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Abstract

This paper proposes an analytical approach to synchronize the measured and predicted cutting forces for calibrating instantaneous

cutting force coefficients that vary with the instantaneous uncut chip thickness in general end milling. Essential issues such as the

synchronization criterion, phase determination of measured cutting forces, specification of calibration experiments and related cutting

parameters are highlighted both theoretically and numerically to ensure the calibration accuracy. A closed-form criterion is established to

select cutting parameters ensuring the single tooth engagement. Numerical cutting simulations and experimental test results are

compared to validate the proposed approach.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Milling is a commonly used process in manufacturing
industry. Reliable prediction of milling forces is significant
for the simulation of the machinability, cutter breakage,
cutter wear, chatter and surface quality. Thus, much
attention has been paid to the development of the cutting
force model including the calibration of cutting force
coefficients [1–9].

In general, two typical cutting force models exist: the
lumped-mechanism force model [1–4] and the dual-
mechanism force model [5–9]. The former combines the
shearing effect on the rake face and the rubbing effect at
the cutting edge into a single coefficient for each cutting
force component along tangential, radial and axial direc-
tions, whereas the latter represents the shearing and
rubbing effects with two independent coefficients. Within
e front matter r 2007 Elsevier Ltd. All rights reserved.
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this scope, a large amount of work has been carried out to
calibrate the cutting force coefficients. A literature review
shows that two basic calibration approaches are often used:
a mechanistic modeling approach [1–4,7,9] and an ortho-
gonal to oblique transformation approach [5]. Generally,
both calibration procedures provide only one set of average
cutting force coefficients from each cutting test. Hence, to
obtain robust application range of the related cutting force
model, a great number of cutting tests must be performed
for different feeds, depths of cut, etc. These works are
useful but in most cases the calibrated cutting force
coefficients are only valid in the conditions under which
the cutting tests are conducted. In addition, because the
adopted cutting force coefficients are defined as a function
of average uncut chip thickness or roughly as constants
with statistical averaging, some prediction accuracy will be
lost. For instance, Melkote and Endres [10] illustrated
some disagreement between the predicted cutting forces
and measured ones. This means that the cutting force
coefficients must be modeled as varying parameters
depending upon the instantaneous uncut chip thickness
instead of being simply treated as constants or functions of
转载

www.elsevier.com/locate/ijmactool
dx.doi.org/10.1016/j.ijmachtools.2007.01.012
mailto:m.wan@nwpu.edu.cn
mailto:zhangwh@nwpu.edu.cn


a
t
c
p
c
a

c
t
t
a
C
c
t
o
d
o
c
s
e
p
b
r
p
t
p
W
i
p

i
o
o
a
i
m
r
t
c
h
p
b
c
r
f
s

s
n
m
p
o
v
s
o
c
t

s
s
c
f
F
m
c

2

2

o
m
p
c
b
r
i
d
w
e
p
d
c

o
r

F

F

F

w

h

w
t
a
P
c
a
a
n
i

a

h

w
i
l
p
c
t

ARTICLE IN PRESS
M. Wan et al. / International Journal of Machine Tools & Manufacture 47 (2007) 2018–2030 2019

中国科技论文在线 http://www.paper.edu.cn
verage uncut chip thickness. As the cutter undergoes a
rochoidal motion that yields a continuous variation of
hip thickness from zero to maximum value, it would be
ossible to identify the instantaneous cutting force
oefficients related to the instantaneous cutting forces over
wide range of chip thickness.
In fact, the concept of instantaneous cutting force

oefficients has been introduced by many researchers,
ypically in [11–16] where the normal force coefficient Kn,
he frictional force coefficient Kf and the chip flow angle yc
re used to characterize the lumped cutting force model.
heng et al. [11] modeled the instantaneous cutting force
oefficients in terms of the instantaneous uncut chip
hickness, the spindle speed and the cutting edge length
f face milling. Shin and Waters [12] proposed a method to
etermine the instantaneous cutting force coefficients from
nly a few designed cutting tests so that the experiment
ost can be considerably reduced. Meanwhile, an improved
imulation model of chip flow angle was given. Yucesan
t al. [13] and Bayoumi et al. [14] developed a calibration
rocedure of instantaneous cutting force coefficients using
oth the instantaneous uncut chip thickness and the cutter
ake angle. Based on above works [11–14], Ko et al. [15,16]
roposed a systematic procedure to determine the instan-
aneous cutting force coefficients and the cutter runout
arameters for flat end mill and ball end mill. Alternatively,
an et al. [17] proposed a calibrated method for the

nstantaneous cutting force coefficients and the runout
arameters in general end-milling process.
It must be emphasized that the calibration of the

nstantaneous cutting force coefficients relies on the phases
f measured cutting forces that cannot be however
btained from the dynamometer. Obtaining the phase of
measured cutting force curve consists in determining the

nstantaneous rotation angle relative to the measured force
agnitude at a specific sampled point. The phase acts as a
eference to synchronize the measured cutting forces and
he simulated ones in the calibration procedure. It can be
onsidered as the criterion that the calibration procedure
as to satisfy. Within this scope, Yun and Cho [18]
roposed a synchronization procedure for flat end milling
ased on numerical simulations of varying the cutting force
oefficients. In their procedure, the simulated cutter
otation angle associated with the peak value of cutting
orces (FY) was used as the reference phase. The similar
ynchronization was also realized for ball end milling [16].
The purpose of this paper is to develop a comprehensive

