the mass of a circular disc with the radius λB/4 on a flat
plate. With (27) to (30) the dynamic mass of the flat plate can be
determined and results in its mechanical input impedance.

mb � p ¢ λB
4

� �2

¢h ¢ r ¼ p2

8
¢

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E ¢ r

12 1� m2ð Þ

s
¢ h

2

f
ð31Þ

jZj � v ¢mb ¼ p3

4
¢

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E ¢ r

12 1� m2ð Þ

s
¢h2 ð32Þ

The impedances determined with this approach can only be used
as approximation if no pronounced eigen-frequency occurs. How-
ever, in machine tool structures operational modes with excited
vibrations may occur, but should be avoided.

Table 3 summarizes the effect chain of noise transfer through
machine structures. The transfer function GU of the mechanical struc-
ture then considers the vibration speed of the stimulated component
referring to the vibration speed of a radiating component. Indirect
sound radiation is sound that is radiated from components that are
not directly mechanically excited. The sound travels as structure-
borne sound from the excitation point to the radiating component, e.
g. housings. The transfer of the movement of the radiation compo-
nent to the air can be described by the acoustic power radiation fac-
tor AF. Alternating forces occur e.g. in cutting processes with rotating
tools, gearboxes due to shocks of gear tooth contact, rolling and fric-
tion effects, unbalance of rotating components like main spindles or
tools or hydraulic systems with pressure pulsation, flow deflections
and cross-sectional tube changes. In the simplest case, the intensity
(see [134]) of the radiation has the magnitude

(33)

where ~v2
S is the mean square of the RMS value of the velocity on the

radiating surface S, Z the sound impedance of the air, bv2
2 denotes the

square of the RMS value of the velocity on the radiating surface ele-
ment dS, ~v2

Si denotes the square of the RMS value of the velocity as
the mean value for the partial area Si. Under the typically applied
assumption that all surface parts are in phase with the mean velocity
square ~v2

S , the radiated sound power of this surface can be deter-
mined as follows:

P̂vibr ¼ ~v
2
S ¢ Z ¢ S ð34Þ



Fig. 5. Auditory sensation area.
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Here P̂vibr is the theoretically radiated sound power, which usually
represents the maximum possible value. The actual radiated sound
power of the area S is smaller, which is taken into account by the fac-
tor s, the degree of radiation of the surface S. This factor indicates the
proportion of the sound power that is actually radiated in the air.

Thus, s indicates the extent to which structure-borne sound is
radiated as (secondary) airborne sound at the respective frequencies.
The radiant efficiency s' is given as the radiation level in dB:

s0 ¼ 10 lg sð Þ ð39Þ
The degree of radiation is also frequency-dependent. At frequen-

cies above a cut-off-frequency fg at which the air and bending wave-
lengths are the same (λair = λB), the structural oscillations are in most
cases fully radiated (s � 1). For f < fg the larger sound wavelengths in
the air prevent the radiation of the smaller bending wavelengths,
which is called the acoustic coincidence effect [38] resulting in s < 1.
The cut-off frequency fg can be determined by design measures.
Fig. 6. Frequency spectrum of SPL without and with third and octave filter.

Fig. 7. Curves of same loudness for sinusoidal (binaural) single notes, weighting curves
to approximate the volume of noise (ISO 226, [88]).
3. Human hearing

For noise mitigation the interesting frequency range is repre-
sented by the detectable audio band of human hearing, the frequency
range from 16 Hz to 20 kHz. Arbitrary sound signals can be repre-
sented by a sum of single pure tones at different amplitude and fre-
quency. Moreover, the sensitivity of tone pitch of humans shows that
the difference in pitch of two tone pairs is perceived as equal when
the frequency ratio of the two pairs of tones is the same.

fa1=fa2 ¼ fb1=fb2 ð40Þ
These principles find common consideration for instance in music

and are used in the classification of octaves or other tone intervals
like third, fourth or fifth. A stimulus R has to be increased by a certain
percentage in order to achieve the same change in the corresponding
perception. An increased perception ΔE, e.g. the perception of pitch,
loudness etc., shows a proportionality to the ratio of increase of stim-
ulus ΔR relative to the initial stimulus R, considering the ratio factor k.

DE ¼ k
DR
R

ð41Þ

Equation (41) describes Weber�s law of the relative change of per-
ception, which was discovered in the year 1834. A change in the
amplitude of sound pressure from p to 2¢p is observed to be equal to
a change from 5¢p to 10¢p. This relationship E(R) (41) can be trans-
formed in a differential equation and integrated:

E ¼ k ln
R
R0

¼ 2:3k lg
R
R0

ð42Þ

The perception of sound volume is proportional to the logarithm
of the physical stimulus, which is the sound pressure level (Weber-
Fechner�s law). The sensory perception according to a logarithmic
function significantly increases the sensitivity of perception just
above the threshold of audibility R = R0 and accordingly mitigates
huge stimuli (overload protection). The threshold of human hearing
is determined by 20 µPa and the auditory pain threshold lies at about
200 Pa, which is 7 orders of magnitude higher. For a continuing sound
signal the effective value can be determined as root mean square by:

pa;rms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
T

Zt0þT

t0

p� p0ð Þ2dt

vuuut ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
T

Zt0þT

t0

p2adt

vuuut ð43Þ

T defines the periodic time of oscillation. The sound pressure level
(SPL) Lpa

is defined by

Lpa ¼ 20 lg
pa;rms

pa;ref
pa;ref ¼ 20mPa ð44Þ

The reference value pa,ref represents the threshold of audibility of
the human ear at 1 kHz. The area between the threshold of quiet and
the threshold of noise pain, both functions of frequency, is denoted
as the auditory sensation area. Fig. 5 depicts the large auditory area.
The sound pressure at the threshold of audibility, sound pressure
level of 0 dB, can be measured by pa = 20 µPa and the threshold of
noise pain lies at 140 dB representing a sound pressure of 200 Pa. The
threshold of hazard is valid for an exposure of 8 hours per day.

Fig. 6 shows the approximation of a sound pressure level spec-
trum and its approximation with octave and third band measure-
ments, indicating the increase of deviations with increasing
frequencies. In Fig. 7, the curves for frequency dependent human per-
ception of the same sound volume are depicted according to ISO 226,
[88]. The sound volume still depends on the type of noise (pure tone,
random noise of defined bandwidth), the transmission of sound
(free-field or diffuse field) and finally on the age of a tested person.
For acoustic frequency analysis, the octave and third filters are
applied having both constant relative bandwidth. These have a center
frequency as reference value shown in Table 4.
The loudness N is the perception of the sound volume by the
human ear. The corresponding sound volume level LN in phon can be
determined according to DIN 45631 [42] by

LN ¼ 40þ 33:22 lgN for N � 1
40 N þ 0:0005ð Þ0:35 for N<1

	
ð45Þ

Since the degree of loudness cannot be directly measured, for
practical applications, in which the volume is to be gauged, the sound
level values are evaluated with a filter curve (A curve) defined in DIN
45633 [43] and depicted in Fig. 8. The unit is extended with the letter
A in brackets: LWA=100 dB(A) - the A-weighted sound power level. In
addition B, C or D filter curves are available. The unit dB(B) represents
the inverse 60-phon-curve and is used for the evaluation of noise in
car interiors, whereas dB(C), as the inverse 80-phon-curve, is used
for the evaluation of low frequency sound emissions. For the analysis
of air-traffic noise the D-weighted filter is applied including the
annoyance effect of sounds.



Table 4
Centre frequencies of third and octave filter (DIN EN 61672-1)

channel octave
[Hz]

third
[Hz]

ΔL
[dB]

channel octave
[Hz]

third
[Hz]

ΔL
[dB]

1 16 16 56.7 28 630 1.9

13 20 50.5 29 800 0.8

14 25 44.7 30 1000 1000 0.0

15 31.5 31.5 39.4 31 1250 -0.6

16 40 34.6 32 1600 -1.0

17 50 30.2 33 2000 2000 -1.2

18 63 63 26.2 34 2500 -1.3

19 80 22.5 35 3150 -1.2

20 100 19.1 36 4000 4000 -1.0

21 125 125 16.1 37 5000 -0.5

22 160 13.4 38 6300 0.1

23 200 10.9 39 8000 8000 1.1

24 250 250 8.6 40 10,000 2.5

25 315 6.6 41 12,500 4.3

26 400 4.8 42 16,000 16,000 6.6

27 500 500 3.2 43 20,000 9.3

Fig. 8. A-, B-, C- and D-weighted filter curves [87].

Table 5
Reference values for different levels

acoustic
hydro-
acoustic ISO 1683

sound pressure p0 p0 ¼ 2 ¢10�5 Pa 1 µPa 20 µPa

force 1 N 1 N 1 µN

acceleration p ¢ 10�3 m/s2 - 1 µm/s2

sound velocity v0 v0 ¼ p0
r0 ¢ c0 ¼ 5 ¢10�8 m/s - 1 nm/s

sound power P0
P0 ¼ p20

r0 ¢ c0 ¢ S0 ¼ 10�12 W
1 pW 1 pW

sound intensity I0
I0 ¼ p20

r0 ¢ c0 ¼ 10�12 W=m2
1 pW/m2 1 pW/m2
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Certain challenges can be found in assessing of intermittent sound
signals like the noise occurrence of traffic or production machines,
and determining how sound levels can be compared. In this case, the
energy-equivalent continuous sound level Leqpa

is used and can be
determined as

Leqpa ¼ 10 lg
1
T

ZT
0

p2a;rms

p2a;ref
dt

0@ 1A ð46Þ

Depending on the application, different integration times are used
between a couple of seconds, minutes or even hours.

Psychoacoustics deals with the relationship between the human per-
ception of sound resulting from auditory events and the related physical
sound field parameters. Noise is a subjective quantity and characterizes
the perception of sound processed by the human ear and its evaluation
in the brain. Therefore, noise pollution is decided by the affected person.
Fig. 9 schematically depicts the relationship between sound and noise as
well as the human defensive reactions. Important psychoacoustic
parameters according to [274] are the loudness, which considers the dis-
tribution of frequencies (unit: sone), and the definition of sound, a
Fig. 9. Relationship between sound, noise and defensive reactions [274].
weighted measure for the distribution of the critical band rate of the
loudness, which values the spectral components at higher frequencies at
the rate of total loudness (unit: acum). Finally, the harshness of sound
represents the temporal structure of sound signals together with the
degree of modulation and the level difference (unit: asper).

