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Abstract

This paper presents a novel approach to identify both radial and axial depth of cut in 2.5-axis
peripheral milling operations using cutting force signals analysed in the frequency domain (i.e.,
cutting force spectrum). In detail, the method exploits the normalized cutting force spectrum, which
is directly obtained through dedicated analytical formulations, to estimate depths of cut. The proposed
approach is promising and differs from previous works since it does require nor the cutting force
coefficients or cutting force direction neither a dedicated instrumentation. The developed method was
numerically and experimentally validated in different cutting conditions. The results obtained show
that depths of cut are identifiable with a maximum absolute error less than 0.4 mm, proving that the
proposed approach could be a solid foundation for a force based cutting condition monitoring system
in peripheral milling.

Keywords: End milling; Simulation; Frequency; Cutting Force; Monitoring.

1. INTRODUCTION

In the context of smart manufacturing, monitoring and control have become fundamental elements to
increase the productivity and quality of industrial processes [1]. Focusing on machining, quality and
productivity of cutting operations are strictly related to the parameters adopted, therefore, knowing
and measuring such parameters during the process is essential to support any control or monitoring
strategy [2]. In peripheral milling, some of these parameters, such as spindle speed and feed, are
already monitored and regulated through the numerical control of the machine tool, however no
solution for measuring and monitoring the engagement parameters (i.e., radial and axial depths of
cut) is generally available. Nonetheless, the identification of the engagement conditions during the
cutting process could allow process faults, such as tool collision or mistakes in toolpath programming,
to be detected and avoided. In literature, several methods that aim at identifying the engagement
parameters, have been presented. Most of them are based on the comparison between simulated and
measured cutting forces, which represent a variable directly related to the cutting conditions. To
develop such methods, it is hence required both measurements and modeling of cutting forces.

On one hand, several techniques are available for cutting force measurement in milling operations.
For example, piezo-¢electric dynamometers are commercially adopted for cutting force measurements
in milling [3]. However, they are expensive, and they affect the dynamic of the cut by changing the
mass and the stiffness of the machine tool. As well as this, the dynamic of table dynamometers is
related to the size of the workpiece, generally limiting their use to small components, while rotating
dynamometers suffers from low flexibility and reconfigurability. Other force measurement tools are
the ones that use spindle and feed drive current signals, and indirectly measure the cutting forces [4].
Such methods are accurate, but their range of application is restrained by the bandwidth of the spindle
and feed drive system. For these reasons, complex compensation strategies [5,6] are essential for an
accurate force measurement. On the other hand, force measurements based on accelerometer signals
are also available [7]. These methods need the direct measurement of the frequency response
functions (FRFs) between the tool nose and the spindle box where the accelerometers are mounted.
Furthermore, methods based on multiple sensors and fusion schemes have been presented [8,9]. These
methods aim at overcoming the limitations of the previously mentioned techniques, but they still
require FRFs measurements as input. In general, milling cutting forces can be accurately measured
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with commercial sensors if a calibration phase is performed and an adequate post-processing strategy
to compensate for dynamics of the system is performed.

On the other hand, the accuracy of the cutting model is critical for a good comparison between
measured and predicted signals [10]. In this context, cutting forces in peripheral milling are widely
represented through mechanistic models, which considers that the instantaneous cutting force is
proportional to the uncut chip area through cutting coefficients [11]. Such cutting coefficients depend
on the tool edge geometry and the tool/workpiece material properties [12]. Moreover, mechanistic
force models may assume two different expressions: the first one, which includes one single
coefficient (i.e., lumped shear force model) and the second one, which considers two separate
coefficients (i.e., dual-mechanism force model). In the lumped shear force model [13], the single
coefficient (i.e., cutting coefficient) gathers the effects of both shearing and ploughing leading to a
simplified force representation with limited accuracy in a wide range of cutting parameters. On the
other hand, the dual mechanism force model is more complex, and it presents one coefficient to
evaluate the effects of shearing (i.e., cutting coefficient) and another coefficient to analyze the effects
of ploughing (i.e., edge coefficient) allowing the cutting force representation to be more accurate in
a broad range of cutting parameters [14]. However, the quantitative reliability of the cutting model
depends on the accuracy of cutting force coefficients [15], and edge coefficients depend also on tool
wear and surface inclination, as shown by Wojciechowski et al [16]. For that reason the lumped shear
force model still represents an interesting choice since it has the advantage to rely on a single
coefficient and is found to be accurate if its coefficients are computed and used in a small range of
cutting parameters [17].