ynchronization methodology to calibrate the instanta-
eous cutting force coefficients and runout in general end-
illing process. Unlike the method described in [18], the
roposed methodology aims at revealing the characteristics
f how the cutting force changes with respect to the
ariation of the cutting force coefficients. Firstly, a
ynchronization criterion is proposed based on the study
f the cutting force coefficients that are assumed to be
onstant and instantaneous, respectively. Cutting condi-
ions satisfying the proposed synchronization criterion are
uggested. With theoretical demonstrations and numerical
imulations, it is shown that the proposed synchronization
riterion is suitable to calibrate the instantaneous cutting
orce coefficients of any available cutting force models.
inally, comparisons of numerical simulations and experi-
ent cutting tests are illustrated for different types of
utters to show the validity of the proposed method.

. Cutting force modeling

.1. Basic cutting force model

Fig. 1 shows the detailed geometry of a general end mill
uter shape, which was introduced in [8,9]. A variety of end
ill shapes can be defined by changing seven geometric
arameters: D, R, Rr, Rz, a, b and H. For example, the
ylindrical and ball end mills correspond to {D, R, Rr, Rz, a,
, H} ¼ {D, 0, D/2, 0, 0, 0, H} and {D, D/2, 0, D/2, 0, 0, H},
espectively. Besides, definitions of the cutting parameters
n this work are also illustrated in Fig. 1. Here, Ra and Rw

enote the real axial and radial depth of cut, respectively
hereas Rpa is the pseudo axial depth of cut that is not
ngaged. Rcut is the maximum radius of the cutting edge
oint that is engaged with the workpiece. The cutter is
ivided into a finite number of disk elements along the
utter axis.
For the jth axial disk element of the ith flute, three
rthogonal milling force components at an arbitrary cutter
otation angle j can be expressed as [1–4]

i;j;tðjÞ ¼ Ki;j;tðjÞhi;jðjÞbi;j,

i;j;rðjÞ ¼ Ki;j;rðjÞhi;jðjÞbi;j,

i;j;aðjÞ ¼ Ki;j;zðjÞhi;jðjÞbi;j ð1Þ

ith

i;jðjÞ ¼ hc
i;j sin kðzÞ,

bi;j ¼ zi;j= sin kðzÞ, ð2Þ

here hi,j(j) and k(z) are the instantaneous uncut chip
hickness and the axial immersion angle related to the jth
xial disk element of the ith flute at j, respectively.
arameters Ki,j,t(j), Ki,j,r(j), Ki,j,z(j) are the instantaneous
utting force coefficients corresponding to hi,j(j). z and zi,j

re the axial coordinate and the axial length of the jth
xial disk element of the ith flute, respectively. hc

i;j is here
amed as instantaneous medial chip thickness correspond-
ng to hi,j(j).
At a certain location on the cutting edge, hc

i;j can be
pproximated as [19–22]

c
i;j ¼ mif z sin fi;jðjÞ þ RiðzÞ � Ri�mi

ðzÞ (3)

here fz is the feed per tooth and mi is the number
ndicating that the current tooth i is removing the material
eft by the mith previous tooth. fi,j(j) is the angular
osition of jth disk element of the ith flute at the current
utter rotation angle j. Ri(z) is the actual cutting radius of
he corresponding disk element involving the effect of the



ARTICLE IN PRESS

Z

X

Y

Y

X

Rz

Rr

R

Mr
D/2

Nr

H

Nz

Mz

Z

X

BB

B-B

C C

C-C

P

P

c
hi,j

bi,j

zi,j

hi,j(�)

Fi,j,t

Fi,j,a

Fi,j,r

O (0,0,0)

R(z)

P

z

�(z)

Z

workpiece

cutter

Ra

Rw

Rcut

Rpa

�(z) 

�i,j

Fig. 1. Geometric model of a general end mill and cutting parameters.
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cutter runout. Ri(z) will be calculated as [21,22]

RiðzÞ ¼ RðzÞ þ r cos½l� cðzÞ � 2ði � 1Þp=N�, (4)

where r and l denote runout parameters. R(z) is the
ideal cutting radius of the corresponding disk element.
c(z) is the radial lag angle at z due to the cutter helix
angle i0.
Once three force components are obtained from Eq. (1),

they can be mapped along X, Y and Z directions [8,9]

Fi;j;X ðjÞ

Fi;j;Y ðjÞ

Fi;j;ZðjÞ

2
664

3
775 ¼ Ti;jðjÞ �

Fi;j;tðjÞ

Fi;j;rðjÞ

Fi;j;aðjÞ

2
664

3
775

¼ hc
i;j � zi;j � Ti;jðjÞ �

Ki;j;tðjÞ

Ki;j;rðjÞ

Ki;j;zðjÞ

2
664

3
775 ð5Þ

with

Ti;jðjÞ ¼

� cos fi;jðjÞ � sin kðzÞ sin fi;jðjÞ � cos kðzÞ sin fi;jðjÞ

sin fi;jðjÞ � sin kðzÞ cos fi;jðjÞ � cos kðzÞ cos fi;jðjÞ

0 cos kðzÞ � sin kðzÞ

2
64

3
75.
(6)

Subsequently, the total cutting force components at any
cutter rotation angle j can be evaluated by summing the
forces acting on all flutes and disk elements.