In case of sound events, the signals overlap is called the auditory
masking effect; the simultaneous auditory masking, if sound events
occur in parallel, the pre-masking effect, where short impulses start
just before the occurrence of the main impulses consecutively start and
the post-masking effect, which incorporates the reverse effect [274].
The human sense of hearing integrates particular frequency areas in fre-
quency groups. Two tones at the same sound pressure level in the same
frequency group are recognized to be softer compared to tones out of
different frequency groups. The frequency groups are defined by the
unit Bark [274]. Sound events like speech or music occur time limited
and time dependent. The sound volume of a tone burst decreases with
a duration < 100 ms. A reduction of the duration of sound by factor 10
reduces the sound volume level by 10 phon. Based on the human hear-
ing ability, the sound field values are always given as levels with the
unit dB. With power P the sound power level LW is:

LW ¼ 10 lg
P
P0

in dB ð47Þ

sound intensity level LI ¼ 10 lg
I
I0
dB ð48Þ

sound pressure level Lp ¼ 10 lg
p2

p20
¼ 20 lg

p
p0

dB ð49Þ

sound velocity level Lv ¼ 10 lg
v2

v20
¼ 20 lg

v
v0

dB ð50Þ

K0 ¼ �10 lg
r ¢ c
r0 ¢ c0 r0 ¢ c0 ¼ 400 Ns=m3 ð51Þ

is the sound impedance level. The power level can be computed from
pressure levels, when the sound pressure is constant over the surface
S, introducing a surface level LS:

LW ¼ Lp þ Lp LS ¼ 10 lg S=S0ð Þ S0 ¼ 1m2 ð52Þ
Table 5 summarizes the preferred reference values for acoustical

and vibratory levels (cf. ISO 1683, [90]).
sound impedance K0 p0
v0

¼ r0 ¢ c0 ¼ Z0 ¼ 400 Ns=m3 -
The energetic or power averaging of n levels of successive sound
events results analogously in the level addition:

P ¼ 1
n

Xn
i¼1

Pi p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
i¼1

p2i

vuut ð53Þ

The average level in dB is then obtained by the logarithmic ratio of
P and P0. In addition to the sound pressure level, peculiarities in the
spectral distribution are taken into account in case of narrow-band
components and short pulse-like level increases. The assessment level
Lr (noise rating level) enables the noise pollution to be characterised by
specifying a single value for a defined period Tr (assessment time, [93]).
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4. Effect chain

The noise emission of machine tools is not limited to the process
zone, but the fluctuating process forces excite the material as well as
the machine structure [255]. Generally, the effect chain of noise emis-
sion incorporates airborne and structure-borne sound transmission
as well as transitions (Fig. 10) [133]. Primary or direct sound emission
is caused by fluid dynamic mechanisms (e.g. pulsation, turbulence, jet
blasting, compression shock, thermal processes). Secondary or indi-
rect sound emission is a result of radiation of structure-borne sound,
which is caused by structural vibrations due to mechanical excitation
(e.g. mechanical shock, unbalance, inertia, magnetic forces, etc.).
Fig. 10. Sound transmission chain.

Fig. 12. Noise generation, transmission, radiation for milling machines.
Fast stamping machines, depicted generally as presses shown in
(Fig. 11), are among the noisiest machines in manufacturing. The
most important noise emitted from presses in stamping operation is
due to the sudden release of the drive system when the breakthrough
happens after piercing the material. This extremely high energy
release excites machine structure vibrations in a broad frequency
range. Vibrations of the material surfaces are the second most impor-
tant source of noise. The intermittent process also leads to accelera-
tions of the material strip and, thus, flutter-vibrations of the material.
Parts being removed out of the machine and scrap dropping down in
the scrap collection system further contribute to the overall noise.
Also, drive systems and hydraulics generate noise. Electric drive sys-
tems are excited by changing electromagnetic forces and introduce
vibrations into the machine structure (Section 6.5).
Fig. 11. Noise generation, transmission, emission of press lines.

Fig. 13. General sources of AE and sources of AE at varying stages of material removal
[137,124].
Noise generation in gear drives stems from changing forces within
the interaction of gears. Parameter excited vibrations come from the
alternating number of contacting teeth and resulting stiffness varia-
tion in power transmission. Also, the impact of teeth coming into
contact excites the system. Profile corrections of the teeth may
reduce the noise generation. A gear box transmits vibrations from
the drive system and radiates sound into the air from its outer hull.

Noise emission from fluid systems (e.g. hydraulics) stems from
pressure fluctuations initiated by the pump and vortices in the sys-
tem [58] (Section 8.2). Fluidics components are often attached to the
machine structures (Fig. 12) and transmit the vibrations onto it. All
vibrations introduced in the machine structure are transported
within the boundaries of the structure and finally reach the interfaces
to the surrounding air, where the surface vibrations cause move-
ments and pressure fluctuations in the air volume.
Fig. 12 describes the noise emission and transmission of a milling
machine. The main noise generation originates from the intermittent
tool engagement (Fig. 13). Thus, vibrations of structural parts of the
machine and the workpiece are excited. Fig. 11 and Fig. 12 also depict
the attenuation of noise by an enclosure. Moreover, a considerable
noise transmission into the floor and the structure of the machine
hall occurs [178]. To judge the noise behavior of a machine the whole
system, the excitation, the transmission within the machine struc-
ture, the emission into the surrounding structure and air and the
attenuation of the airborne sound by the enclosures, needs to be con-
sidered. This indicates the complexity of physical simulation and pre-
diction of noise emission.
Direct noise emission (Fig. 10) is a particular topic for laser
machines. For example, in fusion cutting, the process gas reaches
supersonic speed. In welding, supersonic cross jets are often applied
to protect the laser optics from weld spatters. Also waterjet cutting
emits noise directly by interaction of the high speed waterjet with
the surrounding air.

Airborne and structure-borne sound as well as acoustic emission
in machining is caused by the cutting process itself (Fig. 13). The
term “acoustic emission” (AE) is commonly used to describe an elas-
tic wave propagation in a frequency range of 20-2,000 kHz [137] due
to the movement of dislocations, fracture, friction and rubbing as
well as the interaction of the tool tip with microstructural features
[124,172].

Indirect mechanical sources of noise are the engagement of the
cutting edges at the workpiece and the related excitation of the tool
body, machine structure and workpiece. In stable interrupted cutting
(e.g. milling) this excitation follows the tooth passing frequency.
Thus, unstable process conditions can be identified by acoustic signal
interpretation [41]. The first contact of tool and workpiece causes an



618 K. Wegener et al. / CIRP Annals - Manufacturing Technology 70 (2021) 611�633
impact excitation. Mechanical noise excitation also occurs due to any
disturbances of stationary cutting conditions (e.g. material inhomo-
geneity, imperfections, or changes of the tool engagement). The rota-
tion of cutting tools, such as milling heads or saw blades, causes
noise emission also directly due to air pressure fluctuations in the
close vicinity of the rotating tool teeth and turbulent vortex shedding
on the rotating tool surface [32,157].

4.1. Airborne (fluid-borne) sound transmission

Sound transmission in liquids can be exploited e.g. for the transfer of
measuring signals [85]. Gas or liquid pipes are noise sources due to fluid
dynamic excitation. Sound transmission occurs within the fluid and pipe
body [176,181]. The fluid borne sound interacts with solid structures
leading to an excitation of structure-borne sound. This is again transmit-
ted to airborne sound leading to an airborne sound transmission through
and radiation by solid structures, such as plates or shells [30,211,262].
The airborne sound intensity is affected by solid bodies in terms of scat-
tering, interference and diffraction [259]. Based on these interactions,
noise insulation and attenuation can be realized by machine covers.
Besides the material properties of such covers, the percentage of open-
ings (aperture ratio) are essential for the resulting effect of noise abate-
ment. A lot of research works focus on the improvement of the sound
transmission loss through solid bodies like panels or shells by choosing
appropriate materials and internal structures [212,264,270,272].
4.2. Structure-borne sound transmission

In solid bodies, shear stresses can be transmitted, leading to addi-
tional types of sound waves (Fig. 14). The typical dimensions of
machine elements are mostly considerably smaller than a wave-
length over the frequency range of interest (e.g. the longitudinal
wavelength in steel at 1 kHz is 5 m). Due to the Poisson effect, pure
longitudinal waves do not exist in rods or plates. When a longitudinal
wave is obliquely incident upon a stress free surface, reflected longi-
tudinal and transverse waves are generated.
Fig. 14. Displacements from equilibrium and stresses in a longitudinal wave (a) and
deformation patterns of wave types in straight bars and flat plates: (b) quasi-longitudi-
nal wave where transverse displacement is exaggerated, (c) transverse (shear ware),
(d) bending (flexural) wave [53].

Fig. 15. Standard Sound Measurement: Measurement box and microphone positions
� Planing machine, ISO 3744 [93] according to [232].
This produces dispersive bending waves in beams and plates. Cur-
vatures of shell structures create waves involving longitudinal, shear
and flexural motions and sound transmission. In [169,251], the trans-
mission loss in multi-walled cylindrical shells is analysed.

Structure-borne noise and vibroacoustic problems involve a large
number of high-order structural modes. Over the dominant audio-fre-
quency range, bending waves in thin plates and shells have the lowest
mechanical impedance among structure-borne waves and are most
strongly excited by vibrational forces. They also impose the largest nor-
mal displacements on contiguous fluids and are most efficient sound
radiators [139]. Thus, the acoustic interaction of fluids and structures
tends to be dominated by bending waves. Structure-borne sound trans-
mission also involves “flanking transmission” where structure-borne
sound degrades the overall insulation performance. Furthermore, struc-
ture-borne sound is partly reflected and scattered by impedance-discon-
tinuities of structures. The elasticity of connectors strongly influences
the sound transmission of machine covers [154].