Based on these two components (i.e., cutting force modeling and measurement), Altintas et al. [18]
developed an algorithm to identify of both axial depth and radial width of cut based only on two
orthogonal force measurements in the plane perpendicular to the machine tool spindle using a table
dynamometer. The algorithm evaluated the depths of cut with a maximum error less than 10%, and
it was based on a mechanistic representation of the cutting forces, but it required calibration tests to
identify the constants in the force equations. On the other hand, Choi et al. [19] proposed an algorithm
to evaluate the axial depth of cut based on the pattern of cutting force without requiring the magnitude
of the cutting force itself. The authors adopted a mechanistic cutting force model to identify the
angular position where cutting force starts rising and the angular position where cutting force starts
decreasing, then the angular distance between these two positions was used to obtain the axial depth
of cut. However, the effect of the number of flutes cutting simultaneously on cutting force pattern
was not fully investigated by the authors, limiting the reliability of the method. Moreover, cutting
constants are still needed for the depths of cut identification. Yang et al. [20] analyzing the resultant
cutting force shape with a mechanistic cutting model presented analytical force indices to correlate
the depths of cut variations with force shape. The method proposed by authors extends the cutting
force pattern results presented in the previous study, and it gives a maximum error less than 3% in
the estimation of the depths of cut changes. However, both cutting coefficients and nominal values
of depths of cut must be known to evaluate their deviations. Leal-Munoz et al. [21] presented an
online approach to identify both axial and radial depths of cut from the cutting force pattern signal in
finishing operations with tool runout. In detail, the authors evaluated the radial and axial depths of
cut from the instant corresponding to the beginning of the cut and the axial depth of cut from the
instant corresponding to the end of the cut. In this case the results obtained by the authors were
extremely accurate with a relative error under 3%, but the approach applies only to cutting operations
where only one flute is involved in the process and high axial depths of cut are adopted. The same
authors [22] perfected their methods by considering the impact of the depths of cut and the spindle
speed on the instant corresponding to the end of the cut, reaching a maximum error less than 0.05
mm in depths of cut measurements. Despite the increased accuracy, the limitations previously
described remain.

Alternatively, depths of cut identification techniques based on specific instrumentations have been
presented. Prickett et al. [23] proposed a methodology to provide real-time representation of the axial
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depth of cut during end milling operation. The authors adopted two ultrasonic analogue distance
sensors mounted on both sides of the tool to measure the distance of the workpiece in front of the
cutter path and behind the cutter path. Then, the axial depth of cut was evaluated as the difference
between the two measured distances. This method provided accurate results with a maximum error
of 0.2 mm, however only small values of axial depth of cut were tested, and the radial depth of cut
was not included. On the other hand, Gaja et al. [24] proposed a monitoring system to detect the axial
depth of cut in real time using an acoustic emission (AE) sensor and a prediction model. In detail, the
authors used a regression model to relate the AE signal and the axial engagement, and then they built
an artificial neural network (ANN) for more accurate estimation of the axial depth of cut. The
approach showed good results, but it requires a large amount of data, and it does not include the radial
depth of cut. The mentioned approaches do not exploit any previous knowledge about the cutting
process, they focus only on the axial depth of cut, and they require additional components and sensors
which the machine tool must be adapted for, limiting their industrial application.

This paper presents a novel approach to identify both radial and axial depth of cut in 2.5-axis
peripheral milling operations using cutting force signal analysed in the frequency domain (i.e., cutting
force spectrum). Compared to the methods based on specific instrumentation, the proposed approach
estimates both the depths of cut and does not require additional sensors or equipment, except for the
one required to measure cutting forces. On the other hand, the method shares with other approaches
the exploitation of cutting force measurement and the comparison with simulated results, but it does
not perform such tasks in time-domain, as most of the proposed methods, but in frequency domain.
Very few approaches adopt the cutting force analysis in the frequency domain for monitoring
purposes. For example, Wang et al. [25] applied the convolution analysis to a mechanistic cutting
force model to develop closed form expression of the cutting force in the frequency domain (i.e.,
force spectrum). As well as this, the same authors exploited the formulations developed to identify
the cutter offset [26] and the cutting coefficients [17]. These approaches rely on the cutting force
magnitude spectrum which requires the information about cutting force coefficients. This paper,
starting from the cutting force representation as a Fourier series, as in [27] and [28], proposes new
formulations to express the Fourier coefficients that describes the cutting force spectrum (i.e.,
resultant of radial and tangential cutting forces), improving their efficiency compared to the previous
work [28]. Moreover, these formulations are exploited to identify the radial and axial depths of cut in
peripheral 2.5 milling operations. In detail, the proposed approach uses the cutting force spectrum
normalized to the zero-frequency component (i.e., mean value). The main advantages of the proposed
approach are: 1) the fast estimation of depths of cut since the comparison is performed on few values
(tooth pass frequency and harmonics), suitable for a future real-time application iii) not requiring
cutting force coefficients, cutting direction and tool run-out estimation, iv) not requiring specific
instrumentation or sensors. The proposed approach was experimentally and numerically validated,
and it proved to be a solid starting point for a force based cutting condition monitoring system.

2. PROPOSED MONITORING STRATEGY

In this work a novel monitoring solution for the identification of depths of cut (i.e., radial and axial)
in end-milling is proposed. As general rule, an efficient monitoring system based on cutting force
measurement should be able to analyze the process with the following features:

e Requiring the smallest number of parameters, and only the ones known by the operator;

¢ Not requiring information about cutting force model (e.g., cutting force coefficients);

e Not requiring information about cutting direction.

To achieve such ambitious goal, the idea presented in this work is to adopt total cutting force on x-y
plane that can be computed as:

Frot(9) = VFZ (@) + E2(¢) = JEH () + 7 () (1)
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Fig. I Cutting tool and cutting parameters

where F; and F, are the forces on tangential, radial directions respectively (Fig. 1), while Fx and F)
are the cutting force on feed and cross-feed directions. However, this total force can be obtained by
combining any couple of orthogonal forces on the x-y plane, therefore it can be easily acquired during
the end-milling process without the need of the cutter direction.

To achieve the other features, the proposed strategy is based on the analysis of total cutting force

signal in frequency domain, and depths of cut are estimated by comparing such information with the

results of the enhanced analytical formulations derived in this work.