FsðjÞ ¼
X

i;j

F i;j;sðjÞ; s ¼ X ;Y ;Z. (7)

2.2. Calibration of cutting force coefficients

For the specific cutter geometry, cutting conditions,
workpiece material, milling forces together with the cutting
force coefficients can be modeled using the experimental
data. Conventionally, the cutting force coefficients are
determined using measured average cutting forces. In most
cases the identified coefficients are only valid in the range
of the conditions under which the cutting tests are
performed. To improve the applicability and prediction
accuracy of the model, we propose here an alternative
method that uses instantaneous values extracted from the
measured data to calibrate the instantaneous cutting force
coefficients Ki,j,t(j), Ki,j,r(j), Ki,j,z(j).
If the values of Fi,j,X(j), Fi,j,Y(j) and Fi,j,Z(j) can be

measured and the runout parameters r and l are known in
advance, Ki,j,q(j) (q ¼ t, r, z) can be obtained from Eqs. (3)
to (5). However, the measured cutting forces using
dynamometer are available only in the form of total
cutting forces Fs(j) (s ¼ X, Y, Z) and cannot be decom-
posed into force components Fi,j,X(j), Fi,j,Y(j) and Fi,j,Z(j).
At the same time, values of r and l cannot be obtained
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directly from the experiment. These make it practically
impossible to establish ‘strict’ relationship between Ki,j,q(j)
and hi,j(j). Therefore, an approximate approach is
proposed below.

At the given cutting instant shown in Fig. 1, fi,j(j) refers
to the angular position of the jth axial disk element of the
ith flute. Obviously, after the cutter is rotated with an angle
of (2kp)/N (k ¼ 1, 2,y, N�1), the angular position of the
jth axial disk element of the (i+k)th flute equals fi,j(j),
too. If the cutting force coefficients are assumed to have the
same values Kq(j) (q ¼ t, r, z) at j+(2kp)/N (k ¼ 1, 2,y,
N�1), the sum of each X-, Y- and Z-force component of
the cutter elements located at the angular position fi,j(j)
over one rotation period corresponds to

Fj;X ðjÞ

Fj;Y ðjÞ

Fj;ZðjÞ

2
664

3
775

¼

� cos fi;jðjÞ � sin kðzÞ sin fi;jðjÞ � cos kðzÞ sin fi;jðjÞ

sin fi;jðjÞ � sin kðzÞ cos fi;jðjÞ � cos kðzÞ cos fi;jðjÞ

0 cos kðzÞ � sin kðzÞ

2
664

3
775

KtðjÞ
PN
i¼1

½hi;jðjÞ � bi;j �

KrðjÞ
PN
i¼1

½hi;jðjÞ � bi;j�

KzðjÞ
PN
i¼1

½hi;jðjÞ � bi;j�

2
6666666664

3
7777777775

ð8Þ

with

XN

i¼1

½hi;jðjÞbi;j� ¼ zi;jfNf z sin fi;jðjÞ

þ
XN

i¼1

½RiðzÞ � Ri�mi
ðzÞ�g ¼ Nzi;j f z sin fi;jðjÞ. ð9Þ

Note that the effect of cutter radial runout on termPN
i¼1½hi;jðjÞ � bi;j� vanishes. This means that the sum of each

of three force components of all cutting edge elements
having the same angular position fi,j(j) is independent of
the runout. By substituting Eq. (9) into Eq. (8), dividing
Eq. (8) by N, and then summating along the cutter axis, we
can obtain

FX ðjÞ

FY ðjÞ

FZðjÞ

2
64

3
75 ¼ f z � ½T1ðjÞ� �

KtðjÞ

KrðjÞ

KzðjÞ

2
64

3
75, (10)

where

T1ðjÞ ¼

�
P
i;j
ðzi;jB2Þ �

P
i;j
ðC1B1Þ �

P
i;j
ðC2B1ÞP

i;j
ðzi;jB1Þ �

P
i;j
ðC1B2Þ �

P
i;j
ðC2B2Þ

0
P
i;j
½C2 sin fi;jðjÞ� �

P
i;j
½C1 sin fi;jðjÞ�

2
666664

3
777775

(11)
with B1 ¼ sin2 fi;jðjÞ, B2 ¼ sin fi;jðjÞ cos fi;jðjÞ, C1 ¼ zi;j

sin kðzÞ, C2 ¼ zi;j cos kðzÞ.
Denote FM

s ðjÞ (s ¼ X, Y, Z) to be instantaneous values
of measured cutting forces at j. F sðjÞ that is named
nominal cutting force components can be obtained as

FsðjÞ ¼
1

N

XN

i¼1

½FM
s ðjþ 2ði � 1Þp=NÞ�; s ¼ X ;Y ;Z (12)

