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Abstract

Cutting forces analysis is one of the most important means of improving machining quality and
productivity. In 3-axis milling, the frequency domain analysis of the cutting forces provides information
which can be adopted for both predicting and monitoring the cutting process. However, the evaluation of
the cutting forces spectra requires the application of specific tools (i.e., Fourier’s Transform) to the time
domain representation of the same cutting forces. This paper presents analytical formulations to directly
evaluate the cutting force spectra starting from the tool geometry and the cutting parameters. The
proposed formulations start from the expression of the cutting forces as a Fourier series and enhance the
predictions showed in previous works by reducing the overall number of calculations needed. Then, the
proposed formulations are applied to identify both radial and axial depths of cut exploiting the normalized
cutting force spectrum. Finally, the proposed formulations and their application were numerically and
experimentally validated. This work represents a preliminary step in the development of a monitoring
system to identify cutting conditions in 3-axis milling.
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1 INTRODUCTION

In machining, the analysis of cutting forces is essential to
increase both quality and productivity of the process [Liu
2002]. Indeed, the prediction of cutting forces is crucial to
handle both static phenomena (i.e., static deflection
[Nishida 2018; Grossi 2019]) and dynamic issues (i.e.,
vibrations [Budak 2003; Grossi 2017]).

For 3-axis milling, many studies have been proposed
concerning the prediction of cutting forces [Kapoor 1997;
Matsumura 2017; Kiran 2019; Ducroux 2021]. In this
context, mechanistic approaches have been largely used
for their ease of implementation [Rubeo 2016]. The
mechanistic modeling assumes that instantaneous cutting
forces depend on the uncut chip area and empirical
coefficients (i.e., cutting coefficients) which are function of
tool edge geometry, and tool/workpiece material properties.

In literature, the mechanistic models may adopt one single
cutting coefficient (i.e., lumped shear force model), which
includes the effects of both shearing and ploughing [Altintas
1995] or two separate cutting coefficients (i.e., dual-
mechanism force model), one to include the effect of
shearing (i.e., cutting coefficient) and the other (i.e., edge
coefficient) to include the effect of ploughing [Budak 1996].
With the lumped shear force model, cutting force prediction
is simplified, but the accuracy of the prediction is limited. On
the other hand, in the dual-mechanism force model, the use
of two empirical coefficients allows a more accurate force
prediction despite the higher complexity.

In general, mechanistic models are used in the time domain
[Campatelli 2012], and they have been exploited to identify
radial and axial depth of cut with the aim of controlling and

monitoring the cutting process. Indeed, the knowledge of
depths of cuts during the cutting process allows to detect
and avoid unwanted cutting conditions. For example,
Altintas et al. [Altintas 1987] used mechanistic cutting force
model to identify the radial width and the axial depth of cut
from two orthogonal force measurements in the plane
perpendicular to the machine tool spindle. The method of
the authors does not require any knowledge about cutting
coefficients, but it requires the evaluation of several
constants with calibration cuts. Instead, Jong-Geun Choia
et al. [Choi 1999] proposed an algorithm to estimate the
axial depth of cut from the cutting force pattern. Thank to
this the magnitude of cutting force could be neglected;
however, the approach does not fully investigate the cutting
force pattern limiting its reliability. On the other hand, Yang
et al. [Yang 2004] defined analytical force indices to link
depth of cut variations with force shape characteristics in
end-milling. The author's approach is effective, but it
requires cutting coefficients and several calculations.
Moreover, nominal depths of cut must be known to obtains
their deviations. Instead, Leal-Munoz et al. [Leal-Mufioz
2018] showed a technique to identify axial and radial depth
of cut in finishing operations using entry and exit times of
the cutting edge. Despite the high accuracy of the identified
depths of cut, the approach is limited to cutting operations
with high axial depth of cut and only one cutting edge
involved.

All the mentioned approaches are based on time domain
cutting forces, while very few methods rely on cutting forces
in frequency domain. Indeed, Wang et al [Junz Wang 2002]
used the convolution analysis to present a closed form for
the cutting force spectrum in both feed and cross-feed
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direction. Later, the same authors [Wang 2003] used these
formulations to identify tool run-out. On the other hand,
Bachrathy et al [Bachrathy 2016] used the used the
analytical Fourier series expression for the cutting forces in
the frequency domain to evaluate the tool motion caused by
forced vibrations.

