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Abstract In order to prevent tool breakage in milling,
maximum total cutting force is regulated at a specific
constant level, or threshold, through feed rate control.
Since the threshold is a function of the immersion ratio,
an estimation of the immersion ratio is necessary to
flexibly determine the threshold. In this paper, a method
of in-process estimation of the radial immersion ratio
in face milling is presented. When an insert finishes
sweeping, a sudden drop in cutting forces occurs. These
force drops are equal to the cutting forces that act upon
a single insert at the swept cutting angle and they can be
acquired from cutting force signals in the feed and cross-
feed directions. Average cutting forces per tooth period
can also be calculated from the cutting force signals in
two directions. The ratio of cutting forces acting upon a
single insert at the swept angle of cut and the ratio of
average cutting forces per tooth period are functions of
the swept angle of cut and the ratio of radial to tan-
gential cutting force. Using these parameters, the radial
immersion ratio is estimated. Various experiments are
performed to verify the proposed method. The results
show that the radial immersion ratio can be estimated by
this method regardless of other cutting conditions.
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dFy, dFy cutting force differences before and after the
immersion angle in X and Y direction

K, specific cutting pressure

a depth of cut

r ratio between tangential force and radial
force

S feed per tooth

[0) instantaneous angle of cut

O, swept angle of cut

o1 tooth spacing angle

w radial width of cut

R cutter radius

z number of inserts

1 Introduction

The need for monitoring the cutting process is a well-
known user requirement for intelligent manufacturing
systems. Among the parameters for monitoring the
cutting process, cutting force signal is known to be the
most accurate. When monitoring the cutting process via
the cutting force, a cutting force limit value is required to
distinguish an abnormal state, such as tool breakage or
overload, from a normal state. This predetermined value
is called the threshold value. Since the threshold is a
function of cutting parameters, identification of cutting
parameters is necessary to accurately set the threshold.
In the face milling process, the radial depth of cut or
radial immersion ratio is the parameter that most affects
the determination of the threshold. Tool breakage oc-
curs when the tension on a tooth exceeds the maximum
tensile stress of the tooth. To prevent tool breakage, the
maximum stress on a tooth must be kept below a certain
value. The threshold is the sum of maximum allowable
forces on each tooth. As the immersion ratio changes,
the number of teeth involved in cutting and the sum
of the maximum allowable forces (the threshold) also
change. If the number of teeth participating in cutting
increases, the cutting force acting on a tooth decreases.
Therefore, constraining the maximum total cutting
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force, regardless of the number of teeth, results in a
decrease of productivity. To determine the threshold
according to the number of teeth involved in cutting, the
radial immersion ratio must also be known.

Estimation of cutting conditions during machining
has been made in the past. Altintas and Yellowley [1]
developed an algorithm to identify both the axial depth
and radial width of cut based on two orthogonal force
measurements. A cubic polynomial was used to establish
the immersion ratio prediction model. Altintas and
Yellowley [2,6] also developed another algorithm based
on the mean and time varying components of the mea-
sured force. They showed that the immersion ratio can be
represented by the ratio of the mean squared value of the
instantaneous cutting force to the square of the quasi-
mean resultant force. Tarn and Tomizuka [3] measured
the time during which a tool is engaged in a work piece to
estimate the immersion ratio using the cutting force.
Choi and Yang [4] used the trend of cutting force vari-
ation to estimate the radial and axial immersion ratios.
Lee [5] used both cutting force and tool engagement time
in the work piece to identify the immersion ratio even
when more than two inserts were involved in cutting.

This paper presents an on-line estimation of the radial
immersion ratio in face milling. When an insert finishes
sweeping, a sudden drop of force occurs. The force drop
is equal to the cutting force that acts upon an insert at the
swept angle of cut and can be acquired from the cutting
force signals in the feed and cross-feed directions. The
ratio of cutting forces acting on an insert at the swept
angle of cut and the ratio of average cutting forces per
tooth period are functions of the swept angle of cut and
the ratio of radial to tangential cutting forces. Using these
parameters, the radial immersion ratio is estimated.
Experiments are performed for axial depths of cut, cutter
diameters, spindle speeds and number of inserts.

2 Algorithm for estimation of radial immersion ratio
2.1 Equation for estimation of radial immersion ratio

The tangential force, F, and the radial force, Fg, can be
represented by feed per tooth, s,, depth of cut, a, specific
cutting pressure, Kj, the ratio between F7 and Fg, r, and
the instantaneous angle of cut, ¢.