The proposed approach follows these steps:

1) Cutting forces are acquired in time domain in different directions with adequate sampling
frequency (to cover at least ¢ times the tooth pass frequency); if it is required, a compensation of
distortions derived by the measuring system dynamics should be performed on these signals.

2) x-y plane total force is computed using eq. 1 to remove the necessity to estimate cutting direction.

3) A procedure to remove the influence of run-out on the cutting force is applied, at the end of this
procedure the averaged total cutting force on a single tooth pass interval is isolated.

4) Discrete Fast Fourier Transformation (DFFT) is performed on the signal, constant term Ag, and
the tooth pass frequency and harmonics (C,») are isolated to compute Rn.

5) An optimization algorithm is performed to estimate depths of cut, computing the R,, according
to eq. 32 and minimizing the error function fo.

The details of the mathematical formulations and procedures required by the proposed approach are
presented in the next sub-sections.

2.1 Cutting force frequency content

The proposed solution is based on analytical equations that predict frequency content of cutting forces.
These proposed formulations are valid for 2.5-axis end-milling process and consider a simple
mechanistic force model that relates forces linearly to chip thickness with a cutting force coefficient
(lumped shear model), as adopted in other approaches (e.g., [29]). Focusing on tangential and radial
forces (Fig. 1)., the resulting cutting forces in time-domain are:
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Ft(¢) = ;yzlktcaph(d)j) (2)
E’((p) = 7:1 Krcaph(¢j) (3)

where Ky, K;. are the tangential and radial cutting coefficients, N is the number of flutes, a, is the
axial depth of cut and /4 is the chip thickness that can be computed as:

h = f,sin (¢;) @
where:

¢ = wt ®)
¢=0+(3)G-1j=12...N (6)

where f. is the feed per tooth, 7 is the time variable and  is the spindle speed in rad/s (Fig. 1).

Such time-domain equations should be evaluated only in the range of cutter entry angle (¢i,) and
cutter exit angle (d..) which are identified according to the cutting strategy and the radial depth of
cut (a,) with these expressions:

Gin = T — Ay, Down-milling; ¢in = 0 Up-milling @)
bour = @ Down-milling; bout = Aen Up-milling ®)
where D is the tool diameter and:

Q. = acos(2a, /D) C)

Starting from this time-domain representation, it is possible to derive the expressions in frequency
domain. The proposed approach starts from the formulation in frequency domain for F), proposed by
Schmitz et al. [28]:

Fy(¢) = ;yzl(ay() + Z;?:l(ayn cos n(l)j + byn sin n¢j)) (10)
where ay... a, are the Fourier series terms that, for the purpose of this work, can be written as:
Ayo = Ayo * Ap; Ay = Ay~ Gp; byp = bl - a, (11

where a”y represents the Fourier coefficients at zero frequency, while a’y,, b")» are two coefficients
which define the real and imaginary components of force at the frequency n-multiple of the rotation
frequency (n integer), divided for the axial depth of cut. This formulation was derived for F, because
the focus of Schmitz et al. work [28] was on surface error that is mainly caused by y-direction
displacements, however for the purpose of this work, it can be easily demonstrated that the same
formulation can be obtained for the cutting force on the x-y plane (Fi:) with different Fourier
coefficients.

Ftot(¢) N Z?’=1(azot0 T Ay + Z;?:I(azmn " 4, COS n¢j + bzotn T Ay sin n¢j)) (12)

The full expressions for a”m and b* . are reported in the Appendix A.

The force formulation in eq. 13 is valid in case of straight teeth cutting tool; however, to achieve an
accurate force prediction it is necessary to include helix angle, therefore the equations are rearranged
by including an additional summation, as proposed by Schmitz et al. [28]:

Ftot(¢) = 7{1:1 Z?’=1(a;ot0 ' dap + Z;?:l(a:otn ' dap cos n(¢j -y (k — 1)) + b;otn ’ dap Sinn(¢j -y (k — 1))))
13)

To achieve the goal, the tool is discretized in A axial slices, each slice (da, high) is assumed to have
a zero helix angle and the slices are rotated relative to one another by the angle y:

Y = kyda, (14)
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k, = 2tan(ay,;) /D (15)

where ase 1s the helix angle. This assumption introduces an approximation that could lead to errors,
especially increasing helix angle and reducing the number of slices. Moreover, an additional
summation is included to the Fourier series, reducing the computational efficiency. In this work eq.
13 is rearranged to remove this summation and the related approximation, by introducing the integral:

Frot (@) = foap ?I=1(a?oto dx + Yp-1(Atom * dx cos n(¢j — kpxdx) + biyen - dx sin n(qu — kpxdx))) (16)
Frot (@) = oo Na, + Z =1 2m= 1(fap(atotn dx COS(”¢J nk,xdx) + bioen - dx Sin(n(j)j — nkyxdx)) (17)

The phase shift (kxxdx) given by the helix angle can be rearranged by following simple trigonometric
steps (angle sum and difference identities):

Fiot(9) = ayyo - Na, + Z 1 D l(fap(atotn dx cosng; cosnkpxdx + a;oen * dx sinng; sin nkyxdx + biop, -

dx sinng; cos nk,xdx — bioe, - dx sinng; cos nk,xdx)) (18)

Fiot(9) = ayyo - Na, + Z 1 D 1(fap((amm dx cosnk,xdx — bioey * dx sinnk,xdx) cosng; + (azon *
dx sinnkyxdx + by, - dx cos nk,xdx) sin n¢1)) (19)