Despite the analytical approach, no direct formulations for
the Fourier coefficients were provided. Instead, Schmitz et
al. [Schmitz 2006] expressed as Fourier series the cutting
forces in the cross-feed direction and provided analytical
formulations for each coefficient of the series compute
surface location error. However, these formulations require
several calculations to consider the contribute of both the
tool helix and the tool flutes.

This paper follows the approach presented by Schmitz et
al. and provides enhanced formulations to express the
Fourier coefficients that describes the cutting force
spectrum in both feed and cross-feed directions. Then,
these formulations are applied to the identification of the
radial and the axial depth of cut starting from the cutting
forces in the frequency domain. The proposed idea has
been numerically and experimentally validated, and it
represents a starting point in the development of a cutting
condition monitoring approach.

2 CUTTING FORCE FREQUENCY CONTENT

The following method aims at predicting the frequency
content of cutting forces using analytical formulations,
without requiring the simulation of cutting forces in time-
domain. In this work the formulations are proposed for 3-
axis milling considering a dual mechanism force model, that
relates forces linearly to chip thickness with a cutting
coefficient and includes the ploughing effect via edge
coefficients. Focusing on tangential and radial forces, the
resulting cutting forces in time-domain are:

Fi(@) = 2L Keeaph () + Krety ()
F.(¢) = §V=1Krcaph(¢j)+Kreap 2
where Ki, Krc are the tangential and radial cutting

coefficients, K, Kre are the tangential and radial edge
coefficients, N is the number of flutes, ap is the axial depth
of cut and h is the chip thickness that can be computed as:

h = f,sin(¢;) ®)
where:

¢ =wt 4)
¢i=0+(Z)G-Dj=12.,N ®)

f; is the feed per tooth, t is the time variable, and w is the
spindle speed in rad/s. Cutting force in feed (x) and cross-
feed direction (y) can be derived as follows:

F.(§) = ~F,cos(¢,) — F,sin(¢)) ®)
F,(¢) = Fysin (d)j) — F, cos (d)j) 7)

It must be pointed out that these formulations in time-
domain should be evaluated only in the range between the
cutter entry angle (¢in) and the cutter exit angle (¢out) which
are identified according to both cutting strategy and the
radial depth of cut (ar ) with these expressions:

Gin = T — azpDown-milling; ¢in = 0 Up-milling (8)

dout = m Down-milling; Dout = Aepn Up-milling  (9)

where D is the tool diameter and:
., = acos(2a, /D) (10)

The proposed approach starts from the formulation in
frequency domain proposed by Schmitz et al. [Schmitz
2006] for Fy.

Fy(d)) = ?Izl(ay() + Zﬁ:l(ayn Cos n¢j + byn sin n¢j)) (11)

where ao... an are the Fourier series coefficients that, for the
purpose of this work, can be written as:

Ayo = Ay * Ap;Qyp = Ay * Ap; byn = by, - a, (12)
where a'yo represents the Fourier coefficients at zero
frequency, while a'yn, b'yn are two coefficients which define
the real and imaginary components of the force at the
frequency n-multiple of the rotation frequency, divided for
the axial depth of cut. The same formulations can be
obtained for Fx with different coefficients.

E(¢p) = ?I=1(a;0 Tap + Z?zozl(a;cn * 4y COS n¢j + bxn -
ap sinng;)) (13)

The full expressions for a'xyn and b'xyn are reported in the
Appendix A.

The force formulations in eq. 10,12 are valid in case of zero
helix angle; however, to achieve an accurate force
prediction it is necessary to include such angle, therefore
the equations are rearranged by including an additional
summation, as proposed by Schmitz et al. [Schmitz 2006]:

Fx,y((;b) = 112:1 ijzl(a:c,yo ' dap + Z?:l(a;c,yn ' dap cos n(¢j -
Y- (k—1)) + by yn - daysinn(¢; — ¢ - (k — 1)))) (14)

To achieve the goal, the tool is discretized in A axial slices,
each slice is assumed to have a zero helix angle and dap
thickness. Moreover, the slices are rotated relative to one
another by the angle y:

W = kyday, (15)
ky = 2 tan(ape;) /D (16)

where anel is the helix angle. This assumption introduces an
approximation that could lead to errors, especially when the
helix angle is high and the number of slices are reduced.
Moreover, an additional summation is included to the
Fourier series. In this work the formulation in eq. 6 is
rearranged to remove this summation and the related
approximation, by introducing the integral:

Fx,y(d)) = foap Zyzl(aa*c,y() ~dx + Z?f:l(a;c,yn dx COSTL((I)]- -
kpxdx) + by yn - dx sinn(¢; — kpxdx))) a7

Fx,y(d)) = a;,yo . Nap + Zyzl Z;?:l(foap(a;,yn dx COS(TLd)j -
nkyxdx) + by, - dx sin(ng; — nkpxdx)) (18)

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

Fx,y(d)) = aa*c,yo ) Nap + Zﬁyzl Z;?:l(foap(a;,yn '

dx cosngj cos nkyxdx + ax yy - dx sinng; sinnk,xdx +

by yn * dx sinng; cosnk,xdx — by -

dx sinng; cos nkbxdx)) (19)
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* (o) a *
Fx,y(¢) = Oxyo* Nap + 2?]:1 Zn:l(fo p((ax,yn :
dx cos nkpxdx — by yy * dx sinnkpxdx) cosng; + (axyn -

dx sin nkyxdx + by, - dx cos nkyxdx) sin nd)j)) (20)

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

* [°°) Weyn .
xy(d)) = Qxyo” Nap + Ei\l 1211 1 [(( 2% sin nkbx +

by, yn

'y cosnkyx) cosng; + (—

xyn

cos nkbx +

bxky" sinnk,x) sin nqb])] (21)
E % -N N [ a;f,yn 3 k

x,y(d)) - ax,yO ap + Ej 1 En 1 (( sinn bap

b;f n n X n X n
Tybcos nkpa, — y ) cosng; + (—— y - cos nkpa, + yb +
n;’: sinnkyay) sin ngbj)) (22)

The proposed expressions allow to estimate cutting forces
in frequency domain in presence of helix angle using an
exact expression, without the need of a specific
discretization.

If run-out is neglected and teeth are evenly spaced, it is also
possible to remove the summation related to the number of
flutes (N). Indeed, the formulation in equation 19 can be
rewritten in:

Fey(@) = az 0 Na, + N - X5 N((( RO smnkbap

by, yn b, yn ay, yn

P
(23)

+

cos nkya, — ) cosne;

bx yn

sm nkpap) sin nqb}))

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

This additional simplification allows to analytically predict
the Fast Fourier Transform (FFT) components of the cutting
forces in x and y directions as follows:

e For the constant term (zero frequency):

Ay yo - Nay (24)
e For tooth pass frequency and its harmonics:
—N(( B sm(nkbaz,) + —cos(nkbap) - bxy" -
i(— cos(nkbap) + a”n + :Ty:sm(nkbap))) (25)

where n is multiple of the number of flutes (N).

Itis interesting to point out that, in analogy of what proposed
for force shape characteristics [Yang 2005], two main
angles are responsible for the frequency content of the
cutting forces:

o the radial engagement angle (aen) responsible for gin-
dout range that affect a’xyn and b'xyn.

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

A = kpa, (26)

3 DEPTH OF CUT MONITORING

In this work an application of the developed formulations for
cutting force frequency content is presented. This is a first
step for the development of an algorithm able to detect an
unwanted rise of depths of cut during the milling process

(e.g., bad programming, collision). The system should be
able to monitor the process by means of cutting force
measurement with the following features:

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

e Not requiring information about cutting force model
coefficients (i.e., Kic, Krc Kte, Kre).

e Not requiring information about cutting direction.

To achieve such ambitious goal, the idea is to adopt total
cutting force on x-y plane (Fuwt) that can be computed as:

Froe(@9) = VFE(P) + E2($) =

This cutting force can be easily acquired during the process
without the need of knowing the cutter direction in x-y plane.