Therefore, the instantaneous values of Kq(j) (q ¼ t, r, z)
can be deduced immediately from Eq. (10) with known
FsðjÞ. In the above procedure, as Kq(j) is a function of j
and takes the same value Kq(j) (q ¼ t, r, z) at j+(2kp)/N,
this makes it possible to establish a concise formulation
independent of the cutter runout in the calibration of
Kq(j). Mathematically, at every specified j, the instanta-

neous average chip thickness (IACT) h̄ðjÞ corresponding to
FsðjÞ can be calculated by

h̄ðjÞ ¼

P
i;j½hi;jðjÞDci;j RðzÞ�P

i;j½Dci;j RðzÞ�
, (13)

where Dci,j indicates the radial lag angle for the jth axial
disk element of the ith flute due to the cutter helix angle i0.
Note that hi,j(j) in Eq. (13) is calculated without runout

because the latter vanishes in the calibration procedure of
Kq(j). With discrete values of Kq(j) and h̄ðjÞ, the
relationship between Kq(j) and h̄ðjÞ can be fitted. There-
after, the runout parameters r and l can be identified
correspondingly [17].
Finally, to characterize the relationship between Ki,j,q(j)

and hi,j(j), one can replace h̄ðjÞ with hi,j(j) in the fitted
mathematical expression for the calculation of Ki,j,q(j) in
terms of hi,j(j). The validity of this approach is demon-
strated with simulation and experiment tests in Section 4.

3. Synchronization of the measured cutting forces and

predicted ones

Clearly, the computation of Kq(j) from Eq. (10) not only
relies on values of T1(j) and FsðjÞ expressed in Eqs. (11)
and (12) but also the involved instantaneous phase j.
However, the sampled data acquired by the dynamometer
provide only values of FM

s ðjÞ and the corresponding
sampled time. How to obtain the proper phases of the
sampled cutting forces becomes therefore a preoccupied
issue for such a computation. One can imagine that some
synchronization criterion should be established to identify
the phases of the measured cutting forces. To do this,
numerical approaches might be developed to determine
the phase angles of the simulated cutting forces indirectly.
It is well recognized that cutting force coefficients will
change when different cutting materials are tested. This will
generally lead to different cutting force curves even
though the cutting parameters remain unchanged. How-
ever, if some points of the predicted cutting force curves
only change their magnitudes without phase shift with
respect to the variation of the cutting force coefficients,
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these characteristic points associated with the simulated
cutting forces can be used as the phase references of the
measured data. Practically, as the cutting force curve varies
periodically, the maximum value (MAV) and the minimum

value (MIV) are easily identified from the measured signals
If only the magnitudes change without phase shift, these
values can be adopted as reference points in the synchro-
nization procedure. For example, in Fig. 2, the MAV of FY

at j0 changes without phase shift when different cutting
force coefficients are used. In this case, j0 can be then
selected as synchronization reference. Obviously, the MAV
of FY at j0 means that FY(j0)XFY(j) holds over a loca
range of j0 � �pjpj0 þ � with e to be the prescribed
tolerance. MIV of FY at j0 means that FY(j0)pFY(j) over
j0 � �pjpj0 þ �. Hence, the values of FY at j0, j00 and
j000 shown in Fig. 2 can be treated as MAVs. The values of
FY at j* and j** can be treated as MIVs whereas values
of FY in the interval (j*, j**) can be treated as MAVs
or MIVs.

In the next section, numerical analyses and theoretica
demonstrations will be given on how to figure out the
synchronization no matter what the cutting force coeffi-
cients are.

3.1. Effects of cutting force coefficients upon cutting forces

3.1.1. Numerical analysis

Without loss of generality, consider the cutting forces
predicted by changing cutting force coefficients Ki,j,q(j)
(q ¼ t, r, z) of Eq. (7) for a four-fluted flat end mill in down
milling. Firstly, Ki,j,q(j) of each disk element are assumed
to be constant values noted by Kq and two different sets of
constant values are set to Kq as used in [18]. The predicted
results of FY are shown in Figs. 3(a and b). Secondly
Ki,j,q(j) are supposed to be instantaneous cutting force

coefficients. A set of values is randomly set to Ki,j,q(j) of
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Fig. 2. Variations of cutting force FY due to the change of cutting force

coefficients.
each disk element. Predicted results of FY are shown in
Figs. 3(c and d). Note that the variation of Ki,j,z(j) or Kz is
here neglected due to its independence of FY.
It can be seen that multiple teeth engagement (MTE)

occurs in Figs. 3(a and c) whereas the single tooth
engagement (STE) retains always in Figs. 3(b and d)
Intuitively, in the case of MTE, both MAV and MIV of FY

have phase shifts with respect to the variation of cutting
force coefficients. In the case of STE, certain MAVs or
MIVs of FY, e.g., the values in the regions of d1, d2 and d3
illustrated in Fig. 3(b), have no phase shift when cutting
force coefficients are changed. The similar phenomena can
also be observed from the simulation results of FX and FZ

For FZ, no phase shifts occur when cutting force
coefficients are assumed to be constant in both MTE and
STE, whereas only the zero values have no phase shift
when cutting force coefficients are related to the instanta-
neous uncut chip thickness in STE. In summary, the above
observations imply that the cutting tests of STE can be used

to calibrate the instantaneous cutting force coefficients

because some values of the cutting forces, e.g., all values in

d1, d2 and d3 shown in Fig. 3(b), can be selected as phase

references for synchronization. The same conclusions are
also obtained from the simulations of FX, FY and FZ in bul
nose and ball end-milling process.