Solving the integral in eq. 14, the following equations can be derived:

Foe(9) = a3 0 - Nap, + XV X4 [((a“’m sinnkyx + - biotn ¢ nkyx) cosne; + (= Siotn ¢ nkyx +

btotn

—sinnk,x) sin nqﬁ])] (20)

Foe(9) = ayy0 - Na, + XV X0, (((a“’m sinnkya, +— Diotn o nkpa, — “’m) cosng; + (——2= Siotn g nkya, +

atotn biotn
;k; + r:t sinnk,a )smnd)])) 21

The proposed formulations allow estimating cutting forces in the frequency domain in presence of
helix angle using an exact expression, without the need of a specific discretization.
¢ For the constant term (null frequency):

Atoro " Nay, (22)

e For tooth pass frequency and its harmonics:

1

at . b; b; at at
o1 Znmt (((M sinnky,a, + ;Z’;” cosnky,a, — ;Z:‘) cosng; + (— %chos nkya, + ﬁ:‘ +

b otn
Ti sinnk,a )smnd)j)) (23)

Moreover, it is interesting to point out that, similar to what is proposed for force shape characteristics

[20], two main angles are responsible for the frequency content of the cutting forces:

e the radial engagement angle (a.,) responsible for ¢-@ou: range that affects a’iom and b rom,

e the axial engagement angle or sweep angle (asw) that depends on helix angle and axial depth of cut
according with the following equation:

Ao = kpa, (24)

It is worth mentioning that the proposed formulations derived in this work for total force (eq. 21) are
valid also for cutting forces in different directions (e.g., x and y) and considering different cutting
force models (e.g., including edge coefficients or run-out), indeed, in such cases, only Fourier
coefficients are changing.

However, the proposed solution is based on total cutting force for the already mentioned feature to
be independent on cutting direction, while a lumped shear cutting force model (eq. 2-3) is chosen
because in this condition, cutting force coefficients can be easily isolated and the Fourier terms arom
and b"m can be written as:
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Atoto = Atoro " frV Ktcz + Krc2 (25)
Aiotn = Aiotn " f2V Ktcz + Krcz (26)
bton = btotn "JzV Ktc + Krcz (27)

where a™/om and b*"»i» depend only on radial depth of cut and their full expressions are reported in
the Appendix A. Using expressions in eq. 25-27, eq. 21 can be re-arranged as:

* *
Rk 2 2, 2 2 VN 0 Atotn ; btotn
Ftot(¢) = Qgoto fz Ktc + Krc Nap + fz Ktc + Krc j=1 Zn:l ((( nkp sin nkbap + nkp cos nkbap -

biotn _ atotn atotn | Diotn ; : )
k. ) cosng; + ( FT cosnkya, + Ty + Tk sinnk,a,) sinng;) (28)

Moreover, considering a force signal without tool run-out, it is also possible to remove the summation
related to the number of flutes (), simplifying the formulation in equation 28 as:

Ftot(¢) = atotO z Ktc + Krcz ' Nap +N-f, Ktcz + Krc2 ' Z?? (((a::%tn sin nkbap + btz]){tn cos nkbap A
b nkp

" .
biotn atotn Atotn btotn _: : -
e )cosng; + (— FT cosnkya, + Ty + Tk sinnkya,) sin nqb]-)) n=N,2N,..,0 (29)

In this case the Fourier series is not evaluated at each n-multiple of the rotational frequency but only
at the ones divisible for NV, hence related only to the tooth pass frequency.

FFT components for total force using the proposed simplifications become:

¢ For the constant term (null frequency):

Ay = Aioro I Ktc2 + Krc2 *Na, (30)

¢ For tooth pass frequency and its harmonics:

Z . ((tot beot bxyn :r_ Gtot atot
N K + Ky (G "sm(nkbap) + Do "cos(nkbap) - ) —i(= nzb" cos(nkya,) + nzb" +

b otn
ﬁsm(nkbap))) n=N,2N,.., (31)

2.2 Depths of cut estimation

The proposed equations show that the ratios between C, and 4y, called here R,, are independent from
the cutting force coefficients and the feed per tooth, but they depend only on tool properties (D, N,
oner) and depths of cut (a,, @), as shown in eq. 32:

— & — 1 Atorn oi biotn _ bz.yn i atotn atotn btotn
R, = 0 anaion ((—nkb sm(nkbap) i ity cos(nkbap) nkb) i iy cos(nkbap) + == kg + == sm(nkbap))
(32)

The proposed monitoring solution will, hence, be based on this parameter. Since R, is a complex
number, both real and imaginary parts will be considered. During the identification procedure, the
predicted R, is compared to the experimental one to estimate the process depths of cut. To achieve
such result, an optimization algorithm is implemented with the aim of minimizing the following error
function f,:

_ ||Rn1n—an||2 _
Jo = iRl n=23 ¢ (33)
where ¢ is the number of Fourier coefficients considered in the optimization, R,, and R, are the
predicted and measured values of the ratio formulated in eq. 32. and || is the 2-norm of the vector.