Moreover, it is possible to demonstrate that in the frequency
domain, in analogy with x and y direction forces, Frwt can be
written as:

2(P) + B (¢) (27)

Fiot(9) = aforo " Nay + N - X3y (((arfztbn sinnkpa, +

btotn

tatn _ aZOtn azmn
- cosnkpa, — )cosnd)] +( ke cosnkya, + ks +

btotn sm nkpa,) sin nd)])) (28)
In case of lumped shear cutting force model (i.e.,
Kte=Kre=0), the formulation for a"otn and bt can be written
as:

Atoto = Aoro " fz Ktcz + Krcz (29)
Qtotn = Aton " [z Ktcz + Krcz (30)
bion = bion " f2 Ktcz + Krcz (31)

where the full expressions for a”wm and b are reported
in the Appendix A. Using expressions in eq. 29-31, eq. 28
Fiot can be written as:

Fwt(¢)=azzto-fz,/1(tc 2 Na, +N - fz‘/Ktc + Kpe* -

TN (((a“"" sinnk,a, + “}’c‘” cosnkya, — “’m) cosng; +

totn atotn btotn )
(- ok ke + = ke sinnkya,) sinng;) (32)

—22Zcosnkya, +

FFT components for Fwt using lumped shear cutting force
model are:

e For the constant term (zero frequency):

Ay = Aforo 'fzJKth + Krcz 'Nap (33)

e For tooth pass frequency and its harmonics:

1 totn .
Cp = —N K+ K ((‘Zbesm(nkbap) +

btotn xyn) ( a?Zm a;;tn
kp cos(nkbap) . i ks cos(nkbap) + ks +

b‘:" sm(nkbap))> n=23,..,0 (34)

Based on these formulations, it is possible to propose a
monitoring solution based on Vn, the ratio between
magnitude of Cn and Ao, that does not require the
knowledge of any cutting force coefficients.

Vo = |Gl /A, (35)

MM Science Journal | 2021 | NOVEMBER - Special Issue on HSM2021
5017



The error between predicted value and measured value
could be expressed as:

f — ”Vnp_VanZ
° [VamlI?
where c is the number of Fourier coefficients considered,
Vnp and Vnm are the predicted and measured values of the
ratio formulated in eqg. 35. and the symbol “II” indicates the
2-norm of the vector. The proposed monitoring method

should be organized following these steps:

1) Cutting forces are acquired in time domain on different
directions with adequate sampling frequency.

2) x-y plane total force is computed by using eq. 6.

3) A procedure to remove the influence of run-out as the
one proposed by Rubeo et al. [Rubeo 2016] is applied.

4) Discrete Fast Fourier Transformation (DFFT) of the
signal is performed and constant term Aom and
magnitude of the tooth pass frequency (Cnm) and
harmonics are isolated.

5)  Error between predicted and experimental results, is
computed according to eq. 36.

The computed error could be used to monitor the process
or as an error function to estimate depths of cut (ar and ap)
from experimental data via optimization algorithm.

n=23,..,c (36)

4 NUMERICAL VALIDATION

The formulations presented in section 2 were tested using
a numerical validation. A series of time-domain simulations
were carried out using the cutting force model in eq. 1-7.
Discrete Fast Fourier Transformation (DFFT) was then
applied to simulated cutting forces in feed (x) and cross-
feed (y) directions 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 monitoring
solution is applied to the signals. This procedure allows to
test the proposed solution in a simulative environment using
a dual mechanism force model compared to the lumped
shear force model adopted to define the monitoring
approach.

First, fo is computed with the simulated depths of cut,
comparing analytically predicted frequency content ratio
(Vnp) with measured ratios (Vam). Then, a simple
optimization was implemented to calculate the best depths
of cut (apand ar) to minimize the fo error.

Several tests were performed to analyze the force spectrum
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 3 mm axially (ap) and 4 mm in the
radial direction (ar).

Cutting parameters used in the different simulations are
summarized in Tab. 1, along with the results of the
monitoring solution (coefficients considered c=10). Cutting
force coefficients adopted, typical of an aluminum [Grossi
2017], are reported in Tab. 2. The results of the first test are
reported in Fig. 1, where magnitude of the FFT is shown.

Using the formulation in section 2 spectrum of forces on
both directions is accurately predicted, confirming the
validity of the proposed formulations. Moreover, using the
simplified formulations presented in section 3 for the
monitoring approach, resulting error (fo) between predicted
and numerical values is very low, even of applied to cutting
forces simulated considering edge coefficients.