The structure-borne sound transmission from machines to build-
ing structures can be regarded as force excitation (for relatively light
machines and mounting feet) normal to the floor or wall, or as veloc-
ity excitation in the case of machines mounted on acoustical isolators
[63]. In [116,117], noise generation and transmission are character-
ized by pseudo-forces substituting internal excitation in a source by
fictitious forces on the outer surface. Besides the setup and mounting
of single machines on floors having a certain impedance [148], the
interaction of multiple machines transmitting structure-borne sound
to buildings has to be considered [149,253]. However, the realistic
characterization of structure-borne sound sources, their impedance
and interaction with their environment is still challenging
[65,79,159,161,162,168,177,227,263,266]. A method to simplify the
calculation of a machine as a structure-borne sound source and its
passive supporting structure is introduced in [160].
5. Measurement techniques and analysis

This chapter provides an overview of the essential measuring
methods for determining noise emission of machine tools. Moreover,
for some machine types there are also standardized methods, which
allow the comparability of the gained data. Today's methods do not
only aim at determining a characteristic value and quantifying the
noise emission, but also analysing the machines and especially the
localization of the sound source. Therefore, first the Standard Sound
Measurement and then a procedure for Sound Source Localization is
presented. Based on the measurement results of the sound localiza-
tion, steps for reducing noise can be taken.

5.1. Standard sound measurement

The standard sound measurement can be used to evaluate
machines with regard to their overall radiation and the influence on
the operator’s workplace. The measurement setup and the positions
of the measuring microphones are standardized in ISO 3743-1 [91],
ISO 3744 [93], and ISO 7960

[102]. These standards distinguish between measurement princi-
ples for airborne sound and structure-borne sound. Depending on
the type of machine and the manufacturing process, the test setups
are specified in the corresponding standards.

Fig. 15 shows as an example the experimental setup for a planing
machine. The measuring microphones used should cover a dynamic
range of 16.5 to 138 dB and a frequency range of 20 to 20,000 Hz. For
data acquisition and evaluation, multi-analyzers from different man-
ufacturers with appropriate software can be used [22,232]. The sound
power measurement and calculation is performed in real time. At the
beginning of each measurement, the entire measurement chain has
to be calibrated with an acoustic calibrator. All the measuring equip-
ment used needs to comply with IEC Class 1 (International Electro-
technical Commission) standards.



Fig. 16. Sound source localization with an intensity probe [22].

Fig. 17. Sound intensity probe according to [232].
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The arrangement of the measuring points corresponds to the
enveloping surface method according to ISO 3743-1 [92] and ISO
3744 [93], whereby the sound power emitted by a noise source is
measured at several measuring points on an imaginary cuboid envel-
oping surface (measuring surface S) enclosing the source. For wood
machining, the measuring surface shown in Figure 15 with the speci-
fied dimensions used to determine the sound power level, as well as
the emission SPL at the workstation Eqn 47 and equation (49) respec-
tively. The measurements are taken at the microphone positions
shown.

5.2. Sound source localization

In contrast to the measurements referring to the standards focus-
ing on sound pressure, the majority of noise effects discussed in
research evaluates additional properties of the signals obtained via
microphones. The goal of Noise Source Identification (NSI) is to iden-
tify the most important noise sources on a machine tool, in terms of
position, frequency content and sound power radiation. The fre-
quency ranges and the spatial resolution depend on the chosen
method.

5.2.1. Sound source localization using a microphone array
Sound mapping, based on sound pressure, sound intensity and

selective intensity, is done using a microphone array. The SPL is mea-
sured at various positions around the object using a single channel
Fast Fourier Transform (FFT) or 1=3-octave-analyser over a point grid.
A contour map of measured data reveals location and characteristics
of the noise source.

Nearfield Acoustic Holography (NAH):
Using a regular grid of microphones with a number of reference

transducers, cross- and autospectra are measured over the entire test
object. With Spatial Transformation of Sound Fields (STSF) using prin-
cipal component decomposition, a model of the acoustic field is gen-
erated covering pressure, particle velocity, power and intensity. This
way the acoustic field can be calculated at different distances from
the object under test, using 2D FFT efficiently. As a limitation, the
object has to be measured completely to avoid artefacts and transient
sources have to be handled using Non-Stationary STSF [16,119,126].

For cyclostationary sound fields as the vibration and acoustic sig-
nals of rotating components, such as bearings or gears, a Cyclosta-
tionary Near Field Acoustic Holography (CYNAH) procedure has been
proposed applying a Cyclic Spectral Density (CSD) of sound pressure
to STSF procedures instead of the Power-Spectral-Density (PSD) or
spectrum for displacement in the CYNAH hologram. In this way, side-
band disturbance and the loss of time-varying statistics, drawbacks
for NAH of cyclostationary sound fields can be overcome.

Statistically Optimized NAH (SONAH):
A method arising from STSF is known as Statistically Optimised

Nearfield Acoustical Holography (SONAH) [16,119,126]. This method
is characterized by a set of mapping surfaces formed by a transfer
matrix to calculate the propagating waves. A linear decomposition of
the noise-emitting source fits a plane wave model in such a way that
the estimation error is minimized. With a double layer of sensors,
sources in front of and behind the microphone array can be
distinguished. Due to the optimized evaluation of the resulting
model, a non-uniform grid of microphones can be used and with
optimal average accuracy, a better performance at low frequencies
occurs. This results in a lower sensitivity to sources outside the calcu-
lation plane, and a new acquisition of the entire measuring range is
unnecessary. In addition, a possibly irregular grid increases flexibility
and a combination with beamforming processing described in 5.2.3
increases the frequency range.

Known calculations can be used to gain sound pressure, intensity
or velocity on the surface of an object. A 3D-model of the test object
is combined with a precise location of the microphone array, assum-
ing stationary noise characteristics. The obtainable resolution for
NAH/SONAH is equal to the microphone spacing. Regarding the cov-
ered measurement area, for NAH, all acoustical energy shall pass
through the array area, which leads to large arrays. For SONAH, this
constraint is not valid, but a good representation of the sound field is
obtained only inside the covered area.

5.2.2. Sound source localization using a sound intensity probe
For the targeted implementation of noise reduction measures on

machine tools, it is necessary to determine the dominant sound sour-
ces. The sound intensity method is one of the most widely used mea-
suring methods for sound source localization. Sound intensity
mapping (SIM) consists of a phase-matched pair of microphones to a
reference signal. Thus, the acoustic energy flow, provides amplitude,
and the propagation direction of the sound energy can be gauged.
The method has been included in many international standards to
measure sound power.

With the help of SIM, sound intensity spectra at numerous points
on a grid enclosing the object under test can be captured. The result-
ing contour plot is superimposed on a photograph revealing localisa-
tion of the noise sources. The vector quantity is the major benefit of
sound intensity mapping over sound pressure level providing local-
isation in spite of background noise. The wavelength of sound and
the distances between the measuring points are the limiting aspects
of the spatial resolution of the sound intensity map. For selective
intensity, the part of a completely measured sound intensity being
coherent with a specific reference signal is determined. An acceler-
ometer measurement or another acoustic, force of vibration, electri-
cal signal gained near the sound emitting component can provide
such a reference signal. A selective intensity close to the full intensity
would prove the presumption then. By this, a more specific localisa-
tion can be achieved in comparison to SIM.

An intensity probe consists of two measurement microphones
separated to a given distance with a “Spacer” (Fig. 17). These micro-
phones are used for determination of sound pressure as well as sound
velocity. At several points of measurement on the overall measure-
ment area (division of the area in segments on each side), the sound
intensity is acquired. With this map of sound intensities, the domi-
nant sound source can be eventually identified. With such an inten-
sity probe, the determination and calculation of the sound power
level can be done simultaneously. Due to the vectorial properties of
sound intensity, one can eliminate almost all of the background noise.
To compute the sound power, all values of sound intensity are multi-
plied with the area of each segment on the measurement surface.
The result of SIM allows identifying weak points in noise emission of
a planing machine in detail (Fig. 18). The wooden workpieces are led
through the machine from one side to another. The results show that
the maxima of noise emission are mainly located at the inlet and out-
let points.



Fig. 18. Sound source localization in a planing machine with a sound intensity probe
[80].

Fig. 19. Set-up of an Acoustic Camera according to [232].

Fig. 20. Detecting of the noise source with acoustic camera [76,205].
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5.2.3. Sound source localization using an acoustic camera
Beamforming is a technique for determining the position of sour-

ces in wave fields (e.g. sound fields). An array of microphones in com-
bination with beamforming calculations behaves as a lens similar to a
camera. The signals are processed to determine the directional char-
acteristics of the incoming sound. Sound, captured from a focus direc-
tion, is measured with high accuracy and resolution by this method.
Other directions are detected in a reduced manner. A large difference
between main- and secondary direction helps to reduce spurious
peaks known as “ghost images”, occurring on regular grids when the
distance between the microphones is larger than half a wavelength.
Randomly distributed microphones would be ideal, but impractical.
As a compromise, a random distribution of microphones is repeated
to form an array [119,126].

Refined beamforming, incorporating deconvolution algorithms
such as Non-negative least squares (NNLS) or Deconvolution Approach
for Mapping Acoustic Sources (DAMAS), are used to improve the spa-
tial resolution significantly.

Spherical beamforming represents the extension of planar beam-
forming to spherical arrays. This way, no preferential directions are
considered and all directions around the sphere can be observed.
This method may be preferable for the measurement in enclosures,
but can also be applied for free-field conditions. As for the SIM, the
resolution for beamforming depends on the wavelength and the grid
size of the array as well. A deconvolution technique such as refined
beamforming can improve this [16,119,126].

For signal processing, Spherical Harmonics Beamforming [126]
(Beamforming in Variants) is typically applied. The sampled sound
field by the microphones is decomposed into spherical harmonics
functions of different orders. An estimation of the values from a spe-
cific direction is based on this decomposition. For spherical beam-
forming assuring that the measurement distance is more than about
twice the radius of the spherical array, there is no limitation to the
area covered. Applying this method to all directions around the
sphere generates the acoustic map. As for the (planar) beamforming
technique, limitations exist in terms of resolution and dynamic range.
Increasing the sphere’s radius increases the spatial resolution for a
given frequency.

