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Sculptured surface machining (SSM) is one of the continually used manufacturing processes for
die/mold, aerospace(especially turbine blades), precision machine design, bio-medical devices and
automotive industries. Developments of machining technologies for quality enhancement of machining
results has become a very important fact in current real industry. Off-line feedrate adjusting is a new
methodology to automatically decide optimum feedrates for G-code modification. Off-line re-adjusting
feedrates based on changing surface geometry (concave, convex and flat surface) in sculptured surface
machining could decrease milling time, reduce tool wear, deflection and improve surface texture quality.
Monitoring of sculptured surface milling processes is a critical requirement in the implementation of any
unmanned operation in a shop floor. During the last years, notable efforts have been made to develop
reliable and robust monitoring systems based on different types of sensors such as cutting force and
torque, motor current and effective power, vibrations, acoustic emission or audible sound energy. In
automated machining processes, condition monitoring not only reduces the production costs by
reducing downtime and unnecessary tool changes, but also improves the product quality by eliminating
chatter and poor surface finish. This study examines the possibility of using sound pressure level to
monitor the sculptured surface milling process at different machining conditions and to evaluate MRR
based feedrate optimization applications. In this paper, audible sound is investigated as a dynamic
approach is established to enhance our understanding of the relationship among cutting conditions, tool
deflection, cutting forces and the sound signal generated from the cutting process.

Key words: Sound pressure level, tool condition monitoring, machining, sculptured surface machining, tool
deflection, FFT, feedrate optimization, MRR, free-form surfaces.

INTRODUCTION

Monitoring of cutting processes is a critical necessity in
the realization of any depeopled operation in a shop floor
and, especially, in the establishment of Computer
Integrated Manufacturing (CIM) where most of the
processes and operations are applied in an automated
way (Sokolowski and Kosmol, 2001; Shawaky et al.,
1998; Brophy et al., 2002; Govekar et al., 2000; Cho et
al., 1999). The aim of the monitoring of machining
operations generally are relevant to the performance of
the machine tool, progression of tool wear, dimensional
tolerances, surface texture (roughness, waviness), tool
deflection, and other features of the workpiece and the

classification of chip shapes and formation. An active and
effective process monitoring system should stimulate the
operator and shut the NC machine down when critical
and unsafely conditions are about to be reached.
Effective and efficient tool condition monitoring systems
(TCMSs) have for more than two decades been acquiring
an importance in industry and machining research. For
this reason, scientist have dedicated much time and effort
in improving TCMSs (Salgado and Alonso, 2006; Franco-
Gasca et al., 2006; Niranjan et al., 2004; Alonso and
Salgado, 2005; Jemielniak, 1999, 2006; Scheffer et al.,
2003; Haber et al., 2004; Lia et al., 2005; Silva et al.,



2000; Jemielniak et al., 1998; Abu-Mahfouz, 2003).
Nevertheless, only a few trustworthy TCMSs have as yet
been established for industrial application (Jemielniak,
1999).

Condition monitoring not only decreases the manufac-
turing costs by reducing downtime and needless cutting
tool changes, but also enhances the product quality by
eliminating chatter, excessive tool deflection and poor
part surface finish. Therefore, much study has been
executed in the past 30 years (Dan and Mathew, 1990;
Cook, 1980). Nevertheless, much more study is needed
to develop a dependable and cost effective condition
monitoring system for real industrial applications, parti-
cularly when dealing with variable machining conditions.
Lately, considerable efforts have been made in the
improvement of conditions monitoring approaches that
permit for the observing and control of the above men-
tioned aspects (Burke and Rangwala, 1991; Chen et al.,
1994; Chen et al., 1999; Chen, 2000). Over the past
three decades, diverse types of sensors such as cutting
force and torque, motor current and effective power,
vibrations, accelerations, acoustic emission or audible
sound energy, sound pressure power and displacement
sensor (inductive and capacitive) have been generally
applied to sense a special characteristic or a combination
of characteristics such as tool wear, tool deflection, tool
fracture, machine vibration, etc. (Jemielniak et al., 1998;
Schaffer, 1983; Naerheim and Lan, 1988; Blum and
Insaki, 1990; Tlusty and Andrew, 1983; Rangwala and
Dornfeld, 1990; Okafor and Adetona, 1995; Desforges et
al., 2004; Hutton and Yu, 1990; Lin et al., 2002;
Sokolowski and Kosmol, 2001; Ouafi et al., 2000;
Karlsson et al., 2000; Peng, 2004; Byrne et al., 1995;
Chen and Chen, 1999; Dornfeld, 1992; Masory, 1991).