— Simulated
E 40 o Proposed approach
O
£ 20
0 "]
0 1000 2000
100
>
850
o
[Tl
. S
0 1000 2000
Frequency (Hz)

Fig. 1: Cutting forces FFT magnitude (N), test 1

Tab. 1: Cutting conditions tested (spindle speed 6366 rpm
and 0.1 mm feed per tooth)

D a a, N anes D fo (%) a™ a,%"
(mm)  (mm) ) (mm) (mm)  (mm)
1 3 4 4 45 12 0.03 3.00 4.07
2 3 4 2 45 12 0.01 3.00 4.07
3 3 4 6 45 12 0.03 3.00 4.05
4 3 4 4 25 12 0.03 3.00 4.07
5 3 4 4 50 12 0.03 3.00 4.07
6 1 4 4 45 12 0.02 1.00 4.07
7 9 4 4 45 12 0.27 9.01 4.07
8 3 2 4 45 12 0.02 3.00 2.06
9 3 10 4 45 12 0.02 2.97 10.07
10 8.24 4 4 20 12 0.03 8.24 4.07
11 6.67 4 4 45 20 0.02 6.67 4.11
Tab. 2: Cutting force coefficients.
Kic (MPa) Kie (N/'mm) K (MPa) Kre (N/'mm)
770 0.5 150 2

Applying depth of cut identification algorithm based on fo on
the signals (without knowledge of cutting force coefficients
and depths of cut), computed depths of cut (Tab. 1) are
close to the ones imposed, with a small increase in radial
depth of cut (4.07 mm). Indeed, the radial depth of cut
influences differently the frequency content of the signal in
presence of edge coefficients (see appendix A). Similar
trend can be found for all the numerical results.

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

Fig. 2 confirms the accuracy of the proposed formulations
and the same trend in the monitoring solution application.
This is valid also for the results shown in Fig. 3, where helix
angle of the tool is changed.

Helix angle influences tooth pass frequency and harmonics
indeed, looking at the proposed formulations, it affects dasw
and hence the shape of the force. As the helix angle
increases, the force is smoother reducing the relevance of
harmonics.
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Fig. 2: Effect of flutes number a) N=2, b) N=6
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Fig. 3: Effect of helix angle (anel) a) 25°, b) 50°

In Fig. 4 the effect of axial depth of cut is shown. Despite
high axial depth of cut (9 mm) the error fo is higher (even if
lower than 0.3%), and the depths of cut estimated via
optimization algorithm are still close to the simulated ones.

For what concern the effect of axial depth of cut, an
increase of the value makes the constant term rise, and
therefore it reduces the relevance of the tooth pass
frequency and its harmonics.

Similar considerations can be drawn for radial depth of cut
in the case of cross-feed force (Fig. 5). On the contrary,
feed force presents a different trend, indeed when the radial
depth of cut reaches a value close to the full-immersion
tooth pass frequency becomes relevant. 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 (Qen, Qsw),
equal to the one of test 1 (Fig. 6).

This is achieved by changing depths of cut and tool
characteristics.

20 T T 200
—— Simulated —— Simulated
: © Proposed approach ©  Proposed approach
210 100 1
(s}
s
0 , S ol
0 1000 2000 0 1000 2000
30 T 300 v
>
3 20 200
210 I 100
0 T T ? $ 0 )
0 1000 2000 0 1000 2000
a) Frequency (Hz) b) Frequency (Hz)

Fig. 4: Effect of axial depth of cut (ap) @) 1 mm, b) 9 mm
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o
£ 20 20
0 2 . o | 2 la
0 1000 2000 0 1000 2000
60 - - 300 T
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°© 40 1 200
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£ 20 100
D T ] ("] 0 ? Q
0 1000 2000 0 1000 2000
a) Frequency (Hz) b) Frequency (Hz)

Fig. 5: Effect of radial depth of cut (ar) a) 2 mm, b) 10 mm
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a) Frequency (Hz) b) Frequency (Hz)

Fig. 6: Conditions with the same den and asw

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, even if the values
change. This confirm that the engagement angles are
important for the shape of the cutting forces.

All the simulated tests show a low error (fo) and
identification algorithm, based on the formulation presented
in section 3, returns a fair estimation of depths of cut.