2.3 Run-out removal

The proposed approach is based on cutting force signals analysis in the frequency domain. The
analysis is focused on tooth pass frequency and its harmonics, thus neglecting tool run-out, generally
significant in actual operations. However, it is possible, starting from cutting force signals generated
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by a tool characterized by run-out, to compute the cutting forces that the same tool without run-out
would generate.
In this work run-out is removed by means of a simple procedure that requires spindle speed value,
summarized in these points:

e Cutting force signal is acquired and re-sampled to match a tooth pass period (i.e., sampling

frequency multiple of the tooth pass frequency);

e Signal is analyzed considering a rotational period.

e The N-tooth pass periods included in the analyzed signal are averaged.

e The proposed approach is applied on the averaged tooth pass period.
The proposed procedure in time-domain, can be seen essentially as considering only tooth pass
frequency and its harmonics on the cutting force signal in frequency domain, neglecting/removing
the contributions of run-out frequency (i.e., rotational frequency and its harmonics). This is an
interesting aspect, since in the future real-time implementation the run-out removal procedure could
be re-arranged by just considering tooth pass frequency and harmonics of the force signal.
The proposed removal approach is valid both in case of low value of tool run-out, commonly found
in actual milling tools, not causing any flute to be excluded by the cutting and also in case of high
value of tool run-out, that causes some flutes to not be cut.
An example of such scenarios is presented in Fig. 2, where the results of two simulations are presented.
The simulations were carried out considering a 4-fluted tool of 12 mm (45° helix angle) cutting
Aluminum with 4 mm axial and 3 mm radial depths of cut (spindle speed 6366 rpm and 0.1 mm feed
per tooth). The first simulation considers the tool with low run-out (0.015 mm) and the second one
with a run-out higher than feed per tooth (0.15 mm). Simulated total force signals in presence of run-
out were compared with no run-out simulation results and the signal obtained by applying the
proposed run-out removal approach. As clear from the results (Fig. 2), the simple procedure proposed
is effective in reproducing the no run-out condition starting from cutting force in presence of tool
run-out.

2.4 Optimization algorithm

In order to estimate depths of cut, an optimization algorithm should be implemented to minimize the
objective function presented in eq. 33. In this work a global constrained optimization algorithm is
preferred to find a global optimal solution within feasible values of depths of cut. In particular, a
genetic algorithm is adopted here. Genetic algorithms are efficient optimization algorithms based on
the mechanics of natural genetics. Their “survival-of-the-fittest” approach allows them to perform a
fitting procedure in a very efficient way compared to more-conventional search techniques [30]. It is
worth to point out that genetic algorithm is implemented in this work to validate the proposed depths
of cut identification strategy based on frequency ratio. However, this would not probably be the best
solution for the future monitoring implementation, for which the most suitable algorithm for a real-
time application should be defined and evaluated.

The implemented algorithm searches the best values of axial and radial depths of cut that minimizes
the error function (f,). In addition to depths of cut, phase shift is also considered. Indeed, since
complex numbers are considered, phase shift between measured and predicted signals is very
important for an accurate estimation of the parameters.
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Fig. 2 Example of run-out removal results a) 0.015 mm run-out b) 0.15 mm run-out
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Fig. 3 Example of alignment between signals a) frequency domain b) time domain in the tooth pass interval

Therefore, the alignment of the two signals to be compared is essential. This aspect is exemplified in
Fig. 3, where a measured signal is compared with two predicted signals (c=5), equal in shape but
different in phase shift.

As shown in the figure, in case of the not aligned signal, results both in terms of frequency and time
domain are not accurate (Fig. 3a) because of phase difference, while once the two signals are aligned
the results are in good agreement. Magnitude is not affected by the shift; however, magnitude is not
sufficient to perform a robust identification, since it does not ensure univocal results (i.e., the same
normalized magnitude can be obtained by different cutting parameters).

To tackle this issue an additional parameter is added to the optimization: € that represents the phase
shift (rad) of the measured signal respect to the predicted one, and it is included using eq. 34:

Coshiftea = Cn * l-n% 0<6<2m n=N,2N,..,o (34)
In summary, three outputs are extracted by the proposed method:
1. radial depth of cut (a,);
2. axial depth of cut (ap);
3. phase shift (0);
while the inputs required are:
e Measured cutting force on the x-y plane;
e Tool characteristics: diameter, number of flutes, helix angle;
e Spindle speed, that can also be extracted directly by the value of the tooth pass frequency
found in the force spectrum, as in other works [15].
The strengths of the proposed method are:
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e Relying on just cutting force signals, that could be acquired by commercial systems without
the need of specific instrumentations.
e Not requiring any information on cutting force coefficients, since it is based on dimensionless
cutting force (i.e., ratio between frequency contents and constant force term).
e Not requiring the knowledge about tool-run-out or tool direction of the cutting.
Therefore, a force-based cutting condition monitoring system based on the proposed approach could
be easily implemented in an industrial environment.
On the other hand, one of the main limitations of the proposed approach is related to the accuracy of
the cutting force measurement. Indeed, as previously mentioned, dynamometers are influenced by
system dynamics and can return distorted results, especially in case of high spindle speed and low
rigidity of workpiece (in case of table dynamometers) or tool (in case of rotating dynamometers).
Several methods have been proposed in literature to compensate for such distortions, and/or improve
measurement system dynamics.
The other limitations of the approach are associated to the approximations adopted in deriving eq. 32:
e The solution applies only to 2.5 axis end-milling.
e The method is proposed for flat end-mills, even if a similar approach based on different tool
geometries could be developed.
e The method is effective in milling processes where cutting forces can be accurately
represented by a lumped shear cutting force model.
It must be pointed out that this last assumption is valid even in case of varying force coefficients with
cutting parameters. Therefore, this condition should be considered valid in several scenarios, as
discussed in [17].