3.1.2. Theoretical analysis

If the cutting force Fs(j) takes the value of either MAV
or MIV at the cutter rotation angle j, the following
relation holds

dFsðjÞ
dj

¼ 0. (14)

By combining Eqs. (5) and (6), we can write

Fi;j;Y ðjÞ ¼ A21
i;j ðjÞ A22

i;j ðjÞ A23
i;j ðjÞ

h i
�

Ki;j;tðjÞ

Ki;j;rðjÞ

Ki;j;zðjÞ

2
64

3
75 (15)

with

A21
i;j ðjÞ ¼ hc

i;jzi;j sin fi;jðjÞ,

A22
i;j ðjÞ ¼ � hc

i;jzi;j sin kðzÞ cos fi;jðjÞ,

A23
i;j ðjÞ ¼ � hc

i;jzi;j cos kðzÞ cos fi;jðjÞ. ð16Þ

Case I: If the cutting force coefficients are assumed to be
functions of the instantaneous uncut chip thickness
associated with each disk elements and symbolized as
Ki,j,q(j), FY(j) can be expressed as

FY ðjÞ ¼
X

i;j

ðKi;j;tðjÞA21
i;j ðjÞÞ þ

X
i;j

ðKi;j;rðjÞA22
i;j ðjÞÞ

þ
X

i;j

ðKi;j;zðjÞA23
i;j ðjÞÞ: ð17Þ



r

d

F
e
W
f
a

o
3
f
a
a
c

b
c

F

w

ARTICLE IN PRESS

0

1000

2000

3000

4000

5000

6000

0 60 120 180 240 300 360
Cutter  rotation angle (Deg.)

C
ut

tin
g 

fo
rc

e 
F

Y
 (

N
)

Kt=405.71;Kr=935.47
Kt=15.274;Kr=746.79
Kt=150.87;Kr=697.9
Kt=456.47;Kr=18.504

Ra=0.35D; Rw=0.5D
�=0.15fz; �=5�/12

0

1000

2000

3000

4000

5000

6000

0 60 120 180 240 300 360

C
ut

tin
g 

fo
rc

e 
F

Y
 (

N
)

Ra = 0.35D; Rw = 0.5D

Cutter rotation angle (Deg.)

� = 0.15fz; � = 5�/12

ca

C
ut

tin
g 

fo
rc

e 
F

Y
 (

N
)

0

1000

2000

3000

4000

5000

6000

7000

0 60 120 180 240 300 360

 

   

Kt=439.92;Kr=933.38
Kt=359.18;Kr=602.87
Kt=15.01;Kr=767.95
Kt=988.33;Kr=582.79

Ra = 0.5D; Rw = 0.2D
� = 0.15fz; � = 5�/12

Cutterrotation angle (Deg.)

b

 

0

1000

2000

3000

4000

5000

6000

0 60 120 180 240 300 360

C
ut

tin
g 

fo
rc

e 
F

Y
 (

N
)

Cutterrotation angle (Deg.)

d

Ra = 0.5D; Rw = 0.2D

� = 0.15fz; � = 5�/12

	3	2	1

	

Fig. 3. Simulations of cutting forces with the variation of cutting forces coefficients: (a) the case of MTE with constant cutting force coefficients Kq; (b) the

case of STE with constant cutting force coefficients Kq; (c) the case of MTE with instantaneous cutting force coefficients Ki,j,q (j) and (d) the case of STE

with instantaneous cutting force coefficients Ki,j,q (j).
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Applying Eq. (14) to Eq. (17), one can obtain

X
i;j

dA21
i;j ðjÞ

dj
Ki;j;tðjÞ

" #
þ
X

i;j

dA22
i;j ðjÞ

dj
Ki;j;rðjÞ

" #

þ
X

i;j

dA23
i;j ðjÞ

dj
Ki;j;zðjÞ

" #
¼ 0. ð18Þ

To hold the above equation for arbitrary Ki,j,q(j), it is
equired for all disk elements that

A21
i;j ðjÞ

dj
¼ 0;

dA22
i;j ðjÞ

dj
¼ 0;

dA23
i;j ðjÞ

dj
¼ 0. (19)

Besides, if the cutting test is designed like that in
ig. 3(d), there exist some cutter rotation angle regions,
.g., d in which no flutes are engaged with the workpiece.
hen the third tooth disengages from the workpiece, the

ourth one in Fig. 3(d) will be engaged with the workpiece
fter some cutter rotation angles. Obviously, in the region
f d, we have hci;j � 0. This will lead to A2k
i;j ðjÞ � 0 (k ¼ 1, 2,

) defined in Eq. (16) and hence dA2k
i;j ðjÞ=dj ¼ 0. There-

ore, in the case of STE, if specific regions of cutter rotation
ngles exist such as d(40) in Fig. 3(d), Eq. (18) will be
utomatically satisfied in d no matter how the cutting force
oefficients vary.