An operator commonly monitors the cutting condition
by observing or listening to the conventional machining
process. Acoustic emission (Cyra and Tanaka, 2000),
cutting force (Ko et al.,, 1999), power consumption
(Murata et al., 1993) and cutting sound (Banshoya et al.,
1994) that are generated during machining have been
studied to monitor and control the machining process
automatically. Among these signal sources, the use of
the machining sound signal is considered to be the
effective approach in acquiring the beneficial information
related to not only the cutting phenomenon, but also to
the vibration of an NC machine. Audible sound observing
is one of the most practical techniques ach that has not
been greatly attempted and examined for applications in
industrial process monitoring systems such as cutting tool
failure and deflection monitoring, etc. although it is widely
used by NC operators for decision making based on his
experience and senses (mainly vision and hearing), to
determine the process state and react adequately to any
machine performance decay (Teti and Baciu, 2004; Lu
and Kannatey-Asibu, 2000; Teti et al., 2004).

The major critical problem related to the application of
this technique in real industry is the ability to preserve the
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sound sensor from the hazardous cutting environment
and the environment noise (Teti and Baciu, 2004; Teti et
al., 2004; Clark et al., 2003; Wilcos et al., 1997; Lu and
Kannatey-Asibu, 2000). Cutting fluids or metal chips may
damage the sound sensor. Noise from adjacent
machines, motors, conveyors, etc. or processes may
contaminate the signals. This effect can be mitigated by
using noise cancellation methods in the signal processing
algorithm. These are commonly easy to assemble on the
machine, and particularly, near the point of cutting but
without interfering with the NC machine and the
machined part. Moreover, these sensors, actually micro-
phones, are easy to use in combination with spectrum
analyzers. These features of the audible sensors make
the execution of the monitoring tests rather straight-
forward. The primary advantages of sound sensors for
process monitoring are connected to the nature of the
sensors employed in the acquisition of the sound signals.
A number of scientists have used cutting sound mea-
surement techniques to monitor machining conditions
(Nagatomi et al., 1993) or cutting tool wear (Banshoya et
al., 1994).

Many studies have been researched on acoustic
emission (AE) to examine tool wear, chip formation, etc.
as well as monitoring and controlling of cutting
processes. Tanaka et al. (1988, 1990, 1993) suggested a
new contactless approach of AE measurement using a
microphone. Their results demonstrated that adaptive
control systems, based on noncontact AE measurement,
could produce the surface roughness demanded by
automatic regulation of feedrate during milling. Anderson
(1998) developed and patented an opinion in which the
background noise was sensed by using a special sensor
and its effect on signals associated with tool wear could
be decreased.

Trabelsi and Kannatey-Asibu (1991) attained audible
sound radiation from a microphone for tool breakage and
wear detection in turning and deter-mined tool conditions
using pattern-recognition methods. Delio, Tlusty, and
Smith (1992) concluded that cutting sound measurement
is a good method for detecting chatter during the
machining process. In their study, sound is examined as
a basis for tool wear monitoring and a dynamic model
which is considered as a forced vibration system is esta-
blished to improve our understanding of the relationship
between tool wear and the cutting sound signal
generated from the milling process.

The machining sound emerging from the mechanical
vibrations produced in the interaction zone between the
cutter and the workpiece has also been used to detect
chatter and control its occurrence (Delio et al., 1992;
Schmitz et al., 2001-a, 2002; Schmitz, 2003;
Weingaertner et al., 2006). Schmitz et al. (2001-a, 2002)
and Schmitz (2003) developed a new approach for
chatter detection and recognition through statistical
evaluations of the cutting sound variance with a
synchronously sampled signal. This work examines the
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Figure 1. Traditional Block diagram of feedrate adjustment using
MRR.

possibility of using sound pressure level to monitor the
free form surface milling process at different machining
conditions and to evaluate MRR based feedrate
optimization applications. In this paper, audible sound is
investigated as a systematic approach established to
enhance the understanding of the relationship among
cutting conditions, tool deflection, cutting forces and the
sound signal generated from the cutting process.