3. NUMERICAL VALIDATION

Firstly, the proposed approach and formulations presented in section 2 were tested using numerical
validation. A series of time-domain simulation were carried out using the cutting force model in eq.
1-2. Discrete Fast Fourier Transformation (DFFT) was then applied to simulated total cutting forces
on the x-y plane to compute the spectra of the cutting forces in frequency domain. The derived DFFT
of the forces were then compared with the analytical formulations proposed. In addition, the proposed
depth of cut estimation solution is applied to the signals, following the steps proposed in the previous
section. This numerical validation allows us to test the proposed formulations and techniques in a
controlled environment, validating the theory behind the method and estimating the intrinsic errors.
For the optimization, a genetic algorithm with 3000 Population 3000 15 Generations was adopted to
minimize the error function in eq. 33 and estimate the best depths of cut and shift angle. The range
of parameters for the three variables are presented in Table 1. Only five Fourier coefficients were
considered in the optimization (i.e., c=5).

Table 1. Optimization algorithm boundaries

Variable Min Max
ap (mm) 0 30
ar (mm) 0 D
6 0 21

Several tests were performed to investigate the proposed analytical expressions in different conditions,
with the same spindle speed and feed per tooth, 6366 rpm and 0.1 mm respectively. The first
simulation considers a 4-fluted 12 mm end-mill with 45° helix angle engaged 4 mm axially (a,) and
3 mm in the radial direction (a,). Starting from this condition, other simulations were carried out
changing parameters (e.g., number of flutes, depths of cut, helix angle) to analyze their influence.
Then, tests with the same engagement angles (aen, osw) are analyzed (tests 10-11). Lastly, very small
depths of cut (tests 12-13) and different materials (tests 14-15) were investigated. All the simulations
were carried out in down-milling.
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Cutting parameters used in the different simulations are summarized in Table 2, along with the results
of the proposed solution. Cutting force coefficients adopted for the first 13 tests, typical of a 6082—
T4 Aluminum [15], were K;. 750 MPa and K, 150 MPa and for test 14 and 15 K;- 2200 MPa and K.
750 MPa, typical of a carbon steel to check the behavior of the proposed approach with different
materials.

Table 2. Cutting conditions numerically tested (spindle speed 6366 rpm and 0.1 mm feed per tooth)

ID Material D(mm) N othet (°) commanded commanded estimated estimated
ap (mm) ar (mm) ap (mm) ar (mm)
1 Aluminum 6082-T4 12 4 45 4.00 3.00 4.00 3.00
2 Aluminum 6082-T4 12 2 45 4.00 3.00 4.01 3.00
3 Aluminum 6082-T4 12 6 45 4.00 3.00 4.00 2.99
4 Aluminum 6082-T4 12 4 25 4.00 3.00 4.03 2.98
5 Aluminum 6082-T4 12 4 50 4.00 3.00 4.02 2.99
6  Aluminum 6082-T4 12 4 45 2.00 3.00 1.99 3.01
7  Aluminum 6082-T4 12 4 45 10.00 3.00 9.99 3.00
8  Aluminum 6082-T4 12 4 45 4.00 1.00 4.00 1.00
9  Aluminum 6082-T4 12 4 45 4.00 9.00 4.01 9.01
10  Aluminum 6082-T4 12 4 20 10.99 3.00 11.06 2.97
11 Aluminum 6082-T4 20 4 45 6.67 5.00 6.68 4.97
12 Aluminum 6082-T4 12 4 45 1 0.5 0.99 0.50
13 Aluminum 6082-T4 12 4 45 0.1 0.2 0.10 0.20
14  Steel AISI-1045 12 4 45 4 3 4.00 3.00
15  Steel AISI-1045 12 4 45 0.1 0.2 0.10 0.20
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Fig. 4 Total cutting force spectrum for test 1

The results of the first test are reported in Fig. 4, where magnitude and phase of the FFT of total force
divided by A4y are shown. Using the formulation in section 2 spectrum of total forces is accurately
predicted, proving the validity of the proposed formulations. Moreover, applying depth of cut
identification algorithm based on f, on the signal (without using the information of cutting force
coefficients and depths of cut), the computed depths of cut (Table 2) are close to the ones imposed
(error less than 1%). Similar trends can be found for all the numerical results.

In Fig. 5 the influence of the number of flutes of the tool is highlighted. As expected, increasing the
number of flutes from 2 to 6 a reduction in significant harmonics is found. Indeed, increasing » the
Fourier coefficients reduce their value (as clear from the equations in appendix A), and this apply
also to N since it influences the coefficient number to be computed.

Fig. 5 confirms the accuracy of the proposed formulations and the same trend in the depth of cut
estimation. This is valid also for the results shown in Fig. 6, where the helix angle of the tool is
changed.
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Helix angle influences tooth pass frequency and its harmonics, indeed, looking at the proposed
formulations, it affects ay, and the shape of the force. Increasing the helix angle, the force is smoother,
and the relevance of the harmonics is reduced.
In Fig. 7 the effect of axial depth of cut is shown, and the depths of cut estimated via optimization
algorithm are still close to the simulated ones. Regarding the effect of axial depth of cut, an increase
of the value leads to an increase of the constant term therefore the relevance of the tooth pass