To perform the beamforming technique, devices such as an acous-
tic camera, a microphone array or an acoustic antenna are used.

In addition to sound mapping with the aid of intensity measure-
ment technology, another possibility is the metrological localization
of acoustically dominant machine assemblies and acoustic interfer-
ence sources with the aid of microphone arrays (Fig. 19). To build up
an acoustic camera, several sound pressure microphones are
arranged around a digital camera, which record time-dependent
changes of the sound pressure of different locations on several chan-
nels. A noise map is then calculated and is faded over the video image
of the measured object in color-coded form [76]. The signals are
shifted in time against each other in such a way, that the transit time
of the sound between each microphone and the respective point on
the object is compensated. When the delay-corrected microphone
signals are added, the components radiated by sources at this point
are superimposed constructively, while other signal components are
statistically averaged out.

Simultaneous measurement with a large number of microphones
makes it possible to locate and separate sound sources within a short
time. Quantitative statements by the determination of emission
parameters (sound pressure or sound power) are not possible in con-
trast to sound intensity measurements with the help of the micro-
phone array.

Fig. 20 depicts the results of a sound source localization on a mill-
ing machine. If the machine is idling, the maximum of sound emis-
sion at approximately 62 dB(A) is caused by the spindle. On the right
hand, while machining processes, the main sound emission develops
because of the vibration of the workpiece. In fact, the noise emission
because of the manufacturing process generates only 86 dB(A), but
the centre of the workpiece is amplified and generates acoustic emis-
sion at around 89 dB(A). During tool change and the blow out, notice-
able sound intensity is also measured.
In summary, the lower the frequency of interest, the larger the
array must be. The upper frequency limit is set by the average dis-
tance between the microphones, but can be increased by different
algorithms and optimization of the microphone positions.

5.3. Measurement of structure-borne noise

In addition to the airborne sound based measuring methods for
the determination of the sound power and the sound source position,
structure-borne sound based measuring methods are used to detect
sound sources as well. The investigations for noise reduction on
machine tools therefore also include the measurement of structural
vibrations.

The structure-borne sound measuring surface S is divided into n
approximately equal parts according to the sound intensity measure-
ments with the area S=n. In the centers of these subareas, one measur-
ing point each is arranged, at which the acceleration is measured
with an acceleration sensor. The measurement data are recorded
according to ISO/TS 7849 [101].

From the gauged vibration data, the motion of the structure in the
time domain or from the analysis in the frequency domain, the opera-
tional vibration modes in the frequency bands can be determined and
visualized. The measurement of the vibration speed on machines and
workpieces gives important information regarding a noise-reducing
and damping design of the machine.



Table 6
Overview of acoustic modelling methods
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6. Modelling, Simulation and Prediction

6.1. General problem description

Simulation technologies for sound propagation in manufacturing
applications are rarely used today. However mathematical modelling
of acoustical problems is well developed and a wealth of methods for
the prediction of sound emission as well as sound propagation exists.
The mathematical problem starting from physical equations (Chapter
2) becomes extremely complex and hard to compute. Therefore the
existing methods are strongly approximative, and despite the avail-
ability of massive parallelization, impose severe size problems.
Therefore it is essential to know the respective limits in terms of fre-
quency, time dependence, surface properties and expectable predic-
tion accuracy, which is for instance discussed in [249] for room
acoustics.
Fig. 21. Structure of noise analysis in measurement and simulation in manufacturing
using Boundary Element Method for room acoustics [205].

Fig. 22. Beam tracing method with subsequential split up of the beam. Red: sound
emitting machine, grey: equipment, green: 1st reflection, blue: 2nd reflection.
What makes acoustics difficult to compute is its five dimensional
character, consisting of space, time and frequency, and the necessity to
cover at least two different media to cope with the effect chain described
in Chapter 4. A general structure of the modelling approaches is given in
Fig. 21 showing the propagation in solids and structures, the propagation
in the surrounding air and the interface to be described as developed by
[205]. Accordingly modelling of noise emission and sound fields follows
two different aspects in a broad sense:

1. Simulation of the propagation of sound in the air and special envi-
ronment of production machines and operators’ places.

2. The transmission of sound within solid bodies and the transmis-
sion over interfaces.

6.2. Simulation of Manufacturing Environments

Table 6 shows different modelling and simulation technologies
that are mainly used in modelling of air-borne sound, classified in the
physically exact wave based methods, as well as the Geometrical
Acoustics (GA), Statistical Acoustics (SA), and diffusion approximation
method. The computational effort for wave based methods in higher
frequencies is the driving force behind the development and utiliza-
tion of the other approximations that reveal different defects limiting
their application. GA is especially useful for large rooms, large distan-
ces from the sound source or high frequencies above the Schroeder
frequency [203,204,135]. This is the frequency, where the overlap
between the eigenmode peaks in the frequency transfer function
becomes so large that a continuous spectrum results. The different
GA approaches are ray tracing [221], beam tracing [48], ISM (image
source models) [153], surface based methods [167] and their respec-
tive derivatives and also hybrids that use a somehow optimal combi-
nation of methods. SA according to [12] is beneficial for high
frequencies and late reverberation.
GA simulation is based on the following equation valid at any sur-
face point of the surface G:

I x0;Vð Þ ¼ I0 x0;Vð Þ þ
Z
G
R x; x0;Vð ÞI x;Gð Þdx ð54Þ

with Iðx0;VÞ denoting the outgoing sound intensity, x0 a given surface
point, V the direction of outgoing sound, I0 the energy emitted by the
surface point itself, G the outgoing angle from the surface point x

towards x0 and

R x; x0;Vð Þ ¼ V x; x0ð Þ% x; x0;Vð Þg x; x0ð Þ ð55Þ
the reflection kernel, describing the visibility function Vðx; x0Þ

between the two points, the bidirectional reflectance distribution
function (BRDF) %ðx; x0; u;VÞ from the incident angle to the outgoing
angle and the geometry term gðx; x0Þ considers the propagation delay,
air absorption, and form factor, which is defined by the relative orien-
tation, and mutual distance of the surfaces. More general versions of
this formalism are given in [1,165]. Scattering and diffraction require
very local and wave based simulations to capture the essential effects
and are transferred as meta models to be used in GA [194] or diffu-
sion. In practice, the whole surface is split up into patches of finite
size and the equations are then used to model energy packages or
power emitted from these patches. While ray tracing only follows
singular rays with infinite intensity, the beam tracing method [48]
enables distributed beams to follow. The radiation is divided into
subbeams with equispaced boundaries that are reflected on surfaces
and might be split up further as Fig. 22 shows. This principle is also
adapted to curved surfaces in [29]. The modelling of reflections and
diffractions requires similar meta models as in ray tracing. Image
source methods (ISM) can be utilized within ray tracing as well as
beam tracing environments. They enable phase information to be
retained. A sound source is mirrored at each reflecting surface that is
visible from the sound source, as also shown in Fig. 22.
Further techniques are surface based and called radiosity meth-
ods. The solid surfaces are modelled as intermediate storages for
acoustic energy. Therefore, at each surface point the directly incom-
ing energy from a source is summed up with those incoming
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Fig. 23. Principle of radiosity technique. Radiation of a source and radiation between
different surfaces (a), release to a receiver’s location (b). Red: sound emitting machine,
grey equipment (modified from [194]).

Fig. 24. Difference map between sound pressure fields of directional sound source and
a unidirectional sound source in a shop floor [31].

622 K. Wegener et al. / CIRP Annals - Manufacturing Technology 70 (2021) 611�633
energies, which are reflected from other surfaces. Finally, the accu-
mulated energy reduced by the absorption is released to any receiver.
This sequence is shown in Fig. 23.

An amendment to the radiosity method was introduced as acous-
tic radiance transfer (ART) in [213] at the expense of increasing
computational requirements. Here, the bidirectional reflectance dis-
tribution function introduced in (55) is used and the relation between
incoming and outgoing energy depending on incoming and outgoing
angles is calculated as a function of the frequency.

Wave based modelling of acoustic fields starts from the Helmholtz
equation (10). The boundary conditions of a room are fully described
by the surface impedances (Chapter 2). The solutions of the field
equation are discrete complex valued eigen-frequencies and related
eigen-modes pm(r). The standing waves and the sound field are con-
stituted by the superposition of all these solutions with frequency
dependent damping factors. Wave based methods are the correct
physical solutions, but are limited by the computational power
required, especially for high frequencies. Therefore wave based
methods are used for low frequencies, small rooms and when diffrac-
tion and interference plays a role according to [71]. Wave based
methods can be formulated in the time domain or frequency domain.

Approaches used are FDTD (finite difference time domain) or
FVTD (finite volume time domain) for the solution of the wave equa-
tion. BEM or FEM for time domain solutions are based on the Helm-
holtz or Kirchhoff-Helmholtz integral equation.

This stems from partial integration of the Helmholtz equation (10)
to reduce the degree of differentiation according to [71]:

fs xð Þ ¼
ZZ
G

ftot yð Þ @G
@ny

x; yð Þ � G x; yð Þ @ftot

@ny
yð Þ


 �
dGy ð56Þ

Above ftot ¼ finc þ fs denotes the total pressure field variable, fs

the component of the pressure field variable due to reflections from
the boundary, and finc the pressure field variable due to radiation by
the source into an anechoic chamber.

Gðx; yÞ ¼ expðikjx�yj
4pjx�yj is the free-space acoustic Green’s function with

all y on the boundary of G.
Higher frequencies increase the computational requirements due to

the fact that a finer discretization needs to be applied to correctly rep-
resent those short wavelengths. One major issue is the formulation of
correct boundary conditions of absorptivity or reflectance of the walls,
which depends on the propagation medium, the length of incoming
wave, the direction of incoming wave and even its amplitude. Simplifi-
cations here often limit the accuracy of the simulation of noise in shop
floors. Material data over the whole frequency range are mostly not
available for typical construction materials. Data bases are available in
[27] and in [9] termed GRAS (ground truth for room acoustical simula-
tion) as third octave random-incidence absorption data or in [4,37] but
the focus is mostly not on job shop bounding walls.