Feedrate optimization/rescheduling

The feedrate scheduling/adjustment presented in the
literature consist of two stages: the first stage is the
calculation of an optimized feedrate based on a
reference/target value (reference cutting force, MRR, chip
thickness, chip volume, etc.) and the second stage is the
modification of NC-code to accommodate these new
feedrate values. Off-line rescheduling feedrates based on
changing surface geometry in sculptured surface
machining could decrease milling time, reduce tool wear,
deflection and improve surface texture quality. Commonly
speaking, feedrate rescheduling in free-form surface
machining is to consider only one constraint at all
machining segments such as keeping fixed chip
thickness f, keeping constant MRR, keeping constant
surface roughness Ra, keeping constant tool deflection
value O, or keeping constant resultant cutting force R.
Chip thickness, MRR, surface roughness, tool deflection

and resultant force can be defined as feedrate scheduling
control/reference parameters.

Different feedrate scheduling strategies have various
feedrate control parameters and should be integrated for
better results based on machining time and cost optim-
ization models (Li et al., 2008). Implementing feedrate
scheduling in free-form surface miling has become
popular and it is also used in some commercial CAM
softwares (Cgtech, 2010; Mastercam, 2010; Powermill,
2010; VegaCNC, 2010; Ezcam, 2010) the traditional
strategy used in feedrate scheduling is material removal
rate (MRR) model (Figure 1). In this strategy, feedrate is
expected to be proportional to either average or instan-
taneous material removal rate. Feedrate optimization
approach based on volumetric analysis, which uses
MRR, is commonly used by most researchers. In addition
to MRR, feedrate optimization is performed also by using
geometrical information such as chip cross-section and
chip volume.

In the volumetric strategy we consider that the power
(P) required to cut the material is proportion to the
volumetric removal rate (Q) [cm%min](Wang, 1988;
General Electric, 1980). Most investigators have im-
proved and used a feedrate scheduling system based on
volumetric analysis by using various MRR (chip volume
per tooth, chip volume per NC block, chip-workpiece
intersection area) calculation methods. Some of the first
paper on feedrate re/adjusting algorithm was by Wang
(1988), where he used a z-map description of the work-
piece and a simple volumetric model to relate milling
force to the MRR. The aim of Wang (1988) was a real
time solid modelling based simulation of end milling for
scheduling the MRR via adaptive feedrate control. The
optimization system works as an off-line adaptive con-
troller before CL files are downloaded to the CNC control
unite. Average cutting force was analyzed using the
removed material volume extracted via the solid model.
This is based on the assumption that average cutting
forces are proportional to the MRR and then, the feedrate
is automatically scheduled to enhance the productivity
under some boundary conditions.

The study of Fussell et al. (1992) has a resemblance
with that of Wang. It is composed of development of a
computer system for automatic re/generation feedrates
for enhancing the performance of CNC cutting of free
form surfaces using end milling process. Jang et al.
(2000) showed a voxel-based simulation and verification
system, for regulating feed rate using MRR. Besides, of
the commercial feed rate scheduling modules, CGTech’s
Optipath (2009) and Mastercam’s HiFeed (2009) typically
use the volumetric method to adjust the feed rate. Li et al.
(2003) offered an off-line feed rate scheduling based on
MRR integrated with commercial CAD/CAM for 3 axis
end machining. The improved new approach adopts
MRR as the main model by relating the average power
with MRR. After chip parameters necessary for predicting
machining force was extracted, machining force was
predicted using an empirical model. Then federate values
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Figure 3. Close-up photo of experimental set-up for deflection
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were adjusted to satisfy machining requirements such as
productivity, accuracy and quality.

Ip (1998) proposed a MRR optimization strategy to
regulate the variation of cutting speed and maintain a
fixed cutting force by scheduling the cutting feedrate
considering tool life, wear and surface gradient. Ip, Lau
and Chan (2003) proposed a fuzzy-based MRR approach
in order to augment the machining performance via using
spindle power and specific energy. Lan (2007) suggested
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a mathematical model and the decision criteria in order to
improve the optimal MRR control of a cutter. Bailey et al.
(2002) used maximum cutting force constraint in rough
machining operations for feedrate readjusting. Spence
and Altintas (1994) as well as Bailey et al. (2002) im-
proved a 2/1-2-axis milling process simulation and used a
solid modeler. They can obtain volumetric intersection of
the cutting tool and work piece. Feed speed values were
adjusted based on maximum cutting force. Chen et al.
(2005) optimized feedrate at the maximum MRR under
the restriction of permissible surface roughness.
Kloypayan and Lee (2002) decided feedrates by keeping
the feedrate at the centroid of cutting cross area to be
fixed. Karunakaran and Shringi (2008) proposed a solid
model-based off-line adaptive controller for feed rate
optimization for end milling process. In their paper, the
basic input to the octree-based NC simulation system is
the NC tool path either in CL format or G/M-code format.
After the CL file is evaluated, the swept volume of the
cutting tool is intersected with the blank at every small
sampling interval along the tool path and the intersection
is contemplated as the undeformed chip. The chip
parameters necessary for forecasting the machining force
are extracted and using the MRR model and milling force
is predicted.