Case II: If the cutting force coefficients are supposed to
e constants Kq irrespective of the instantaneous uncut
hip thickness, FY(j) can be expressed as

Y ðjÞ ¼
P
i;j

A21
i;j ðjÞ

P
i;j

A22
i;j ðjÞ

P
i;j

A23
i;j ðjÞ

� �
�

Kt

Kr

Kz

2
664

3
775

¼ A21ðjÞ A22ðjÞ A23ðjÞ
� �

�

Kt

Kr

Kz

2
664

3
775 ð20Þ

hich is just a particular case of Eq. (17).
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Similarly to the above analysis, A2k(j)�0 (k ¼ 1, 2, 3) in
regions d1, d2 and d3 of Fig. 3(b). Fig. 4 shows the
variations of A2k(j) versus the cutter rotation angles for a
flat end-milling process when the same cutting conditions
used in Fig. 3 are applied. In case of STE shown in Fig. 4,
the fact that A2k(j)�0 only appears in the specific cutter
rotation angle regions just confirms the phenomena
occurring in Fig. 3(b). It should be noted that in the flat
end-milling process, FZ is expressed as

FZðjÞ ¼ �Kz

X
i;j

½hc
i;jzi;j�. (21)

As FZ(j) varies proportionally with Kz, all values of
FZ(j) have always no phase shift in flat end milling as
described in Section 3.1.

Therefore, in both cases, the phases j in d can be
adopted as synchronization reference as long as d exists in
the designed STE cutting tests. Based on Eq. (14), similar
analyses of FX and FZ show that only the phase angle in d
can be selected as phase reference for synchronization in
the case of STE. Generally, for a N-fluted mill, one can
select the right extreme point 2kp/N (k ¼ 0, 1,y, N�1),
that corresponds to the zero value of the cutting force in
the case of STE. Now the problem is how to realize the
STE cutting state ensuring the existence of d.

3.2. Selection of cutting parameters

In fact, the STE can be easily satisfied with a reasonable
selection of the radial depth of cut, Rw and axial depth of
cut, Ra. Critical values of Rw and Ra can be defined by the
following cutting conditions: whenever the current tooth
disengages from the workpiece, the next tooth has to be
engaged with the workpiece immediately. This means that
with critical Ra and Rw, any increase of Rw or Ra will lead
to an engagement of at least two teeth simultaneously at
some cutter rotation angles. Therefore, the STE retains at
any time provided that

cðRaÞ � cðRpaÞ þ
p
2
þ arcsin

Rw � Rcut

Rcut

� �
o

2p
N

, (22)

where c(Ra) indicates the radial lag angle corresponding to
the axial depth of cut, Ra, due to the cutter helix angle i0.
This is the critical condition characterizing the depen-

dence between critical values of Ra and Rw. A non-zero d
must exist as long as Eq. (22) is strictly satisfied. Critical
conditions are now illustrated for a three-fluted flat end
mill, three-fluted bull nose end mill and four-fluted ball end
mill in Figs. 5(a–c).
Eq. (22) can be applied to design the experimental setup

for calibration of instantaneous cutting force coefficients.
If the measured signals of the cutting forces are not bright
enough to identify d easily, we can appropriately reduce
values of Ra or Rw until d appears clearly.
However, one must keep in mind that Eq. (22) is derived

with the negligence of the cutter runout. Practically, if one
tooth is engaged in cut with an immersed axial length more
than its nominal value due to runout, there must be at least
another tooth that will be in cut with an immersed axial
length less than its nominal value after some cutter rotation
angles. As a result, there must exist at least one non-zero
region d. Therefore, as long as Ra and Rw satisfy Eq. (22),
the cutting test is in the state of STE regardless of the cutter
runout.

3.3. The whole calibrating procedure

The whole solution procedure of calibrating the cutting
force coefficients and runout is summarized in Fig. 6.
Firstly, the cutting parameters that satisfy the STE
condition are selected. Secondly, the cutting forces are
measured using the dynamometer, and the sampled points
in one cutter rotation period are noted as Q1, Q2, Q3,y,
Qi,y,Qm. Thirdly, if Qi is the right extreme point of one
nonzero region d, 2kp/N is attributed as the reference phase
of Qi. Subsequently, by setting 2kp/N72jp/(m�1) as the
phase j of all remaining sampled points Qi7j, the
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ynchronization is completed. Fourthly, the cutting force
oefficients are calibrated by means of Eq. (10). Finally, the
iscretized cutting force coefficients obtained from Eq. (10)
re fitted approximately.
In fact, the proposed synchronization procedure has its
enerality of being applied to other cutting force models. In
his sense, it is necessary to mention the cutting force model
sing the cutting force coefficients (Kn, Kf, yc) and studied
y Cho and Altintas et al. [13,15,16]. The X-, Y- and Z-
utting force components acting on the jth axial disk
lement of the ith flute at the cutter rotation angle j are
xpressed as