Wave based solutions with boundary elements are used in
[71,150,155,224,267]. In recent times hybrid techniques have been
gaining importance, combining different methods limited in their
application range in time, space and frequency to cover the full range
of sound phenomena. Path based modelling for the early reverbera-
tion and more specular reflection is combined with radiosity model-
ling for the late reverberation tails.

Mainly due to computation time but also because of the men-
tioned difficulty to gain frequency depending boundary conditions,
wave based methods are often restricted to low frequencies due to
the fact that these deviate significantly from the GA solutions. GA is
then used for the higher end of the frequency spectrum
[4,5,6,7,8,14,68,118,127,219,223]. The limit of validity of GA as well
as diffusion modelling is given by the space size dependent Schroeder
frequency. Massive parallelization according to [193,210,218] enables
wave based simulation far above the Schroeder frequency. For late
reverberation acoustic radiance transfer models (ART) are used, while
beam tracing is advantageous for early specular reflection [194] with
much simpler formulation.

Applications of acoustic simulation to industrial environments can
be found in [2,21,31,78,171,209], and [234]. Chatillon [31] simulated
and measured the noise field emitted from wood working machines
with directional characteristics and found in principle that the direc-
tionality is lost after some distance from the source due to scattering
machine equipment as shown in Fig. 24. This is one of the rare papers
on simulation with directionality of radiation, which is so important
for manufacturing equipment.
In the publications [170,179,236] a model for the sound field on
the basis of a diffusion equation to describe the spatial and temporal
development of the local acoustic energy was developed, which holds
true for environments with strong scatter and is well described in
[21].

In a room with an omnidirectional point source with acoustic
power P(r,t) the diffusion equation is a differential equation for the
acoustic energy density wðr; tÞ:
@w r; tð Þ

@t
� Dr 2w r; tð Þ ¼ P r; tð Þ in V ð57Þ

where D is the diffusion coefficient taken from theory of diffusion of
particles in scattering media to relate the flux to the gradient of the
acoustic energy density:

J� r; tð Þ ¼ �D grad w r; tð Þ½ � ð58Þ
where the diffusion coefficient can be calculated from an acoustic
mean free path length λ and the speed of sound c

D ¼ λc
3

; λ ¼ 4V=S ð59Þ

with volume V and surface S.
While the diffusion equation only holds true for the reverberated

part of the sound field, the directly irradiated sound field must still
be added to give the sound pressure level Lp. While the reflection for
the diffusion equation is perfectly diffuse, [235,21] propose a modifi-
cation of the diffusion coefficient to cover partly specular reflections
and atmospheric attenuation. Fig. 25 shows a diffusion based simula-
tion of an arrangement of industrial spaces, which demonstrates the
ability of the diffusion based simulation to cope with complex space
environments. In [73] empirical models are developed for sound
pressure level and reverberation time on the basis of estimative
absorption coefficients and influencing factors, and in [78] they are
compared with ray tracing models.

[209] introduced a simplified diffusion model by reducing the
dimensionality to the floor coordinates x and y, with a function for
the reverberant energy w(x,y,z)=F(x,y)Z(z), while for the height a
quadratic polynomial approximation Z ¼ a1 þ a2z þ a3z2 is used. The
reduction is made with the method of Kantorovich [36,123]. Even for
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Fig. 25. Complex industrial space geometry: left: Sketch of the simulated building. A is
an industrial hall fitted with scattering objects, A' an enclosure. B is a corridor, C a small
workshop, D and E two offices. The numbers 1�5 indicate the sound sources. Right:
sound pressure levels from diffusion based simulation [21].

Fig. 27. Flow simulation of a circular saw blade [157,69] as basis input to sound pres-
sure computation with the theory of Lighthill [140].
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halls with varying heights the accuracy is acceptable and the compu-
tation time is reduced by a factor of 10.

Aurich et al. [10] present a VR environment for the visualization
and auralization as defined in [10,223] of a real factory environment
equipped with several machines. They use phonon tracing, described
in [20] as a derivative of GA inspired by the photon tracing method in
computer graphics. As the wavelengths are considerably larger for
the acoustic simulation, the scene graph needs not to be as detailed
as in computer graphics. Fig. 26 shows the representation of results
and the comparison of measurement results with simulation data. It
is clearly seen that due to only approximative absorptivity data of the
surfaces the numerical result has limited accuracy.

Estimation of uncertainties according to GUM [87] in the computation
of noise maps is introduced in [11]. Uncertainties together with the rec-
ommendation to apply GUM [87] are also discussed in [249].
Fig. 26. Representation of output data of noise simulation of a job shop, giving the SPL
depending on possible operator’s positions [10].
6.3. Simulation of noise radiation

At the interface between the components, it is assumed that 1) the
acoustic displacements or velocities of the components at the two
sides of a thin and incompressible boundary layer are identical in the
direction normal to the interface, and 2) the acoustic pressures at the
two sides of the boundary layer are also identical. Simulation of noise
radiation from solid surfaces typically uses the assumption that feed-
back from the air to the structure is negligible and according to Ono
[172], the sound pressure is calculated as

p ¼ jvr0
2p

Z
S

ne�jkR

R r; r0ð ÞdS ð60Þ

where k ¼ v=c0 is the wave number, R is the distance between the
field point r0 and the surface point r, n is the surface normal velocity
and S the surface area.

Then the degree of radiation is:

s ¼ P
r0c0

R
Snn

�dS
with P ¼

Z
S
Re

pn�

2

	 �
dS ð61Þ

the sound power. As discussed in [192] and according to Kollmann
[128], now the radiation of sound into the air simply depends on the
surface velocities of the structures of machines, which can be com-
puted for the structure from a modal analysis or an operational vibra-
tion analysis, which is the connection to the vibrational analysis of
machines and structures.

Rotating tools already generate noise in idle rotation due to the
vortice fields generated in their environment. The hydrodynamic
analogy established by Lighthill [140,141], who recognized that the
equations of motion of fluids contain a wave equation with a source
term, is the basic entrance to aerodynamic sound generation. Simu-
lating the fluid flow around rotating tools gives the noise power in
the far field from the pressure differences in the flow field. In [81]
this is used to estimate the noise emitted from fans and in [273] from
circular saw blades. The approach is sketched in Fig. 27 and has
helped to optimize the teeth gap for circular saws.

6.4. Simulation of noise generation and transmission in manufacturing
processes

The different steps in the process chain as described in Chapter 4 are
typically also artificially separated in different modelling and simulation
approaches. The separation is made by meta models for the parts that
are in the simulation purpose of minor interest, as was demonstrated
for the acoustics of the factory hall, where the noisy machines are simu-
lated as arrangement of point sources or planar sources and at best in
[31] with some directional radiation characteristic.

Force generation in production systems is usually caused by
manufacturing processes and non-uniform motion of mass. The deri-
vation of forces from operation conditions reaches from simple calcu-
lations to complex models. Interaction mechanisms between
manufacturing processes and the machine tool are summarized in
the CIRP keynote from 2009 [26], where methods for the key pro-
cesses cutting with defined and undefined cutting edges as well as
sheet and bulk metal forming are shown.

Non-uniform motion of masses is required in order to move and
accelerate axes during machining and is realized by, e.g. drives and
gears or mechanisms like cams and levers. In these cases, the motion
of inertia can be derived from the motion trajectories. The determina-
tion of resulting forces is straight-forward in uniaxial cases and
requires more complex calculations like rigid multi-body simulation
for general kinematics or even comprehensive, flexible multi-body
models including drives and controllers, as discussed below. Another
source of non-uniform movement of inertia are imperfections in
drive components, such as shaft unbalance or imperfections of gears.
For instance, in [273] it was recently shown for face-gear applications
how imperfections in the transmission can be calculated. The force
induced due to these imperfections is again dependent on the motion
profiles that determine the speed and acceleration of the shafts and
gears, as well as the inertia of the moving axes.

Modelling approaches for simulation of structural dynamics of
machine tools have been around for decades. In 2005, Altintas et al. [3]
described the virtual machine tool for design purposes. Many works
since then have also dealt with the use of models during the design pro-
cess of new products. A classification for modelling approaches for
machine tools is given in [121]. An evolution took place from rigid multi-
body models as proposed in 2000 by [257] over modally condensed
finite element models as shown by [18], coupling finite element models
and multi-body simulation as shown in [268], the use of modern model
order reduction techniques as shown in [147] and the automatic param-
etrization of thosemethods as presented by [54] to accurate and efficient
model order reduction methods with an a-priori error bound as shown
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in [220]. Damping and friction plays a vital role in the process chain of
sound. Modelling approaches can be found in [186,207,269]. This ulti-
mately leads to comprehensive models usable for efficient simulation in
frequency and time domain with versatile boundary conditions. As
pointed out in Chapter 4, however, all these address only the core struc-
ture of machine tools, i.e. the parts relevant for the behaviour at the TCP
and controllers. Especially covers, enclosures and lightweight structures
outside the main force flow are neglected. The reason for this simplifica-
tion is that these parts are usually not relevant for the functional perfor-
mance of the systems but feature a large number of low-frequency
vibration modes, and thus hinder efficient modelling and model order
reduction. On the other hand, these parts can be expected to be major
contributors to sound radiation.