According to the computer simulation result the feed
rate is scheduled based on force calculation to create
optimized CL data. Kim et al. (2004) examined feedrate
optimization using cutter location (CL) surface.

Experimental details
Measurement of cutting forces

Slot milling tests in absence of cutting fluids were performed on a
Johnford VMC Model three axes CNC milling machine equipped
with a maximum spindle speed of 12,000 rom and a 10 kW drive
motor as shown in Figure 2. CNC part programs are created by
employing CATIA R17 CAD/CAM software on a personal computer,
Intel Pentium IV at 2.80 GHz. A cutting experiment was developed
to measure the tool forces using a Kistler 9257A three-axis load
cell. The forces were generated during slot cutting with a ball end
mill. The experiment involved collection of three orthogonal
channels of force data while cutting the slot in a piece of Al 7075-
T561 alloy at a different milling conditions using 12 mm diameter
ball end mills.

Cutting deflection measurement

This measurement has been carried out using two precision
inductive displacement sensors placed at 90° one from the other.
For cutter deflection measurement, an aluminum ring was fitted to
the flute part of the cutter and machined after being clamped in the
spindle. Figure 3 shows the experimental apparatus for cutter
deflection measurement.

Measurement of cutting sound pressure level (SPL)

The periodic impacts of the cutting tooth with the workpiece and the
corresponding vibrations that arise due to this impact generate a
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Figure 4. The ball end milling tool.

Table 1. The dimensional and mechanical properties
of the cutting tool.

Tool diameter 12 mm
Flute 2 flute
Tool length 120 mm
Helix angle 30°
Shank type Cylindrical

Table 2. Chemical composition of materials (wt %).

Zn Si Mn Cr Ti Al Cu
0.5 0.13 0.30 0.28 0.2 base 2.0

sound. This sound is a transmission of mechanical energy that
propagates through the air and contains information about the
process. Experienced users can usually extract information from it
and correct or modify the milling conditions. Sound pressure level
(SPL) or sound level is a logarithmic measure of the effective sound
pressure of a sound relative to a reference value. It is measured in
decibels (dB) above a standard reference level.

The commonly used "zero" reference sound pressure in air is 20
pPa RMS, which usually considered the threshold of human
hearing (at 1 kHz). Sound pressure level (SPL) or sound level L, is
a logarithmic measure of the effective sound pressure of a sound
relative to a reference value. It is measured in decibels (dB) above
a standard reference level.

LP = ].D lﬂg-m

= Mlog, ( Zme

ref ref

dB,

where P is the reference sound pressure and Pims is the rms
sound pressure being measured. Sometimes variants are used
such as dB (SPL) or dBSPL. These variants are not recognized as

units in the Sl. The sound signal was acquired using a calibrated
microphone amplified and logged, sampling at a rate of 50 kHz for
100 ms, using the data acquisition system. The microphone is
connected to the amplifier, which conditions the signal to the
appropriate voltage level in the range +2V. The microphone was set
a distance of approximately 50 mm from the cutting tool at an angle
of 30° to the workpiece surface. Pressure levels of cutting sound
were measured and also these cutting sounds were recorded using
experimental setup in Figure 2.

In the present case, the monitoring tests are based on the use of
a precision microphone. Then, the broadband sound pressure level
of an audible signal is detected by means of a dedicated instrument
to measure and display such type of signals. All audible sound
signals detected are transferred and off-line analyzed on a PC. In
order to verify the repeatability of the monitoring tests, the audible
sound signal specimens should be recorded for each cutting
condition several times (23).