frequency and its harmonics diminished.
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Similar considerations can be drawn for the radial depth of cut (Fig. 8). In addition to the analysis of
the effects of the different parameters on the cutting forces spectra, two simulations were performed
keeping constant the two engagement angles (den, asw), equal to the one of test 1 (Fig. 9). This is
achieved by changing depths of cut and tool characteristics.
Results show that the spectra of the forces of test 10, 11 and 1 present the same distribution and the
same ratios between the different components. This confirms that the engagement angles are
important for the shape of the cutting forces. However, the proposed approach accurately estimates
the depths of cut of the different tests since, although the same cutting force ratio are used as input,
different tool characteristics are considered.
To further investigate low depths of cut, test 12 and 13 were performed and results provided in Fig.
10. In case of very low depths of cut, frequency contribution of tooth pass frequency harmonics is
significant, as expected. These tests confirm the proposed approach accuracy in estimating the

commanded depths of cut.
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In order to show the potentiality of the method to work on different material without the need of
cutting force coefficients, testl4 and test15 were simulated for carbon steel and results in terms of
normalized FFT of the total cutting force are provided in Fig. 11. Results show that the proposed
approach is able to accurately estimate depths of cut with different materials without the knowledge
of cutting force coefficients. This is possible through the normalized frequency spectrum (R,) that
does not depend on material (i.e., cutting force coefficients) as long as a lumped shear force model is
considered. This is clear by comparing two simulations that present the same parameters except for
the material (test 1 and test 14): results of these simulations (Fig. 4 and Fig. 11a) show the same
normalized FFT of total cutting force, confirming its independence on the material.

Fig. 12 summarizes the results of the identification procedure on the numerical validation. As clear
from the figure, results show almost a perfect match between commanded and estimated values,
confirming the validity of the theory on which the new monitoring system is based. The error found
(Fig. 12b) are very low (less than 0.1 mm) and are probably related to the optimization algorithm
effectiveness or to the time-domain simulation discretization that could introduce small errors in the
actual frequency domain spectra.

4. EXPERIMENTAL VALIDATION

The proposed methodology was then validated on actual cutting force data, experimentally acquired.
Five different cutting tests were performed on a DMG MORI DMU 75 milling machine on Aluminum
(6082-T4) using a four-fluted end-mill (Garant 202552) with 12 mm diameter and 45° helix angle.
During the tests, a Kistler 9257A table dynamometer was used to measure forces, its signals were
acquired by an LMS Scadas at 102400 Hz sampling frequency. Feed per tooth was set to 0.1 mm,
while two different spindle speeds were used (2191 rpm and 6366 rpm), and different engagement
conditions were tested. Down-milling strategy was used. The proposed method was applied to the
measured forces, as presented in section 3 for the simulated ones.
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Fig. 12 Numerical validation results a) depths value b) error
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Table 3. Cutting conditions experimentally tested (feed per tooth 0.1 mm)

ID D (mm) N an (°) Spindle speed commanded commanded estimated estimated
(rpm) ap (mm) ar (mm) ap (mm) ar (mm)

1 12 4 45 6366 1.00 6.00 1.25 6.29

2 12 4 45 2191 3.00 2.00 3.39 2.05

3 12 4 45 2191 8.00 2.00 7.74 225

4 12 4 45 2191 12.00 1.00 11.93 1.34

5 12 4 45 6366 15.00 2.50 15.21 2.66

Cutting parameters adopted are summarized in Table 3, where results in terms of estimated depths of
cut are also reported. The acquired cutting forces were post-processed following the steps presented
in section 2. Total force (i.e., resultant of cutting force in x-y plane) was computed by combining the
forces measured by the dynamometer on the machine x-y plane. These forces were corrected to reduce
the distortions derived by the system dynamics using the approach proposed by Scippa et al. [31],
and post-processed to compensate for tool run-out as presented in the previous section. The same
optimization algorithm presented in section 3 was used. Comparisons between measured force spectra
(normalized to the constant force) and the proposed formulations, using both the commanded depths
of cut and the ones obtained by the optimization algorithm, are presented in frequency and time
domain in the following figures (Fig. 13, Fig. 14, Fig. 15, Fig. 16, Fig. 17).

In Fig. 13, the results for the experimental test with the lowest axial depth of cut (1 mm) and the
highest radial depth of cut (6 mm, half-immersion) is presented. Good agreement is found on the
frequency domain between measured signal and proposed formulations for both commanded and
estimated depths (Fig. 13a). As expected, high accuracy is found also in the time-domain
representation (Fig. 13b) both in terms of shape and alignment, confirming the good estimation of the
phase shift (6). Although the commanded and estimated depths of cut seem to provide very similar
results, their values show some discrepancies. Indeed, both axial and radial depth of cut are
overestimated by an amount of 0.3 mm with the proposed approach. This value, as absolute error,
can be considered acceptable at least for some monitoring applications (e.g., detection of errors in
programming, or collision), even if the relative error on axial depth of cut is high (25%).