In order to take also these structural parts into account, the struc-
tural dynamics calculation could be subdivided into simulation of
vibrations of the core structure and subsequent transmission of the
velocities of attachment points of the formerly neglected parts to
their radiating surfaces. This seems possible, as the force feedback
out of those compliant structures to the core structure is not relevant,
especially due to the low inertia of these components.
6.5. Simulation of noise generation in electric drives

Besides noise from the manufacturing process and the mechanical
subsystems of the machines, noise emission of electric drive systems
plays a role, because motors transmit vibrations initiated from electro-
magnetic forces to the whole drive train and onto the structure of any
machine tool in principle, according to the effect chain described in
Chapter 4. The simulation of the noise generation has greatly developed
in the last decade due to the trend of electromobility, where the noise
disturbance is rated more stringently than in machine tools [129]. The
breakthrough is the efficient coupling of electromagnetic excitation to
the structural modes of the motor housing and machine structure. The
approach shown in Figure 28 introduced a 3-D FEM model of the elec-
tromagnetic fields. Here the motor structure is excited not by single
forces but by a distributed force field which can be represented by peri-
odic excitation modes. The coupling to the structural modes is then done
with Galerkin projection of exciting force fields onto the structural
modes, as described in [130]. Direct noise emission results from the com-
puted surface speeds, while the excitation of the adjacent structure, the
static part as well as the drive train requires the dynamic simulation of
the whole system to get the surface speeds at any point. The simulation
enables coupling to control and power amplifier models and to simulate
the noise behaviour under variable and changing conditions of opera-
tion. Therefore, the suppression of noise generation by input shaping
also becomes possible.
Fig. 28. Strategy for modelling and simulation of electromagnetically excited struc-
tural vibration [131].
7. Noise for the Fault- and Failure Identification

7.1. Strategic Acoustic analysis

Process monitoring systems cast a key role in augmenting reliabil-
ity of processes and preserving the manufactured quality. Most of the
process monitoring systems available on the market rely on a
combination of diverse sensor data: the acquisition of ‘acoustic emis-
sions’ (AE), low to mid-frequency acceleration signals and signals col-
lected directly from the machine’s control, e.g. motor current draw of
spindles and axis drives. These techniques are common state-of-the-
art. Scientific work considering application cases for AE and analysis
techniques is accomplished by Inasaki [85], Ravindra [184], XiaoQi
[261], Huo [84] and Scheer [195]. A comprehensive review of auto-
matic fault diagnosis systems based on audio and vibration signals is
given in [75]. Airborne sound emission characteristics usually change,
when faults occur and while they evolve. The signature of the emitted
sound yields information on the root cause of the fault. Airborne
sound provides a quick and easy access to fault diagnosis, since the
instrumentation and installation of microphones is a handy task. In
some cases, characteristic fault signatures can be even more easily
detected in the airborne sound emissions than in structure borne
sound. Audio based techniques sometimes are the only instrument in
cases where it is impossible to access the object under test or where
it is impossible to directly attach vibration sensors to the structure.

Emphasized in [34] are the benefits from not having to install
expensive intricate sensor systems into machine tools. The extraction
of useful information from airborne sound signals is a challenging
task. Commercial systems that solely use airborne acoustic signals
are currently not in existence. The analysis of airborne sound emis-
sions for process monitoring of milling processes has been described
in an academic context. Frequency band wise sound level tracking
and classification via supervised learning ANN data processing is sug-
gested in [190]. Using sound emission to optimize the feed rate in
milling processes is tried in [13]. Further applications are addressed
in [164] (process monitoring), [15] (tool wear detection) and by [233]
(tool break and wear detection) [226] considers sound analysis for
the investigation of the effects of cutting parameters on chip topology
and surface roughness. The effects of cutting edge coatings and
roughness on sound emissions are investigated in [41,122,198], and
[199]. For chatter detection purpose, [200] and [258] consider sound
analysis. With only a microphone in the working chamber, stable and
unstable cutting are detected and used for training of a neural net-
work in [182]. An application for water jet cutting is presented in
[120], which uses RMS levels and amplitude cumulative sum for anal-
ysis purposes. In [57,56], a spectral method based on Short-Time-
Fourier Transform (STFT) with level tracking of dominant frequencies
on airborne noise signals emitted from machining steel and compos-
ite materials is used. Other main application fields for audio signal
analysis in failure detection are the survey of bearings and gears,
rotor and stator condition, combustion engine monitoring and diag-
nosis, pumps/turbines, fans, helicopter and jet engine as well as mill-
ing and turning machinery.

Due to the complexity of vibration and audio signals, mathemati-
cal transformations, signal processing and pattern recognition techni-
ques have to be applied in order to extract fault and failure related
information out of the measured raw signals. Since microphones not
only pick up useful sound signals but environmental noise and dis-
turbance from unwanted sources as well, special measures like
sophisticated signal pre-processing, filtering or denoising have to be
taken in order to separate useful signal content from unwanted back-
ground noise. In general, two basic measurement environments have
to be distinguished regarding SNR (Signal-to-Noise-Ratio) and back-
ground noise: On the one hand, a measurement setup in an anechoic
chamber or specially designed laboratory field, which is much easier
to handle than measurements taken in-situ. On the other hand, e.g. a
busy and noisy industrial shop floor in the vicinity of other running
equipment and machinery. In these cases, preprocessing techniques
like special filtering, denoising, wavelet [17] or blind source separa-
tion [138,248,271] are necessary. Techniques like adaptive noise-can-
cellation (ANC) or Lock-in amplification are used as well in
application cases reported by [156]. Since most of the effects in sound
emissions used for monitoring purposes are related directly to the
cutter engagement when milling, in [156] a lock-in amplification
technique [228] in order to isolate process related sound emissions
from unwanted background noise is implemented. The fundamental
frequency of the Lock-in reference waveform is synchronized to the



Fig. 29. Lock-In amplification technique. The Lock-In amplifier is able to isolate all
sound emissions that are directly correlated to the cutting process itself [156,228].

Fig. 30. Increasing wear can be detected by observation of the sum of amplitudes. The
typical wear progress becomes apparent in the curve [156].

Fig. 31. Standardized surface roughness parameters correlating MFCC.
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tooth engagement frequency. Environmental signal content not cor-
related to the process is effectively blocked out as shown in Fig. 29.

Statistical resonance methods can be applied for SNR enhance-
ment as reported in [28] when detecting fast evolving chatter. A
novel algorithm called ‘AMPD: automatic multiscale-based peak
detection’ is proposed in [202]. This is able to detect and reconstruct
periodic and quasi-periodic peak-signals buried deeply in a noisy
background. Time shift filtering methods can also be applied for noise
cancellation [39].

Empirical Mode Decomposition (EMD) [82,83] resolves a compli-
cated multi-component signal into a series of intrinsic mode func-
tions (IMFs), whose instantaneous frequencies have physical
meaning. Empirical wavelet transform (EWT) [66,125] and varia-
tional mode decomposition (VMD) [47] can isolate meaningful signal
content from unwanted background noise.

7.2. Process monitoring

Analysis in time domain: Simple observation of the SPL and RMS-
level from a specimen under test can deliver a first diagnosis. Since
the object under test is often situated in an industrial environment
with noticeable background noise, noise suppression and signal sepa-
ration techniques usually have to be applied before analysing the
recorded time signal. Usually the comparison with the known
unfaulty course of the signal during operation or a machining process
points the test engineer towards deviations.

For the supervision of levels and their limits, either fixed, static or
dynamic limits can be applied. Fixed limits represent upper and
lower thresholds that should not be exceeded at any time. Static lim-
its represent a tolerance region around the course of the signal of a
faultless process state. Dynamic limits follow the actual signal and
provide a tolerance band, which is suitable for the detection of sud-
den high-rate peak excursions of the signal monitored, thus provid-
ing a detection for unknown, abrupt errors e.g. tool breakage.

Analysis in frequency domain: Besides time-domain techniques,
frequency-domain analysis techniques like Spectral Analysis using
FFT, or time-frequency analysis techniques like STFT and Cepstrum
Analysis can be applied to acoustic monitoring. In [55] an overview of
advances in time�frequency analysis methods for machinery fault
diagnosis is given up to the year 2013. In [56,57] it is shown that
there is a close correlation between the sound pressure at the domi-
nant spectral frequency and the wear state of a cutter. In an STFT the
sum of amplitudes of the most dominant frequencies correlates
closely with the progress of tool wear [156], as can be seen in Fig. 30.
This characteristic can be used to fit a regression to values obtained
from previous process runs thus allowing the prediction of the
expected end of life of the tool currently in use.
Frigieri et al. [62] report about a method whereby acoustic signals
and Gaussian mixture models are applied in surface roughness diag-
nosis in hard turning. The correlation of tracked energy values in the
STFT frequency bands with surface roughness alone can be unsatisfy-
ing. Better correlation can be achieved using Mel-Frequency Cepstral
Coefficients (MFCC) � see Fig. 31. MFCC was first proposed for speech
recognition problems [40,180]. Extracting the MFCC leads to parame-
ters that take into account the discriminability of frequency content,
very much like the human perception does.
A step further is the application of cepstrum analysis for identifi-
cation of cutter defects. A defect insert disturbs the normal periodic-
ity of the perceived acoustic signal. This effect manifests itself in a
decrease of the ith cepstral coefficient, where i is the number of cut-
ting edges. This phenomenon goes alongside an increase in the fun-
damental cepstral coefficient associated with the basic tool
revolution frequency.

Fingerprinting method for fault identification: While some
detection tasks do not need a reference and use static or dynamic
threshold limits instead, many monitoring functionalities are real-
ized through the comparison of actual online analysis values with
reference values obtained from a process cycle that is known to
be all in order. In this context, a reference fingerprint is under-
stood as being a subsumption of analysis results as time history
of the all-in-order reference process, which is shown in [156] in
more detail. After synchronization to the reference, the compari-
son is done using dynamic limits assisted by trend prediction
methods in order to detect early deviations from the expected
trajectory of values.

As an example for a fingerprinting technology, Fig. 32 shows the
monitoring of two milling scenarios: The right column shows an all-
in-order-process. The left column shows a faulty-process with two
anomalies (cavities in the workpiece). Two clearly visible, spike-like
excursions at approx. 7.6 s and 8.8 s are detected as faults, because
the red reference fingerprint does not contain any such spikes. A pre-
defined tolerance limit is exceeded and the two events are tagged
with an alarm flag. In case the two spikes are intentionally contained
in the process (e. g. resulting from intentionally milling over two
small drill holes) no alarm is raised.



Fig. 32. Detection of process deviations by comparison of the current process record-
ing with a stored reference fingerprint. In the case of a workpiece material defect, the
detection algorithm raises an alarm (left, red color bars in last row). Intentionally mill-
ing over two drill holes raises no alarm [156].
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More complex fingerprinting methods are known, of which only
two interesting approaches shall be mentioned here. The ‘Campana-
Keogh (CK) distance measure of texture similarity’ is a method origi-
nally developed to compare two surface textures, but may be applied
for comparison of multi-dimensional coefficient fields as well [70].
Another elegant and fast way of comparing two 2-dimensional
parameter fields is the application of video compression techniques
to data streams. Most of the compression algorithms used in image
and video processing only store the changes in content between suc-
cessive frames. This circumstance can be used to test for deviations in
consecutive frames. If the changes are sparsely distributed, a quasi-
stable behavior can be assumed. A comparison to the reference state
is possible by generating an interleaved sequence of frames, where
actually acquired and analysed datasets alternate with the reference
frames.