Fr(¢) = Kas, sin () (1)
Fr(¢) = rfy
= rK,as, sin (¢) @)

The cutting forces in the feed direction, Fy(¢s), and
cross-feed direction, Fy(¢s), on an insert at the swept
angle of cut, ¢, can be expressed as,

FX(d)S) = Frcos ((bs) + Fgsin (d)s)
= K,as, sin (¢,) cos (¢,) + rKas, sin (¢p;) sin (¢,)
(3)

FY(¢S) = Frcos (¢s) —Fr sin (¢s)
= rK,as, sin (¢,) cos (¢,) — Ksas; sin () sin (¢,)
(4)

Cutting forces, Fy(¢,) and Fy(¢,), are functions of
the cutting condition, such as depth of cut, feed per
tooth and radial immersion angle. The ratio of F,(¢,) to
Fy(¢y) is a function of the swept angle of cut (or the
immersion angle), ¢,, and the ratio of the tangential
force to radial force, r.

Fy(d)s) _ r—tan (d)s) (5)
Fx(¢s)  1+rtan(dy)
Equation 5 can be rewritten as,
)
¢s = tan”' ;Y<SS> (6)
T+ 5@

and the relation between immersion ratio and immersion
angle is [1],

. . . w
immersion ratio = —
1 —

cos () (7)

where w is the radial width of cut and R is the cutter
radius.

The relation between the immersion angle and the
ratio of Fy(¢,) to F(¢y) is plotted in Fig. 1. As can be
seen in the figure, when the ratio of Fy(¢,) to F.(¢y) is
constant, the immersion angle (or the swept angle of cut)
increases as the ratio r increases. Therefore, even when
the measured forces, Fy(¢,) and F,(¢,), are the same, the
immersion angle can be estimated differently if the
magnitude of r is different. When the magnitude of r is
constant, the estimated immersion angle becomes larger
as the ratio of measured cutting forces increases. As a
result, the immersion angle and the ratio between cutting
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Fig. 1 Relationship between the immersion angle (¢s) and the
ratio of the cutting forces (Fy/Fy) on an insert



forces, Fy(¢,) and F(¢,), should be estimated simulta-
neously to identify both parameters accurately.

Another equation that can be used for the estimation
of the immersion angle is the average cutting force per
tooth,

Frto) = - [ rora
_ % [(1 = cos (26,)) + 7a(2¢, — sin (26,))]
(®)
F(o) =5 | " B (¢)do
= BB (1 cos (2,)) — (26, — sin (26,)]

9)
where ¢, = 27”, z is the number of inserts and r,, is the
average value of r between 0 and ¢;.

The ratio of F,y to F,x is also a function of ¢ and r.
Dividing F,y(¢,) by F,x(¢,) and rearranging the equa-
tion for r,, yields,

o) _rall —eosQ)) =G =S 0O

FllX(¢s) (] — cos (2¢s)) +Vav(2¢s — sin (2 s))
(2, — sin (2¢,)) + 184 (1 — cos (24,))
Tay = Eﬂ&;{) > K (11)
(1 =cos (2¢,)) — Figy (205 — sin (2¢,))
F=arg+b (12)

where a and b are constants.

Equation 11 expresses the relation between r,,, ¢
and the ratio of F,y to F,y and is plotted in Fig. 2. If the
ratio of F,y to F,x is constant, the immersion angle ¢; is
estimated to be larger when the magnitude of r,, is larger
as shown in Fig. 2. If r,, is constant, the immersion ratio
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Fig. 2 Relationship between the immersion angle (¢s) and the
ratio of the average forces (F,y/F,x) on an insert

315

is estimated to be smaller when the ratio of F,y to F,x is
larger. The relation between r and r,, is assumed to be
linear in Eq. 12 and will be proved experimentally later.

Even though we have three equations for three vari-
ables in Egs. 6, 11 and 12 the problem cannot be solved
analytically. A numerical method is used to obtain
solutions for r, r,, and the immersion angle ¢,. The
procedure to solve the problem is as follows: First, an
initial value of r between 0 and 1 is arbitrarily deter-
mined. Then the immersion angle ¢, can be calculated
from Eq. 6. If the magnitude of the initial r is smaller
than the magnitude of the real r, the estimated ¢, is
smaller than the real ¢, as shown in Fig. 1. In the same
manner, if the initial r is larger than the real r, then the
estimated ¢, is larger than the real ¢,. Next, the esti-
mated ¢, is substituted into Eq. 11 to find r,,, which is
in turn substituted in Eq. 12 to find r. The magnitude of
r obtained from Eq. 12 is between the real r and initial r.
The newly obtained r is substituted again into Eq. 6 to
calculate ¢,. This iterative calculation is repeated until
r converges to a certain value. As a result, the real ¢, and
r can be estimated from the measured forces in the feed
and cross-feed directions by iterative calculation.