For the results of the test 2 (Fig. 14), featuring low engagement conditions, similar considerations
can be drawn. In this case, the tooth pass frequency is significant on the spectrum, exceeding half of
the constant term and showing a highly intermittent cutting. Indeed, this cutting condition is
characterized by only a single tooth engaged, as confirmed by the time-domain signal that presents a
non-cutting zone (null force). Higher error is found for the axial depth of cut, while the estimation of
the radial depth of cut is very accurate.
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Fig. 13 Test 1 experimental cutting force, a) frequency domain b) time domain
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Increasing a,, tooth pass frequency magnitude respect to Ay decreases (Fig. 15, Fig. 16, Fig. 17), as
expected. These conditions are characterized by higher average forces that produce a flatter
normalized shape, as it is clearly shown in the time-domain representation. Although cutting force
shapes are different in the three cases, the proposed frequency domain formulations accurately predict
the spectra with small deviations (more significant in phase) and the proposed method estimates
depths of cut with a good accuracy.
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Focusing on the results of the proposed estimation approach, a summary of the depths of cut and
absolute error for the five tests is presented in Fig. 18. As shown in the figure, commanded and
estimated values are close for all the tests, with absolute error less than 0.4 mm for all the cases.
Radial depth of cut is always overestimated, while axial depth of cut shows the higher error (both
negative and positive). These discrepancies are due to the approximations of the method and to the
uncertainties of the process and measurements. The first aspect includes the representation of the
actual force with the lumped shear cutting force model, while the second aspect involves the errors
in post-processing the measurements (e.g., dynamic compensation) and the actual depth of cut
performed in the process, that could be different from the commanded ones. The identified accuracy
is in line with other works in literature, such as the method proposed by Altintas et al. [18] that
however requires calibration tests or the technique proposed by Prickett et al. [23] that has the limit
of exploiting a dedicated instrumentation based on ultrasonic sensors. On the other hand, results are
less accurate than the ones obtained by Leal-Munoz et al. [22], however their work has the drawbacks
to be dedicated only to radial depth of cut and to be valid in specific cutting conditions (only one flute
cutting simultaneously). The accuracy of the proposed approach could be considered sufficient for a
monitoring solution able to prevent bad programming or toolpath deviations. More accurate
identification requires additional efforts in improving the proposed approach to consider more
complex cutting force models or optimization strategy. However, increasing the complexity of the
approach could lead to affect some of its strengths, such as the independence of cutting force
coefficients. Alternately, the depths of cut identification accuracy could be improved by combining
the proposed approach with other solutions.
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5. CONCLUSIONS

Cutting forces are one of the most significant signals for monitoring the milling process. Indeed, it
presents peculiar characteristics that depend on several aspects, such as tool wear, cutting parameters,
and they affect different process outcomes, such as machining error, vibrations.

In this work, the frequency content of the cutting forces (i.e., frequency spectrum) is analyzed and
analytical formulations are proposed with the aim of developing a monitoring solution for depths of
cut identification. Indeed, the real-time knowledge of both axial and radial depths of cut could be
very useful in actual machining operations to prevent the tool from working out of the desired
parameters, leading to machining errors or failures.

The main outcomes of this work are:

e The total force normalized spectrum respect to the constant term seems to be a promising
parameter to be used for depths of cut monitoring.

e In the simplified conditions of a lumped shear cutting force model, the proposed normalized
spectrum is independent of the cutting force coefficients and feed per tooth.

e The developed identification algorithm based on such a normalized spectrum does not require
prior knowledge of cutting force coefficients or cutting directions, making it suitable for an
industrial implementation.

e Analytical formulations for cutting force spectra were developed and numerically investigated,
confirming their accuracy.

e A preliminary implementation of the proposed identification approach was validated on
simulated and experimental cutting forces.

e The depths of cut identification returned accurate results on numerical and experimental
validations, with absolute errors less than 0.4 mm on the estimated depths on experimental
cutting forces.

The order of magnitude of such error is very promising since, if confirmed, could be low enough to
exploit the proposed method for an accurate monitoring of engagement conditions suitable for many
applications (e.g., prevent programming error or toolpath deviations).

The proposed approach is characterized by several interesting features:

e [t uses cutting force signals that could be acquired by commercial systems without the need
of specific instrumentations.

e [t is based on a few frequency coefficients, derived by a frequency analysis of the signal,
hence it is robust to noise.

e Cutting force coefficients are not required, since the method is based on dimensionless cutting
force (i.e., ratio between frequency contents and constant force term).

e It does not require the knowledge about tool-run-out or tool direction of the cutting.

The proposed approach still presents some limitations and criticalities that must be tackled:
e The proposed approach effectiveness depends on the accuracy of the acquired cutting forces
that can be distorted by system dynamics and must be corrected.
e The solution applies only to 2.5 axis end-milling.
e The method is proposed for flat end-mills, even if a similar approach based on different tool
geometries could be developed.
e The method is effective in milling processes where cutting forces can be accurately
represented by a lumped shear cutting force model.
A more robust approach should be developed, by considering a more complex cutting force model or
coupling the proposed approach with other systems based on other parameters (e.g., force shape in
time domain). Moreover, although the implementation of the frequency domain analysis increases
the computational efficiency of the method, it still requires a FFT analysis of the cutting force and its
post-processing (including the required dynamic compensation) that should be improved to be
implemented in real-time. On the other hand, a frequency analysis of cutting force signals is adopted
in other applications and can be coupled with the proposed approach. In particular it is worth to notice
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that the proposed approach could be combined with a chatter detection approach based on frequency
analysis to return both engagement conditions (i.e., depths of cut) and the occurrence of chatter, since
generally chatter detection technique are based on chatter frequency identification that does not affect
tooth pass frequency and harmonics. This combination is very interesting since the knowledge of
depths of cut, spindle speed and presence of chatter vibrations could be exploited to automatically
create a stability map (i.e., stability lobe diagrams) of the investigated tool during actual operations
without the need of tailored experimental procedures.
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APPENDIX A

The coefficients for the Fourier series computation of cutting forces are provided here.
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