7.3. Fault identification

Failure feature extraction and classification methods: The extrac-
tion of semantically useful information from airborne sound signals
is a demanding problem with a highly nonlinear relationship
between sound and the perception of fault attributes. A commonly
used approach to solve this problem is the application of artificial
intelligence methods. The application of Artificial Neural Networks
(ANN), combinations of Fuzzy Logic with Artificial Neural Networks
(Fuzzy-ANN) or Support Vector Machines (SVM) and Decision Trees
show promising results in process monitoring of even complex
machining operations and in condition monitoring. Self-configuring
ANNs have recently been successfully applied . Back-propagation
neural networks or a convolutional neural network model can be
applied to analyze and classify acoustic signals emitted from turning
operations [265]. Combining sound intensity analysis, incomplete
wavelet packet analysis (WPA) and an ANN into a so-called WPA-
ANN model [252], a processing method for noise-based engine fault
diagnosis for an EFI gasoline engine was established. The final multi-
layered ANN model in this processing chain proved to be effective for
engine fault classification. Using the correlation between the surface
roughness and the sound energy as input, an SVM approached by
Principal Component Analysis (PCA) can classify three different levels
of surface roughness quality [174]. Decision Tree Techniques may
also be applied for classifying prominent failure features and to char-
acterize the tool condition of a face mill from sound data [146],
although the performance is not yet reliable. A Gradient Boost Deci-
sion Tree (GBDT) fed by thirteen MFCCs is successfully applied for
fault detection on belt conveyor idlers [143]. The special problem of
varying, transient operation conditions present in almost every case
where rotating machinery is involved can be addressed by a TSA-
method (TSA: Transient Signal Analysis), where angular resampling
instead of a constant sample rate is applied [144]. This allows precise
sound signal analysis under speed fluctuation conditions. The fre-
quency smearing phenomenon can be overcome and the fault charac-
teristic frequencies sharply reproduced. Angular re-sampling is
especially suitable to analyse sound signals from gearboxes under
non-stationary operating conditions. Fault diagnosis and classifica-
tion is done by continuous wavelet coefficients that are fed to a back
propagation ANN [215].

The acoustic footprint of phenomena like torsional and lateral
regenerative chatter and whirling in metal drilling processes can be
used for process monitoring during critical drilling operations [175].
In [225] an adaptive estimation of stability lobe diagrams by ensem-
ble deep ANN and substructuring of machine tool, tool holder and
tool is presented. In [35] a tool condition monitoring method for mill-
ing operations by detecting anomalies in the time-frequency domain
of the tools’ acoustic spectrum during cutting operations is discussed.
A generative adversarial neural network, trained to the normal pro-
cess sequence, is fed with the acoustic data and by inverting the gen-
erator, anomaly detection is performed. 90.56% correct classifications
of anomalies are reported.

7.4. Health monitoring

Besides conventional sound pressure measurements using a sin-
gle microphone, the application of the acoustic camera and NAH-
Methods (chapter 5) is a frequently applied technology for detecting
and especially localizing airborne noise emissions at the same time.
Many failure modes of machinery equipment cause a typical sound
signature that can be detected, visualized and subsequently localized
in a convenient way using sound field mapping technologies or
sound field visualization. For example, a bearing fault in a complex
gear transmission can be easily localized by an acoustic camera.

Near-field acoustic holography (NAH, Chapter 5) for gearbox fail-
ure diagnosis provides good results, if performed in a semi-anechoic
chamber. By introducing texture analysis to the spatial distribution of
the sound field, characteristic features are extracted from the acoustic
image. A Multi-Class Support Vector Machine (MC-SVM) for fault pat-
tern identification is then applied [145]. Even under strong noise
interference, this approach provides satisfactory accuracy in fault rec-
ognition.

In machine health monitoring, acoustics can provide a valuable
basis. Besides the AE survey of bearings, which has been standard for
decades, in recent times airborne sound has been used to monitor
not only a single component but also a whole machine or even a com-
plete manufacturing hall. Here similar technologies such as the
acoustic camera become topical due to cheaper sensors, and will be
applied in future. They also deliver information to localize sources of
special noise shares with selected information content [61].

8. Countermeasures and Noise Mitigation

8.1. Machine tools for metalworking

Regarding metal-cutting machine tools, investigations are carried
out not only with respect to the machining noise, which could prove
a correlation between the course of the resultant forces and the noise
emission, but also to the no-load noise of milling tools [187]. These
investigations show a significant influence of the resultant force or its
course over time on the noise development during the machining
process.

At no-load, a great dependence of noise on rotational speed and
tool diameter was found, suggesting an influence of the airflow
around the tool that becomes more and more significant the larger
the diameter of the toolis. Research works into disturbances of the
flow field around the tool [45] show that air blown specifically into
this field can considerably reduce noise (Fig. 33). Hence, correspond-
ing findings from the field of woodworking machines in [133] can
also be applied to high-speed tools for metalworking. Belt grinding
machines also contribute considerably to noise in factories,



Fig. 33. Reduction of vortex dissipation energy by blowing air [45].
Fig. 35. Low-pulsation displacement principles according to G€osele [67].
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sometimes reaching over 100 dBA as shown in [231]. Stemming orig-
inally from the diameter variation due to the paddings of the contact
wheel, the noise emission into the air happens by induced belt vibra-
tions, which can be mitigated either by padding shaping or with per-
forated grinding belts causing aerodynamic short circuits.

As pointed out in Chapter 4, forming machines generate signifi-
cant noise levels during operation. Large automotive body presses
and bulk forming machines contribute significantly, even under idle
conditions, to the overall noise level due to their gear drives or the
hydraulic system. The European machinery directive [44] even pro-
poses to measure and indicate the idle motion noise if the conditions
under load are not known to the machine manufacturer.

Work on the development of shock and impact noises in punching
and nibbling machines has been occupying scientists for many deca-
des, as cited in [46]. More recent studies have taken up the findings
on the influence of the speed of the press punch and have described
the effectiveness of an adaptive press control for controlling the
punch speed [173]. Magnetorheological (MR) dampers in presses
were investigated as described in [64] (Fig. 34). [136] examine the
Fig. 34. Design and arrangement of MR dampers in a press [64].

Fig. 36. Low-pulsation tooth profiles according to Schwuchow [206].
sound emitted by the workpieces in shearing machines for sheet
metal working.

Indrianti et al. [86] deal with the effectiveness of enclosures and
investigated different wall and lining materials for enclosures. The
findings with regard to the insulation and damping of passages are in
agreement with the basic knowledge [51,196] and confirm this by
concrete examples. [22] investigates the passage insulation of the
largely closed enclosures of machine tools for metalworking using a
milling machine as an example shown in Figure 16. Individual weak
points in the enclosure are identified here, for example in the area of
the door and the top.

8.2. Hydraulic components and systems

The reduction in sound radiation of hydraulic systems and compo-
nents has been the subject of scientific research since the 1970s.

As long as cavitations are avoided by proper system layout the
main sources of noise are pulsations in the system induced by hydro-
static positive displacement pumps as well as by valves. Pumps in
general induce pressure pulsations through kinematically induced
volume flow pulsations or pressure compensation processes, while
valves generate switching impulses. Early research examined and cal-
culated low-pulsation displacement principles [67] such as vane
pumps or screw pumps, which produce a constant flow rate over time
(Fig. 35). At high operating pressures, radial or axial leak oil flows
require reducing the gaps in the individual chambers and examining
the mechanical load of the impellers [163,260]. For example, the pres-
sure conditions on the vanes of vane pumps can cause the vanes to
briefly take off from and fall back onto the elevating ring, leading to
both mechanical noise and cavitation phenomena, which in turn
increase the noise level. Whereas initial research had focused on exam-
ining the conditions in the pressure area and in the reversing area from
the suction side to the pressure side, studies in the late 1980s and early
1990s turned their attention to the suction side and the reversing area
from the pressure side to the suction side [151].

In the 1990s, several papers dealt with smoothing the flow rate of
external gear pumps, which is inconstant over time due to the kinemat-
ics, by modifying the gear tooth and gap geometries. A considerable
reduction in flow rate pulsation was made possible through not using
involute tooth geometries (Fig. 36). However, this meant that a discon-
tinuous transmission ratio had to be accepted, which could lead to
mechanical vibrations and thus higher noise emission [188,206].
Other studies at the end of the 1990s investigated the correlations
between squeeze oil and other pressure peaks in the displacement
chambers of external gear pumps and the mechanical vibration exci-
tation of the pump housing.

More recent research investigates the further vibration and noise
optimization of so-called radial gap-compensated external gear
pumps with special gears with low flow rates [25] as well as with
involute normal gears [19]. A decisive role is played here by the
transmission of hydraulic and mechanical pressure or force peaks to
the surrounding enclosure via the oil film in the examined radial
gaps.

With regard to pulsations in pipelines, research is carried out on
switching impulses of valves [50,152,197], followed by numerous
analyses into the propagation or transmission of pressure pulses in
pipeline systems [142,185,201,222,250]. The latter forms the basis
for calculation programs to simulate the hydraulic and mechani-
cal vibrations in hydrostatic pipeline systems and thus the noise
radiation.

In this connection, analyses are also carried out concerning com-
plex vibration parameters, such as frequency-dependent elasticity
and mass actions as well as frequency-independent resistance
parameters [189]. Whereas pipeline systems made of homogeneous
and linear-elastic materials were examined here, recent studies deal



Fig. 38. Reductions in sound level by using different cutting edge arrangements for
cutter heads [77].
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with hydraulic hoses with completely nonlinear elasticity and damp-
ing behaviour [49,52,191,208,217]. The results of these works supple-
mented the existing calculation programs by hoses, enabling the
simulation of noise reducing measures in systems with hoses.