5 EXPERIMENTAL APPLICATION

In addition to the numerical validation, the monitoring
solution idea proposed in section 3 was applied to cutting
force data, experimentally acquired.

Two cutting tests were performed on a DMG MORI DMU 75
milling machine on Alluminum (6082-T4) using a four-fluted
end-mill Garant with 12 mm diameter and 45° helix angle.

During the tests, a Kistler 9257A table dynamometer was
used to measure forces. Spindle speed was set to 6366 rpm
and feed per tooth to 0.1 mm, the other cutting parameters
adopted are summarized in Tab. 3. The proposed method
was applied to the measured forces, as presented in
section 4 for the simulated ones.

Tab. 3: Cutting conditions tested (spindle speed 6366 rpm
and 0.1 mm feed per tooth)

D a ar N awe D fo(w) a™ a™
(mm)  (mm) ") (mm) (mm)  (mm)

A 15 25 4 45 12 0.59 13.4 2.84

B 7 1 4 45 12 0.97 6.77 1.15
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Fig. 7: FFT of the measured total force for test A (ap=15
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Fig. 8: FFT of the measured total force for test B (ap=7
mm, a-=1 mm)

2500

The acquired cutting forces were post-processed off-line
following the steps presented in section 3. These forces
were compensated to reduce the distortions derived by the
system dynamics using the approach proposed by Scippa
et al. [Scippa 2015], and post-processed to compensate
tool run-out as adopted by Rubeo et al. [Rubeo 2016].

Since the focus of the proposed monitoring idea is based
on the total force (i.e., resultant of the tangential and radial
forces), such force was computed by combining X-force
and Y-force.

Comparisons between measured force spectra (normalized
to the constant force) and the proposed formulations using
the imposed depths of cut and the ones obtained by the
optimization algorithm are presented Fig. 7 and Fig. 8.

The application to the two experimental tests returns fair
accuracy of the proposed method. Indeed, as shown in Tab.
3, in both cases fo is low (less than 1%), and the estimated
depths of cut are close to the ones imposed.

Although these preliminary results are promising, the
results are not good enough to consider the proposed
method, as implement here, able to be used to estimate
accurately the depths of cut. However, the system should
be already able to detect a big change in engagement
conditions, starting by the expected depths of cut by using
the formulated fo error.

6 CONCLUSION

Cutting forces are one of the most significant signals for
monitor milling process. Indeed, it presents peculiar
characteristics that depend on several aspects, such as tool
wear, cutting parameters, and affect different process
outcomes, such as machining error or 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 depth of cut
could be very useful in actual machining operation to
prevent the tool from working with unwanted parameters,
leading to aggressive tool wear or failures.

Investigating the frequency content of the cutting forces, the
total force normalized spectrum respect to the constant
term seems to be the most promising parameter to be used
for depths of cut monitoring. Indeed, using a lumped shear
force model, the proposed normalized spectrum is
independent on the cutting force coefficients and feed per
tooth. This allows to develop an identification algorithm
without the need of prior knowledge of cutting force
coefficients and cutting directions, making it more suitable
for an industrial implementation.

The proposed analytical formulations for feed and cross-
feed cutting force spectra have been numerically
investigated, confirming their accuracy. Moreover, a
preliminary implementation of the monitoring solution is
applied to simulated and experimental cutting forces.
Although the method seems to be promising, the results
show that, as implemented in this work, the accuracy is not
enough to precisely identify the depths of cut. However, the
proposed error formulation could be already used to detect
big changes in engagement conditions, allowing to
intervene in case of error in the programming or
malfunctioning (e.g., tool poor clamping).

The proposed approach needs to be improved in the
implementation (e.g., measurement post-processing, real-
time) and further investigations must be carried out on the
analytical formulations to obtain a robust approach. A
possible solution could rely on more than one parameter,
that could be based not only on cutting force frequency
content but also on force shape in time-domain.
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APPENDIX A
The coefficients for the Fourier series computation of cutting forces are provided here.
Coefficients for cutting force in the feed direction (x) considering edge coefficients