Fi;j;X ðjÞ

Fi;j;Y ðjÞ

Fi;j;ZðjÞ

3
75 ¼ TCAðjÞ �

Ki;j;1

Ki;j;2

Ki;j;3

2
64

3
75 (23)

here TCAðjÞ ¼

B11
i;j ðjÞ B12

i;j ðjÞ B13
i;j ðjÞ

B21
i;j ðjÞ B22

i;j ðjÞ B23
i;j ðjÞ

B31
i;j ðjÞ B32

i;j ðjÞ B33
i;j ðjÞ

2
664

3
775 denotes the

arameters matrix depending upon not only j but also
utter geometry and cutting parameters. Ki,j,1, Ki,j,2 and

i,j,3 are the cutting force coefficients transformed from Kn,

f, yc. One can refer to Refs. [15,16] for the detailed
omputing of TCA(j), Ki,j,1, Ki,j,2 and Ki,j,3.
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Fig. 7. Schematic figure of experiment set-up.

Table 1

Geometry of mills

End

mill

D

(mm)

R

(mm)

Rr

(mm)

Rz

(mm)

a (deg) b (deg) i0 (deg)

Flat 16 0 8 0 0 0 30

Bull

nose

16 2 6 2 0 0 30

Table 2

Cutting conditions

Cutter type Test no. Milling type Radial depth

Rw (mm)

Flat 1 Down 8

2 Down 8

3 Down 3

4 Up 3

5 Up 8

6 Slotting 16

Bull nose 7 Down 8

8 Down 8

9 Down 8

10 Down 3

11 Up 8

12 Slotting 16
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Now, let us perform the analysis of FY(j) that is
expressed as

FY ðjÞ ¼
X

i;j

½Ki;j;1B
21
i;j ðjÞ� þ

X
i;j

½Ki;j;2B
22
i;j ðjÞ�

þ
X

i;j

½Ki;j;3B
23
i;j ðjÞ�. ð24Þ

The form is very similar to Eq. (17) except the coefficient
definitions of A��i;j and B��i;j .
According to the same analysis procedure described in

Section 3.1.2, we can find such a d region in which the
following relation holds in case of STE

B21
i;j ðjÞ ¼ B22

i;j ðjÞ ¼ B23
i;j ðjÞ � 0. (25)

As to the dual-mechanism cutting force model men-
tioned in [5,9], the X-, Y- and Z-cutting force components
acting on the jth axial disk element of the ith flute at j can
be expressed as

F i;j;X ðjÞ

F i;j;Y ðjÞ

Fi;j;ZðjÞ

2
64

3
75 ¼ TCðjÞ �

Ki;j;tc

Ki;j;rc

Ki;j;zc

2
64

3
75þ TEðjÞ �

Ki;j;te

Ki;j;re

Ki;j;ze

2
64

3
75, (26)

with

TCðjÞ ¼

C11
i;j ðjÞ C12

i;j ðjÞ C13
i;j ðjÞ

C21
i;j ðjÞ C22

i;j ðjÞ C23
i;j ðjÞ

C31
i;j ðjÞ C32

i;j ðjÞ C33
i;j ðjÞ

2
6664

3
7775

and

TEðjÞ ¼

E11
i;j ðjÞ E12

i;j ðjÞ E13
i;j ðjÞ

E21
i;j ðjÞ E22

i;j ðjÞ E23
i;j ðjÞ

E31
i;j ðjÞ E32

i;j ðjÞ E33
i;j ðjÞ

2
6664

3
7775
of cut Axial depth of cut Ra

(mm)

Feed per tooth fz

(mm/tooth)

RPM

1 0.05 2000

1.3 0.1 5000

8 0.0667 3000

6 0.05 2000

0.85 0.05 2000

2 0.05 3000

2 0.05 2000

2.3 0.05 2000

2 0.1 5000

6 0.05 2000

2 0.05 2000

2 0.05 3000
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Note that Ki,j,tc, Ki,j,rc, Ki,j,zc and Ki,j,te, Ki,j,re, Ki,j,ze

re the cutting force coefficients related to each instanta-
eous uncut chip thickness. Subsequently, F (j) can be
Y
btained as

Y ðjÞ ¼
X

i;j

½Ki;j;tcC
21
i;j ðjÞ� þ

X
i;j

½Ki;j;rcC
22
i;j ðjÞ�

þ
X

i;j

½Ki;j;zcC23
i;j ðjÞ� þ

X
i;j

½Ki;j;teE21
i;j ðjÞ�

þ
X

i;j

½Ki;j;reE
22
i;j ðjÞ� þ

X
i;j

½Ki;j;zeE
23
i;j ðjÞ�. ð27Þ

Similarly, it concludes from Eq. (14) that a d region of
utter rotation angle exists provided that the following
quations must hold

21
i;j ðjÞ ¼ C22

i;j ðjÞ ¼ C23
i;j ðjÞ ¼ E21

i;j ðjÞ ¼ E22
i;j ðjÞ

¼ E23
i;j ðjÞ � 0. ð28Þ

The same analysis can also be performed for FX and FZ

o find corresponding d regions. Actually, if the test is
esigned as STE based on Eq. (22), there are some cutter
otation angle regions in which no flutes are in cut. As a
esult, the cutting force values are always zero in these
egions no matter what cutting force model is adopted.
ccordingly, any phase, e.g. 2p/N, in these regions can be
sed as reference for synchronization. Therefore, the STE
erifying Eq. (22) is valid for the synchronization of all
utting force models.