8.3. Woodworking machines

Woodworking machines are among the machines with the high-
est noise emissions. In the 1970s, numerous studies on these issues
were therefore carried out under the heading of occupational safety.
Earlier research from the early 1970s focused on reducing the no-
load noise of woodworking machines. This is caused by direct air-
borne noise, for example, flow noise from the boundary layers
around the rapidly rotating tools, or the disintegration of pressure
vortices at body edges such as table lips. Due to the comparatively
high rotational speeds common in wood machining, turbulent
boundary layers with broadband noise radiation occur around the
tools. In the area of the tool cutting edges, pressure balls occur which
run ahead of the cutting edges in the direction of rotation and are
split up by the table lips when passing them. This leads to new local
pressure peaks as well as to zones with extremely high speed gra-
dients, both of which result in narrow-band (tonal) noise radiation
with very high noise levels.

The sound emission of circular saws plays a special role in wood
machining, as the narrow disc-shaped tool can be excited to axial
vibrations and then emit high noise levels due to its large radiating
surface. Hence, studies on disc shaped tools in general [229] and
especially circular saws initially deal with the possibilities to damp
these axial vibrations [59]. Research into the noise emission of panel
saws [74] confirms the dominant influence of the circular saw blade
on noise emission (Fig. 37).
Fig. 37. Sound emission of a sawing machine 250 Hz - 6.3 kHz [74]. Fig. 39. Adaptronic clamping element for active vibration damping with a piezo actua-
tor [76].
The findings from this and more recent studies are implemented
by industry in the form of tools made of multilayer material as well
as by means of specifically inserted damping slots. In order to reduce
the noise caused by the pressure balls on the cutting edges, circular
saw blades with smaller chip spaces are common today, although
they only allow a lower feed. Recent works investigated the optimi-
zation of the chip space from this point of view and the simulation of
the flow field around the circular saw blade.

Cylindrical milling tools used in moulding machines and so-called
thicknessing machines are important sources of noise, especially in
the case of classic straight (parallel to the axis) cutting edge arrange-
ments [77]. Early investigations in the 1970s led to the development
of obliquely or helically arranged cutting edges and serrated table
lips, contributing to considerable reductions in noise emission
(Fig. 38).

Recent studies [133,183] have taken up these developments again
and have implemented them very successfully into concrete meas-
ures for noise reduction.

In wood machining, workpiece feeding is often still carried out
manually today and there must at least be openings in the enclosure
for it even in automated machines due to the dimensions of the
workpieces. For these reasons, a complete enclosure of woodworking
machines is often not practicable. Nevertheless, there have recently
been efforts to design safety covers moving along with the tool so
that noise is not only insulated but also absorbed. However, the
weight and the retention capacity of the elements play important
roles here [60,158]. Until now, the problem of reducing the number
and size of enclosure openings has not been taken into consideration
in practice.

In wood and composites machining, big panel-shaped workpieces
are often processed, which can lead to considerable noise levels due
to their large radiating surface. For that reason, active dampers in
workpiece clamping systems are investigated very extensively [76]
proving the effectiveness of this approach (Fig. 39).
9. Conclusion and open issues

Manufacturing is still a noisy business despite the fact that noise
emission of technical devices today is rated as a quality defect. Pro-
tection of workers and creating better working conditions is a task
that has already been prescribed onto manufacturing engineers and
factory planners decades ago. Measures taken today are mainly expe-
rience based as shown in the guideline VDI 3720 [237-241] and ISO
TR 11688 [112,113]. For their successful application, the effect chain
must be well understood to avoid noise leakages or noise pipes,
which then surprisingly nullify any effort of noise mitigation. Meas-
ures at the different stages of the effect chain are reducing force
amplitudes at the initial excitation, increasing the input impedances,
attenuating the sound waves while travelling within the structure,
suppressing radiation, and finally shielding and damping of airborne
sound with sound-proof enclosures. The attempt to combine enclo-
sures with other functionalities like thermal isolation and shielding
off ejected objects is in most cases not greatly successful because the
requirements for leakage free sound enclosures are as such already
difficult to fulfil. In the following open research fields are identified
and put in their context. The topics are sequenced in blocks of
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simulation and modelling, noise mitigation and measurement and
monitoring

1. In the automotive industry sincere efforts have been taken to
mitigate noise in the interior for the occupants as well as street
noise including the use of theoretical modelling. A promising
future technology is initiated as adaptronic counteraction at
different stages of the effect chain. Cross-fertilization from
other fields of technology such as automotive would therefore
be a valuable contribution against noise in manufacturing
machines.

2. Noise simulation and prediction needs to start with the charac-
terization of the source of sound, though most field simulations
use point sources instead of realistic machines. The connection
to the rich tools and methods in machine tool vibrations by
numerical methods are the computed speeds of surface nodes.
Vibration analysis of machine tools is typically restricted to the
large and important structural elements; their covers are for
this purpose typically neglected as their behaviour does nearly
not influence the vibrations of for instance the TCP due to their
large compliance and small weights. Models for noise emission
from solid structures typically neglect the force feedback from
the surrounding air onto the structure, which is reasonable
because of the large compliance difference. A valid approach
for noise emission from machines is therefore using the speeds
at the contact points of covers from the operational vibration
analysis as boundary conditions for the vibrations of covers and
those as boundary conditions for the airborne sound problem.
But the sound transmission in heterogeneous structures like
machine bodies and machine elements, the transfer functions
across machine elements, component boundaries, and machine
bodies to the mostly radiating covers are not thoroughly inves-
tigated and material data is unavailable. In the design phase the
influence factors are often not really known or quantifiable.

3. The focus of noise analysis today is prediction of the behaviour
with the help of phenomenological models. Noise simulation
for industrial halls and equipment are very rarely found in sci-
entific literature, despite acoustics science provides a wealth of
methods for approximative prediction of SPL, which are applied
mainly for design of theatres and music halls. Despite the fact
that physics of sound is quite well understood, prediction and
analysis still requires tremendous scientific efforts due to the
five-dimensionality of sound phenomena in space, time and
frequency, the transmission into different media and also the
dependence on operation conditions of machines as sound
sources. Quantitative theoretical noise prediction of machinery
is restricted to local and individual phenomena.

4. Full models of the effect chain and based on this of the machine
tool in an industrial environment do not exist. Material proper-
ties, i.e. reflection and absorption behaviour for industrial surfa-
ces, impedances of parts and transfer functions are missing to a
large extent. Individual phenomena are described and must be
represented by suitable but limited modelling due to the fact
that the high and low frequencies, near and far field, early and
late reverberations need different approaches, which under-
lines that the five dimensions of sound problems impose major
difficulties. Modelling or real scale problems require massive
parallelization, for instance to close the gap between geometri-
cal acoustics and wave based acoustics.

5. Impulse or steady state behaviour are mainly the scope of theo-
retical acoustics. The description of transients is still an open
field, despite some attempts with wavelet transform could be
found in literature.

6. A topic in acoustics is the auralization and the combination of
room acoustics with virtual reality. Here, the correct modelling
of machines and their directional radiation characteristic is
generally neglected as pointed out before.

7. Besides all attempts to suppress or mitigate noise in the factory
environment, sound is also recognized to be a valuable signal
for health monitoring and process monitoring. Here, the five
dimensions of sound and their relation to the operating condi-
tions of the machine or process is worth exploiting. So by far, in
most monitoring applications only the RMS value is used. Today
with the help of machine learning and artificial intelligence the
measurement and analysis of the transient behaviour starts to
play a much more important role, as exceptional time series
can provide important machine status or process information.

8. Also it is clearly recognized that the spectral content provides
valuable information, as excitation as well as sound propaga-
tion is frequency dependent. The latter is due to the frequency
dependent dispersion effect, which provides information on
structural changes. Frequency selective analysis of sound sig-
nals requires theoretical considerations which frequency band
is the important information carrying part of sound. The back-
ground noise often already saturates the microphones or AE
sensors so that a mechanical pre-filtering might become a
worthwhile attempt.

9. Airborne and structure-borne sound have, due to the different
propagation paths, different information contents, which fuels
the discussion on to what extent airborne sound can play a role
in future monitoring applications with respect to the fact of
extracting the information carrying sound from the whole noise
disturbed signal, coming from all kinds of sound events in the
factory hall.

10. Measurement techniques identifying the source of sound,
including easy-to-use acoustic cameras are a valuable contribu-
tion to enhance the understanding of noise problems. These
reconstruct the sound propagation out of the captured signals
by using different simulation technologies developed for sound
propagation in the air. They gain more and more interest for
the analysis of noise emission of industrial equipment. Their
utilization for monitoring of machines is still underdeveloped
though suitable.

11. In monitoring applications phase fronts and sound propagation
paths, so the spatial distribution of sound energy, plays no role
at all in structure-borne sound, and nearly no role in airborne
sound analysis today. The latter is surprising, as measuring
technologies, as stated in Chapter 5, are clearly developed, but
might be still too expensive for monitoring applications. The
lack of wave propagation based analysis of structure-borne
sound signals reveals the still insufficient understanding of the
near field. Because the speed of sound is by an order of magni-
tude faster than in air, wavelengths are much longer than the
dimensions of structural elements. The development of tools
for this application might be extremely valuable for structural
health monitoring and monitoring of distributed processes,
such as stamping of electric laminates or perforated panels,
where with all tools available today a precise localization of
worn or even damaged cutting edges is clearly impossible.

12. While the excitation of machine structures by varying process
forces is well understood, the generation of the information
content of sound signals out of the process zone is still unclear
to a large extent and requires extensive research to close the
gap between the phenomenology of AE and the physics of the
process. The change of the process behaviour, due to wear for
instance of cutting tools, can clearly be recognized in the fre-
quency spectrum of the AE-signals. However how this depends
on plastic deformation, material separation, dislocations, twin-
ning, and friction is still completely nebulous. The same holds
true for nearly all kinds of manufacturing processes.

Summarizing, it is worthwhile to adopt tools and methods devel-
oped in other fields of science to manufacturing technology to miti-
gate noise and to exploit sound signals for monitoring.
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