Cutting tools and workpiece materials

Cutting tools used were chosen from Sandvik Coromant Tool
Catalog to machine Aluminum 7075-T6. Cutting tools, 12 mm
diameter with two teeth, were employed for milling of the
experiment surfaces in the mold cavity (Figure 4). In this work, tool
wear was not considered as the criterion affecting the result of
cutting process since the material being utilized is soft. The
dimensional and mechanical properties of the cutting tool are
displayed in Table 1. In the experiments, samples with rectangular
blocks (110 x 55 x 32 mm) that were made of Al 7075-T651
aerospace alloy materials were used as workpiece (Figure 5).
Tables 2 and 3 provide detailed information on chemical
compositions and mechanical properties of material.

Cutting conditions

The authors have made three groups of machining test for this
workpiece: machining without any optimization with different
federate and tool overhang values, machining after various MRR
based feedrate optimizations with new inserted NC block and
machining after MRR based feedrate optimization with not inserted
new NC block. Feed rates of 48, 96,144 and 192 mm/min and tool
clamping/overhang length of 60 and 75 mm were chosen as
experimental conditions as shown Table 4. The feedrate
optimization conditions for the free form surface are summarized in
Table 5.

Results of MRR based feedrate optimizations

Implementing feedrate optimization in free-form surface machining
has become widespread and it is also used in some commercial
software packages. The common approach used in feedrate
scheduling is material removal rate (MRR) model. In this approach,
feedrate is expected to be proportional to either average or
instantaneous volumetric removal rate. Feedrate scheduling is
simulated using the NC verification model. The NC codes are using
generated CAM software. First, feedrate scheduling based on the
chip volume per NC block is performed, and a new feedrate is
inserted in every existing NC block. When the feedrate exhibits a
sharp change between two consecutive NC blocks, a new NC block
is inserted between them. Figure 6 shows an example with a free
form surface and the feed direction is also depicted. The initial
constant feedrate value is taken as 96 mm/min in the original NC
codes. The feedrate scheduling was executed to regulate the MRR
values at a given reference levels. Results of the implementation of
two different MRR-based feedrate optimization approaches can be
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Figure 5. Samples used in the experiments.

Table 4. Cutting conditions.

Number of test Feedrate (mm/min) Tool clamping length (mm)
1 48 60
2 96 60
3 144 60
4 192 60
5 48 75
6 96 75
7 144 75
8 192 75

Table 5. The input parameters for MRR based federate optimization.

Test no. Feedrate MRR (mm?/s) Max feed (mm/min) Min feed (mm/min)
Unoptimized constant feedrate 96 mm/min - 96 mm/min 96 mm/min
OPT-1 - 20 50 130
OPT-2 - 30 50 130
OPT-3 - 15 50 130
OPT-4 - 20 50 130
OPT-5 20 50 130
D2- OPT-1 20 50 130

seen in Figures 7 and 8. This optimization approaches were applied
to the slot milling process in free-form surface. In the first approach,
MRR values were calculated for between the two consecutive G
codes, and these values were used feed rate optimization without
adding new NC blocks as shown in Figure 8. Feedrate scheduling

based on the MRR per NC block is performed, and a new feedrate
is inserted in every existing NC block.

In the second approach, in addition to the reference MRR values,
some parameters such as segment length, minimum distance,

maximum-minimum

feed

rate values,

etc.,

were taken into
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consideration for feedrate optimization with new inserted NC blocks
as shown in Figure 7. In this approach, firstly, feedrate scheduling
based on the MRR is performed, and a new feedrate is inserted in
every existing NC block. When the feedrate and MRR values shows
a sharp change between two consecutive NC blocks, a new NC
block is inserted to regulate MRR between them. First, maintaining
a fixed MRR at all miling locations is selected for federate

scheduling. Figure 7 shows feedrate and number of NC block
changes by keeping constant MRR for different reference MRR
values. As it is seen from scheduled feedrate values, they are not
constant. The feedrate values were again regulated according to a
reference material removal rate value in the feed direction. The
MRR values were readily regulated and controlled at the given level
using the scheduled feedrates. Analyzed results of MRR-based
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Figure 9. Real machined geometry.
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Figure 10. Effect of feedrate value on SPL for clamping length of 60 mm.

approach, the MRR increased in regions where the feed rate
decreased and vice versa.