2.2 Convergence of r by iterative calculation

In the previous section, it was assumed that the magni-
tude of the newly calculated r was between the initial r
and the real r. If  is not between the initial r and real r, it
will not converge by iterative calculation. Hence, the
convergence of r has to be proven for the existence of a
solution. The existence of a solution can be proved by
comparing the derivatives of Eqgs. 6 and 11. The deriv-
ative of ¢, by r is calculated from Egs. 6, 11 and 12 and
is shown in Egs. 13 and 14.

do, 1
Y (13)

Magnitude

Fig. 3 Difference between the derivatives of immersion angle by r
calculated from instant cutting forces at the swept angle of cut and
from average cutting forces
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do, do,dry,

ar EW
 lesc(¢){—1- 207 + cos (2¢,) + 26, sin (2¢,) }
a 4(1+r2)(scos () — sin (¢,)

(14)

The difference between Eqs. 13 and 14 is shown in
Fig. 3 as a function of immersion angle and » when a=1.
As can be seen in Fig. 3, the difference is always positive,
which means that the variance of ¢, according to r in
Eq. 14 is always larger than the variance of ¢, according
torin Eq. 13 if ais equal or smaller than 1. Therefore the
new ratio r, calculated by substituting the immersion an-
gle in Eq. 12, is between the real  and the initial r. As the
iterative calculation proceeds, the new r is always located
between the previous r and the real r. In this manner, the
estimated r converges. It will be proven experimentally
that the magnitude of a is smaller than unity.
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Fig. 4 Pattern of simulated cutting forces when one insert
participates in cutting

2.3 Cutting force on an insert

The cutting force on an insert at the immersion angle has
to be measured to estimate immersion angle using Egs. 6
and 11. A method for separating those forces from the
measured cutting forces is given in the following section.

2.3.1 Separation of cutting force on an insert when
only one insert participates in machining

When a cutter with several inserts cuts, it may be that
only one insert is involved in cutting. Figure 4 shows the
simulated cutting force when only one insert at a time is
cutting during face milling. The cutting force increases
from 0 N to its maximum value, after which it drops to
0 N again. The discontinuity of the cutting force occurs
at the immersion angle. In this case the magnitude of the
force drop represents the cutting force on an insert at the
swept angle of cut.
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Fig. 5 Pattern of simulated cutting forces when two inserts
participate in cutting
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dFy = Fx(¢,)
dFy = Fy(¢y)

where dF, and dFy are cutting force differences before
and after the immersion angle in X and Y direction,
respectively.

(15)
(16)

2.3.2 Separation of cutting force on a single insert when
more than two inserts participate in Cutting

Figure 5 shows the simulated cutting force when more than
two inserts participate in cutting at the same time. In this
case, the cutting force on each insert is summed to repre-
sent the total cutting force. When one insert stops cutting at
the immersion angle, a force drop occurs. The magnitude
of the force drop is equal to the cutting force on an insert
just before it exits the work piece. Since the other inserts are
cutting when one insert exits, total cutting force is not 0.

dFy =Y Fxld,—(k—=1)p7] =Y Fxld,— (k—1)¢7]
k=1 k=2

=Fx(¢,) (17)
dFy = ZFY[% — (k=1)¢7] - ZFY[¢S — (k= 1)¢7]
k=1 k=2
= Fyr(¢,) (18)

3 Experiments and results
3.1 Experimental setup

A schematic representation of the experimental setup is
shown in Fig. 6. Experiments were carried out on a