. Test applications

To apply the above procedure, a series of cutting tests
re performed in milling aluminum alloy 2618 with a
ertical CNC milling machine. The experiment setup is
llustrated schematically in Fig. 7. Three-component
ynamometer Kistler 9255B is used to measure the cutting
orces. The sampling rate is set to be 5000Hz. The
orkpiece is connected to the dynamometer by four bolts.
three-fluted carbide flat end mill and a three-fluted

arbide bull nose end mill are studied, respectively. Cutter
eometries and cutting condition parameters are given in
ables 1 and 2, respectively. All tests are realized without
oolant. As shown in Figs. 5(a and b), the combinations of

w and Ra in Tests 1 and 7 correspond to points A and B
hat satisfy Eq. (22). Therefore, Tests 1 and 7 can be used
o calibrate the cutting force coefficients as well as the
unout parameters. Using the experiment condition data
iven above, the number of sampling points in one cutter
otation period is evaluated to be 151. In this work, the
ynchronization is based on the force component FY whose
ignals are more easily identified than those of FX and FZ.
he synchronization procedure is completed according to
he routine shown in Fig. 6.
Subsequently, with the aid of Eq. (10), the identified

utting force coefficients are plotted versus the instanta-

eous average chip thickness (IACT) h̄ðjÞ in Fig. 8.
In Fig. 8, we can see that an exponent-like relation exists
etween cutting force coefficients K (j) and h̄ðjÞ. For this
q
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reason, the relationship between Kq(j) and h̄ðjÞ is
interpolated by the following nonlinear fitting function:

KqðjÞ ¼W q1 þW q2 � e
½W q3�h̄ðjÞ� ðq ¼ t; r; zÞ. (29)

The fitted cutting force coefficients are also illustrated in
Fig. 8 for comparison with calibrated discrete values.
With fitted values of Kq(j), runout parameters r and l
are then identified by means of the approach described in
Ref. [17]. Results are:
(I)
 flat end mill for Test 1

r ¼ 5 mm; lf ¼ 60�, (30)
f
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e
II) b

c

ull nose end mill for Test 7

b ¼ 14mm; lb ¼ 28�. (31)

n

i
D
c
1
f

Now, remaining cutting Tests 2–6 and Tests 8–12 are
sed to verify the accuracy of calibrated cutting force
odel for flat end mill and bull nose end mill, respectively.
o this end, fitted values of Kq(j) in Eq. (29) are adopted.
o characterize the relationship between Ki,j,q(j) and the
nstantaneous uncut chip thickness of every axial disk
lement, we can replace h̄ðjÞ with hi,j(j) in Eq. (29) for
alculation of Ki,j,q(j). This relationship is used for the
umerical simulations through all cutting tests given below.
The predicted and measured cutting forces are compared

n Figs. 9 and 10 for two types of cutters, respectively.
ifferent cutting types are selected to validate the
alibrated cutting force coefficients. In Figs. 9(a, b) and
0(a–c), the predicted and measured results are compared
or down milling. In Figs. 9(c, d) and 10(d), the predicted



ARTICLE IN PRESS
M. Wan et al. / International Journal of Machine Tools & Manufacture 47 (2007) 2018–20302030

中国科技论文在线 http://www.paper.edu.cn
and measured results are compared for up milling. The
comparison is also made in Fig. 9(e) and 10(e) for slotting
milling. The variations of depths of cut, feed rate and
cutting speed are also considered in these comparisons.
It can be seen that a good agreement exists both in
magnitude and in distribution no matter what cutting
types and cutting conditions are, although the cutting
coefficients are determined using only one cutting test.
Therefore, the proposed methodology is not only
general but also beneficial in saving the cost of cutting
calibration tests.
5. Conclusions

A systematic methodology is proposed in this paper to
synchronize the measured and the predicted cutting forces
for calibrating the instantaneous cutting force coefficients.
A generic synchronization criterion suitable to any avail-
able cutting force models in general end-milling process is
developed. The advantage of the proposed methodology
lies in that the synchronization criterion is introduced from
both the strict theoretical analysis and the numerical
simulation. Reasonable cutting parameters are provided
to satisfy the synchronization criterion. It is found that:
(1

(2
) 2kp/N can be adopted as phase references for
synchronization irrespective of the cutting force models

as long as the cutting test is in STE.

) The relationship between the instantaneous cutting
force coefficients and the instantaneous uncut chip
thickness can be established by fitting the discretized
values of the coefficients that are calibrated directly
from the measured data as function of the IACT of the
whole cutter. Then, instantaneous uncut chip thickness
of every separate disk element can be substituted into
the fitted function for calculating the instantaneous
cutting force coefficients associated with every single
disk element. A variety of test cases are studied both
numerically and experimentally. The comparison of
simulation and experiment cutting forces demonstrates
that the proposed methodology is validity and that the
cutting force coefficients calibrated in STE can be also
applied in MTE.
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