It is necessary to use MRR based feedrate without adding new
NC block for rough machining due to the simpler and short
calculation time. Second feedrate optimization approach (with new
G codes) is more suitable for semi-finishing operations (Figure 8).
The machined workpiece parts can be seen under the different
cutting conditions and MRR based feedrate optimization
parameters (Figure 9).

RESULTS

The effect of cutting feed rate on the sound pressure
level

Sound generated by the machining process under
different cutting conditions is digitized, recorded and
processed in computer with our software was written
using MATLAB. A 1024 point FFT is computed and the
results are averaged to estimate the magnitude of the
sound. Cutting sound pressure levels increased with the

increase of feedrate values. In Figure 10, cutting sound
pressure levels in different feedrate values are given and
compared.

With the increase of feed rate, cutting force and cutting
tool deflection also increased parallel to the increase of
machining sound pressure levels. Cutting sound pressure
levels occurred in 192 mm/min feed rate are a little higher
than the sound pressure levels occurred in 144 mm/min
feed rate. By decreasing the feed rate as 48 mm/min, the
lowest cutting sound pressure levels and cutting tool
deflection were obtained.

Figure 11 compares the frequency spectrums of the
cutting sound for different feedrate values. In this paper,
the sound pressure level at a frequency of 2.8 kHz was
selected as the maximum value in order to investigate the
relationship between the feedrate value and the sound
pressure level. From Figure 11, it is clear that the
amplitude of the frequency of the cutting sound increases
dramatically when feedrate is raised. In Figure 12, cutter
deflection for different feedrate values are compared.
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Influence of the tool clamping/overhang length on pressure levels occurred in 60 mm tool clamping length

SPL as shown Figure 13. The graph represent the tendency to
cutting sound when the same tool was used at different
Cutting sound pressure levels occurred in 75 mm tool overhang lengths in a given applications. The tool slender

clamping length are a little higher than the sound parameter L*/D*; where L is the overhang length and D is
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the tool diameter, the most important parameters in the
static tool deflection. A larger cutting forces and
deflection means the tendency to cutting sound is
greater. In order to investigate the relationship between
the tool overhang and the sound pressure level, the value
of the sound pressure level at the frequency of 750 and
6500 Hz was used.

Figure 14 compares the frequency spectrums of the
cutting sound for tool overhang of 60 and 75 mm at the

feedrate of 96 mm/min. The amplitudes of the funda-
mental cutting sound frequencies when employing tool
overhang of 75 mm were observed to be higher than that
of overhang of 60 mm as shown Figures 14 to 16. More
significantly for tool overhang length of 75 mm, the
harmonics with significant intensities between 1600 and
2200 Hz were highly indicative that cutter deflections
possibly due to cutter runout occurred with large
magnitudes. Figures 15to 16 shows 3D diagrams and
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spectrograms of the time tracking of the amplitude of
cutting sound at the frequencies of 500 and 6000 Hz of
the processing sound for different tool overhang values.
When tool overhang value was increased from 60 mm to
75 mm, the amplitudes of the high frequency and very
low frequency components increased.

In Figures 17, 18, 19 and 20, cutting sound pressure
levels in different tool overhang and feedrate values are
given.

The relationships between sound pressure level and
tool clamping length at a feed-rate values of 48, 96, 144
and 192 mm/min (Figures 21 and 22) are again linear
and positive, and both are statistically highly significant

(0.994 and 0.957 for clamping length 60 and 75 mm,
respectively). Cutter deflection occurred in tool overhang
length of 75 mm are higher than the cutting deflection
occurred in tool overhang length of 60 mm for 192
mm/min. In Figure 23, cutter deflection for different tool
clamping lengths are given and compared.

The relationship between sound pressure level and
cutter deflection

Cutting tool deflection values increased with the increase
of feedrate values. In Figure 12, cutting tool deflection



60 -
58
56
54 -
52
50
48
46 4
a1 ]
42 -
40
38

Cutting Sound Pressure Level (dB)

Feedrate =958 mmfmm A Tool elamping length-B0 mm)
Feedrate = 95mmimin -(Tool clamping length-75 mm)

| ! | ! | ! | ! I
50 100 150 200 250
Data Number
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Figure 22. SPL as a function of feed rates at a tool clamping length of 75 mm.

values in four different feedrate values are compared. clamping length of 60 and 75 mm. It may be possible to
With the increase of feed rate, cutting tool deflection also clarify the relationship between cutting tool deflection
increased parallel to the increase of machining sound values and sound pressure level. Figures 24 and 25
pressure levels as shown in Figures 24 and 25 for showed the variations observed in SPL and cutting tool
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Figure 26. SPL as a function of tool deflection at a tool clamping length of 75 mm.
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Figure 27. SPL as a function of tool deflection at a tool clamping length of 60 mm.

deflection as a function of the feedrate values for different
clamping length.