Table 1 Cutting conditions for the experiments
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horizontal machining center (Daewoo ACE-H40). The
cutting force was measured by a piezo-type tool dyna-
mometer (Kistler 9257B) and the measured force was
amplified using a charge amplifier (Kistler 5011). A
low-pass filter in the charge amplifier with 300 Hz cut
off frequency was used to filter out the high frequency
noise. An A/D converter (Real Time Device A/D 2210)
and a PC were used for data processing. Sampling of
the force components was controlled by the signal from
the encoder attached to the end of the spindle. In these
experiments, 512 pulses per revolution were produced
by the encoder. A face milling cutter with a 100 mm
diameter was used to cut carbon steel SM45C (AISI
1045) and aluminium alloy 6061 and the inserts were
TiCN coated carbide grade (TaeguTec SPKN1203EDR
KT700). The cutting conditions are given in Table 1.
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Spindle Cutter Feed per tooth Immersion No. of inserts  Axial depth  Material
speed (RPM) diameter (mm) (mm/min) ratio (%) of cut (mm)
Cutting force variation 200 100 0.15 20-80 3 1.5 SM45C
300 100 0.15 20-80 3 1.5 SM45C
400 100 0.15 20-80 3 1.5 SM45C
Depth of cut variation 300 100 0.15 20-80 3 1 SM45C
300 100 0.15 20-80 3 1.5 SM45C
300 100 0.15 20-80 3 2 SM45C
Cutter diameter variation 300 50 0.15 20-80 3 1.5 SM45C
300 100 0.15 20-80 3 1.5 SM45C
No. of inserts variation 200 100 0.15 20-80 2 1 SM45C
200 100 0.15 20-80 3 1 SM45C
200 100 0.15 20-80 6 1 SM45C
Feed-rate variation 300 100 0.1 20-80 3 1.5 SM45C
300 100 0.15 20-80 3 1.5 SM45C
300 100 0.2 20-80 3 1.5 SM45C
Material 300 100 0.15 20-80 3 1.5 SM45C
300 100 0.15 20-80 3 1.5 Al
Material with 200 100 0.15 20-80 6 1 SM45C

continuously varying
immersion ratio
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3.2 Experimental results

3.2.1 Relation between average cutting force
and cutting force at immersion angle

It was proved that r converges by iterative calculation
if the magnitude of @ in Eq. 12 was equal to or smaller
than 1. We will prove that the relation between r and r,,
can be fitted to a linear function and the constant « is
smaller than unity. The relation is experimentally
obtained and given in Fig. 7. As shown in the figure, it
can be fitted to a linear function and the magnitude of
a is 0.50465. Since r is smaller than 1, the convergence of
r by iterative calculation is guaranteed (see flowchart
in 8.

3.2.2 Estimation of immersion ratio

Experiments were carried out under various cutting
conditions: various spindle speeds, depth of cuts, cutter
diameters, number of inserts, feeds per tooth and with
different work piece materials. These cutting conditions
are given in Table 1. The results are shown in Figs. 9,
10, 11, 12, 13 and 14. The estimated immersion ratio is
within a 10% error range regardless of the cutting con-
ditions. Compared with other immersion ratios, the er-
ror is relatively large when r is 0.2. This is attributed to
the edge effect or parasitic force [2]. The authors mea-
sured the edge radius of the new insert and the radius
was 70-80 um. The cutting force is assumed to be linear
to the feed per tooth in Eqgs. 1 and 2. Because of the
worn part at the end of the insert, the cutting force is not
proportional to the feed per tooth when the feed per
tooth is small, which causes the discrepancy between the
calculated and measured cutting force. The discrepancy
becomes larger as the feed per tooth becomes smaller. As
a result, the error of the estimated immersion ratio based
on the linear cutting force becomes larger as the feed per
tooth becomes smaller, which explains the relatively
large error when r is 0.2. The experiments were also
executed on a work piece with a continuously varying
immersion ratio. The results in Fig. 15 show that
proposed algorithm works well.

4 Conclusions

The force drop at the end of the immersion angle is used to
determine the force applied on an insert in the feed and
cross-feed direction. The ratio between the feed direction
and the cross-feed direction forces is also expressed as a
function of immersion angle and the ratio between the
tangential and radial direction force. The average forces in
the feed and cross feed direction are calculated from the
measured cutting forces and are expressed as a function of
immersion ratio and the ratio between the tangential and
radial forces. The immersion ratio and the ratio between
the tangential and radial direction force is obtained from
the measured cutting force using the relation between
cutting forces, immersion angle and the ratio between feed
and cross-feed direction forces. An iterative calculation
method is used to solve this problem, which is unsolvable
by analytical methods. The proposed algorithm works
well within 10% error range regardless of cutting condi-
tions: cutting speed, depth of cut, feed per tooth, cutter
diameter, number of inserts and work piece materials. The
relatively large estimation error when the immersion ratio
is small is attributed to the edge effect or parasitic force
at the end of the insert. It is also proved that the algorithm
is reliable during machining the work piece with a
continuously varying immersion ratio.
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