o = == [Keef, (05(20)) = Krofy (= +35in(22)) + Kee sin(x) — Ko cos(2)] @37
Gy = =2 [Keefy (2 c0s(x) = = c0s(3x) ) = Krof; (= 25in(x) + =sin(3x) ) + Keo Gx + 35in(2)) — Ky G cos(21))] Douc(38)
Gy = == [~Keef, (55 c05(4%) ) = Kyofy (5 = 3in(2x) + - sin(4x) ) + Keo G sin(x) + £5in(3x)) = Ky (—3 cos(x) +
§c05(3X))] ‘f,,"i‘jf (39)
@ = —2[K Kicl (4(] 5 cos((j - 2)x ) — 1555 90s(G +2)x)) - Kocl (—5;sinGx) +5 sm(o — 2)x) + o sin(G +
2)x) ) + Ko o sin(( = Dx) + 557755in(G + D)) = Kre (= 5575 cos((] - 1)x) + 55 cos(G + D) G (40)

= —% [Kicfz G sin(x) — %sin(?»x)) — Kicfz G cos(x) — %cos(3x)) + Kte(—icos(Zx)) - Kre(—%x + isin(Zx))] ‘I;;’l‘: (41)

2 = —% [Keefy Gx - %sin(llx)) —Keof f5 (% cos(2x) — i cos(4x)) + Ko (—%cos(x) - %cos(3x)) — Ko (— % sin(x) +
Ssin(3] (#2)

by; = —1[Ktcfz (4(} ey sin((j — 2)x) —
Z)X)) + Ko (— cos((] - Dx) -

4(}+z) sm((] + Z)x)) ”‘fz( ;cos(jx) — 4(1 2)
cos(( + Dx)) = Kre(— sm((; —Dx) +

cos((] 2)x) — 4(”2) cos((j +
sin(( + 1)x))] %t (43)

2 +1) 2(j +1)

Coefficients for cutting force in the cross-feed (y) considering edge coefficients

ay = — % [Kecfy (—g + %sin(Zx)) —Kyofy G cos(Zx)) + Ko cos(x) + K, sin(x)] ‘fp"l':f (44)
ay, = —}T [Keefs (— %sin(x) + %sin(3x)) + Ky ofy (—icos(x) - %COS(3X)) + Kie (i cos(2x)) + K (%x + isin(Zx)] ‘{;";‘ (45)

. 1 1 1, 1. 1 1 1 1
ay, = —— [Kicfy (Zx - Zsm(Zx) + Esm(‘lx)) — Kpofy (g cos(4x)) + Ko (—Ecos(x) + cos(3x)) + Ky (E sin(x) +

%sin(3x)] 4(;"1? (46)
ay; = -1 [Ktcfz (—i,sin(]'x) + sin((j 2)x) + W +2) sin((j + Z)x)) + Kpcofy ( cos((} 2)x) —mcos((] +
Z)X)) + Kie(— COS((] 1)3() + 2G +1) COS((] + 1)9{)) + Kre( Sll’l((} 1)x) +— 20 +1) Sll’l((} + 1)X) ¢out (47)

1= = % [Ktcfz G cos(x) — %COS(:))JC)) + Krcfy G sin(x) — l—lzsin(3x)) + Kt (—%x + isin(Zx)) + Kre(—icos(Zx)] 4;;’;‘1‘ (48)

2 = — % [Kicfs G cos(2x) — icos(4x)) + Kof; Gx - isin(4x)) + Kie (—%sin(x) + ésin(3x)) + Ko (— % cos(x) —

écos(3x)] 4(;"1? (49)
b* C= [Ktcfz ( -cos(jx) — 2) cos((}' - 2)x ) - 4(1+2) cos((} + 2)x)) + Kpofy (4(1 ) sm((] - 2)x ) T +2) sm((] +
Z)x)) + Ko (— sm((] - 1) ) +3G +1) sin(( + 1)x)) + Kye(— 2(] 5 ——cos((j — Dx) — 2G +1) cos((j + 1)x) ¢°“f (50)

Coefficients for total cutting force without edge coefficients

@iaeo = — 5= [(cos(x))] % (51)
Afrer = —% Gcos(Zx))] bout (52)
Ao = % ( 2(1 5 ——cos((j — Dx) + 20 +1) cos((j + l)x))] (’;;’;f (53)
bign = =2 [(=3 +sin(20)] % (54)
bioej = —% ( 2(1 5 sm((] - 1)x) + G +1) sm((j + 1)x))] (’;"l‘:f (55)
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