The relationship between cutter deflection and sound
pressure level during milling at all federate values
(Figures 26 and 27) is positive, linear, and statistically
significant (r = 0.998 for tool clamping length = 60 mm, r
= 0.993 for tool clamping length = 75 mm). Correlation
coefficients between tool deflection values and sound
pressure level at all feed speeds were better than r = 0.7.
This shows a distinct relationship that further suggests
that monitoring of the sound pressure level signal is a
viable method for monitoring and controlling free form
surface milling.

The relationship between sound pressure level and
cutting forces

Cutting forces values increased with the increase of feed-
rate values. With the increase of feed rate, cutting forces
also increased parallel to the increase of machining

sound pressure levels as shown Figures 28 and 29 for
clamping length of 60 and 75 mm. The potential relation
between SPL and cutting forces was examined, as
shown in Figures 28 and 29, which demonstrates the
variations observed in SPL and cutting forces as a
function of the feedrate values. The relation-ship between
cutting forces and sound pressure level during milling at
all federate values (Figures 30 and 31) is positive, linear,
and statistically significant (r = 0.998 for tool overhang
length = 60 mm, r = 0.964 for tool overhang length = 75
mm). Correlation coefficients between cutting forces and
sound pressure level at all feed speeds were better than r
=0.7.

Evaluation of feedrate optimization approaches using
SPL

The feedrate scheduling was executed to regulate the
MRR values at a given reference levels. Figure 32 shows
regulated MRR values, which are obtained feedrate
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Figure 31. SPL as a function of cutting forces at a tool clamping length of 75 mm.
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Figure 32. MRR changes for optimized feedrate with various reference MRR.

optimization process with different reference MRR. MRR-
based feed rate optimization approaches were applied
successful as can be seen clearly in Figures 7 and 8.
After introducing MRR-based feedrate optimization for
slot cutting of free-form surfaces, the results of sound
pressure levels, cutting forces and cutting deflection
values will be compared for these cases. It is obvious that
MRR based feedrate scheduling cases gave lower sound
pressure levels and cutting forces compared to fixed
feedrate strategy. With the optimization of feed rate,
cutting deflection values regulated parallel to the
regulation of machining sound pressure levels as shown
in Figures 33 and 34.

Reasonable behavior between cutting forces and
sound pressure level thus shows promise for monitoring
of cutting forces and cutter deflection using sound pres-
sure level. Comparison made between the unoptimized
and optimized milling indicate that the sound pressure
level values when optimized condition were lower than

the fixed feedrate conditions. The scheduled feedrate
values output more stabile and lower SPL values are
shown in Figure 35. When the feedrate optimized NC file
was executed, the amplitudes of the cutting sound fre-
quency components decreased as shown in Figures 36
to 38. Figures 37 and 38 presents 3D diagrams of the
time tracking of the FFT frequency analysis of the cutting
sound signatures obtained at the frequencies of 500 and
6000 Hz for constant and optimized feedrate values,
respectively.

DISCUSSION

This paper discussed the possibility of using sound
pressure level to observe the free form surface milling
process at different machining conditions and to evaluate
MRR based feedrate optimization approaches. Audible
sound waves generated during machining are important
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Figure 38. 3-D Frequency spectra for optimized feedrate cutting condition.

signals that can give an indication of cutter condition and
machining process situation. An experienced operator
can observe the change in the operational cutting sound
generated from different machining conditions. A number
of scientists have used cutting sound measurement tech-
niques to monitor machining conditions (Nagatomi et al.,
1993), cutting tool wear (Banshoya et al., 1994), tool

breakage and wear detection in turning (Trabelsi and
Kannatey-Asibu, 1991), effect of cutting parameters on
chip shape and roughness (Tekiner and Yesilyurt, 2004),
effect of coating material and roughness (Kamguem,
2010) on slot milling, chatter detection and control (Delio
et al., 1992; Schtmiz et al., 2001-a, 2002; Schmitz, 2003;
Weingaertner et al., 2006).



In existing studies, cutting sound analysis approach
applied to monitoring of the turning, laser cutting, slot
milling of plane surface, sawing, grinding, drilling and
wood machining operations. In our study, we analyzed
and focused on milling of free form surfaces which the
machining process is very complex than the others.
When a tool moves into different regions of free form
surface (concave, convex and flat surfaces) or changes
its cutting direction in 3D sculptured surface machining,
tool-workpiece engagement area, the engage angle,
swept volume, cutter load, axial and radial depth of cuts
are often changed. Therefore, selection of milling
conditions is a very important step in order to avoid
undesirable results such as tool wear, tool breakage or
over-cut due to excessive cutting tool deflection. There is
no study in the literature for monitoring of cutting process
using sound pressure levels (SPL), focused on machining
of sculptured surfaces and also related with tool
deflection and cutting forces. Examination and monitoring
of the sound pressure level generated during slot milling
in free-form surface and the cutter deflection and cutting
forces produced shows that:

i) Changes in the feed rate (48, 96, 144 and 192 mm/min)
also affect both the sound pressure level signal and tool
deflection in our work. With the increase of feed rate,
cutting tool deflection also increased parallel to the
increase of machining sound pressure levels. Our
findings agree with those of Kamguem (2010), who
observed that with the increase of feed rate values,
parallel to the increase of milling sound pressure for slot
milling cases with different flat end mills in plane
surfaces. Similarly, this result is supported by the study of
Tekiner and Yesilyurt (2004). They investigated effect of
cutting parameters on process sound during turning of
AISI 304 steel. Shrikrishna et al. (2007) investigated
effect of different wall thickness and depths of cavity on
sound pressure levels using various spindle speed values
in face milling process.

Our result is very similar to the findings of their study
showed that the increase in SPL (in dB) with speed is
almost linear for all the workpieces, suggesting a
dominant effect of speed on sound pressure level.
Additionally, Iskra and Tanaka (2005) found that strong,
positive, linear relationships were observed between feed
rate and sound intensity in wood machining process.
From Figure 11, it is clear that the amplitude of the
frequency of the cutting sound increases dramatically
when feedrate is raised. Strong, positive, linear relation-
ships were observed between feed rate and sound
pressure level, as well as for the tool deflection. Corre-
lation coefficients between tool deflection values and
sound pressure level at all feed speeds were better than r
= 0.7. This shows a distinct relationship that further
suggests that monitoring of the sound pressure level
signal is a viable method for monitoring and controlling
free form surface milling.

i) The relationship between cutting forces and sound
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pressure level during milling at all federate values is
positive, linear, and statistically significant (r = 0.998 for
tool overhang length = 60 mm, r = 0.964 for tool
overhang length = 75 mm). This result is supported by
the study of Jaromir Audy (2007), who monitored that
sound pressure increased with the cutting forces due to
increases in the cutting feedrates and depth of cuts for
single point turning operations.

iii) Cutting sound pressure levels occurred in 75 mm tool
overhang is a little higher than the sound pressure levels
occurred in 60 mm tool overhang. When tool overhang
value was increased from 60 to 75 mm, the amplitudes of
the high frequency and very low frequency components
increased.

iv) MRR based feedrate scheduling approaches gave
more lower sound pressure levels, amplitudes of
frequency, cutting deflection and cutting forces values
compared to fixed feedrate strategy. These scheduled
feedrate values output more stabile and lower SPL
values. Moreover, the sound pressure signal which has a
strong relation to the material removal rate is detected.
Measurement of sound pressure level has considerable
potential for use in monitoring and/or controlling of the
free form surface milling process, including variation of
the feedrate, tool clamping length and different MRR
based feedrate optimization approaches.

Conclusions and future remarks

In this paper, audible sound is investigated as a dynamic
approach is established to enhance our understanding of
the relationship among cutting conditions, tool deflection,
cutting forces and the sound signal generated from the
cutting process. Finally, our experimental approach and
its results show that the sound pressure level is very
useful and practical methods for monitoring of the effect
of machining conditions and variable feedrate values
from optimization in sculptured surface milling process. In
the next study, an adaptive on-line control system based
on cutting sound pressure signal will develop and enable
the integration of the CNC milling center for more efficient
surface milling (desired surface quality or machining cost)
by means of adjusting feedrate values.
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