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Abstract Cutting force coefficients are the key factors for
efficient and accurate prediction of instantaneous milling
force. To calibrate the coefficients, this paper presents an
instantaneous milling force model including runout and
cutter deformation. Also, forming of surface error is ana-
lyzed, and a surface error model considering runout is
proposed. Using surface errors of two experiments complet-
ed with the same cutting conditions but different axial depth
only, cutter deformation is obtained. Then, a new approach
for the determination of instantaneous cutting force coeffi-
cients is provided. The method can eliminate influences of
the other factors except cutter deformation and runout. A
series of experiments are designed, and the results are used
to identify the parameters. With the evaluated coefficients
and runout parameters, the instantaneous milling force and
surface error are predicted. A good agreement between
predicted results and experimental results is achieved, which
shows that the method is efficient, and effect of runout on
surface error is not negligible.
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1 Introduction

Precise prediction ofmilling force is essential for improving the
processing efficiency, predicting the workpiece deformation
and wearing of cutter, and reducing the shape error and surface
roughness. Therefore, it is necessary to pay more attention to
milling force. To predict the milling force with mechanistic
model, the cutting force coefficients must be estimated at first.
Despite the development of many versions of mechanistic
models, milling force prediction still relies on the cutting force
coefficients defined from empirical data.

Traditionally, the calibration of the cutting force coeffi-
cients is performed bymeasuring the cutting force. There exist
two typical categories of cutting force coefficients calibrating
methods according to whether the size effect of instantaneous
chip thickness is considered. In the first one, the size effect is
ignored. Cutting force coefficients are taken as constants or
exponential of average chip thickness, which are called aver-
age cutting force coefficients and depend on the cutter geom-
etry, cutting conditions, insert grade and workpiece material
properties, and calibrated based on average cutting force
[1–4]. Based on the method, Kang [5] and Liu [6] expressed
the coefficients as quadratic polynomial functions of spindle
speed, feed rate, axial depth, and radial depth using orthogonal
test and regression analysis. The method is simple. However,
it will decrease the accuracy of predicted instantaneous mill-
ing forces because the size effect of the chip thickness is
largely neglected. Also, it requires a series of experiments to
calibrate cutting force coefficients.

In the second method, many researchers take into con-
sideration the size effect of the chip thickness in the cutting
force coefficients model to meet the demand for more
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accurate milling force prediction and express the cutting
force coefficients as exponential function of instantaneous
chip thickness, that is, instantaneous cutting force coeffi-
cients [7–9]. Bhattacharyya [10] proposed a method to
identify instantaneous cutting force coefficients using aver-
age milling forces with multiple experiments. Wan [11, 12]
calibrated the instantaneous cutting force coefficients using
nominal milling forces which are extracted from experimen-
tal results with one experiment. Riviere-Lorphevre [13]
proposed an identification algorithm for cutting force coef-
ficients taking radial runout into account.

All contributions mentioned above are based on the mea-
sured milling forces, which obtained with special and ex-
pensive force meter. Franco [14] proposed a numerical
model for predicting the surface profile and surface rough-
ness in face milling operations as a function of feed, cutting
tool geometry, and tool errors. Salgado [15] investigated the
stiffness and cutting force-induced deflection of end-milling
system. Furthermore, the machined surface error was ana-
lyzed. Siller [16] studied the impact of a special carbide tool
design on the process viability of the face milling in terms of
surface quality and tool life, and presented a method for
representing relation between tool wear morphology and
surface roughness. Kim [17] and Xu[18] presented
methods to calibrate cutting force coefficients with sur-
face error of workpiece on the assumption that the error
is deduced by cutter deformation completely. Dotcheva
[19] neglected the effect of the runout to the surface
error, proposed a method to obtain the cutter deforma-
tion form surface error, and calibrate instantaneous cut-
ting force coefficients.

This paper presents a new approach to calibrate the
instantaneous cutting force coefficients. Firstly, a surface
error model considering runout is proposed. The cutter
deformation is separated from the surface error by experi-
mentation. Secondly, the cutting force coefficients are iden-
tified with the help of the cutter deformation obtained
above. The advantage of the proposed approach lies in that
the calibration can eliminate influences of the other factors
except cutter deformation and runout. Besides, a compara-
tive study between predicted results and experimental
results is made to validate the proposed method.

2 Mechanistic milling force model

Based on the work of Wan [11], the tool is discretized along
the axis into segments. The tangential dFti,j(φ) and radial
dFri,j(φ) cutting force components acting on jth element of
ith flute are given by

dFti;j φð Þ ¼ Kt hi;j φð Þ� �
hi;j φð Þdz

dFri;jðφÞ ¼ Kr hi;j φð Þ� �
hi;j φð Þdz

�
ð1Þ

Where, φ is the angular position of the tool. dz is the axial
length of discrete segment. hi,j(φ) is the instantaneous chip
thickness. Kt(hi,j(φ)) and Kr(hi,j(φ)) represent the tangential
and radial cutting force coefficients.

The relationships between the cutting force coefficients
and the instantaneous chip thickness are expressed as

KtðhÞ ¼ T0hT1

KrðhÞ ¼ R0hR1

�
ð2Þ

Where, T0, T1, R0, and R1 are constants for a given
combination of tool and workpiece material.

During milling process, when cutter runout and cutter
deformation occur, the cutter axis will shift from its nominal
position, and the cutting path will deviate from the nominal
path. Consequently, the instantaneous chip thickness of the
segment (i, j) will be calculated by the following equation.

hi;j φð Þ ¼ mifz sin θi;j φð Þ þ Ri;j φð Þ � Ri�mi;j φð Þ ð3Þ
Where, fz denotes the feed per tooth. mi is a number that

indicates the current tooth is removing the material left by
the previous tooth. θi,j(φ) and Ri,j(φ) are referred to as the
instantaneous angular position and the instantaneous actual
cutting radius of the segment (i, j).

Figure 1 shows the radial runout of the end-milling
process [7]. ρ denotes the runout offset. λ is the location
angle defined as the clockwise angle between offset direc-
tion and the nearest tooth tip in the bottom of cutting tool.

Figure 2 shows the cutter deformation simplified as
piecewise cantilever beam. In end milling, considering the
axial milling force is small and axial stiffness of cutter is
large, the axial cutter deformation is neglected. To simplify
the analysis, the cutting forces acting on the cutting edge
segment are equivalent to concentrated forces. The points of
the forces can be expressed as

Zx φð Þ ¼ L�
PN
i¼1

PM
j¼1

dFxi;j φð Þ L�zi;jð Þ
Fx φð Þ

Zy φð Þ ¼ L�
PN
i¼1

PM
j¼1

dFyi;j φð Þ L�zi;jð Þ
Fy φð Þ

8>>>><
>>>>:

ð4Þ

2

4

1

3

Fig. 1 Cutter runout and related parameters
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Where, Zx(φ) and Zy(φ) are distances between points of
simplified concentrated forces and cutter bottom. zi,j denotes
distance between segment (i, j) and cutter bottom. L is overhang
length. Fx(φ) and Fy(φ) are X and Y components of simplified
concentrated forces. dFxi,j(φ) and dFxi,j(φ) are X and Y compo-
nents of cutting forces acting on the segment (i, j). N is the
number of tooth. M is the number of segment for each tooth.

As shown in Fig. 2, the total cutter deformation consists
of arbor deformation and deflection of fluted part. So, the
deformation of segment can be defined as

dct zi;j
� � ¼ ds þ θs zi;j

� �þ dt zi;j
� �

ds ¼ F
6EIs

� L� Ltð Þ3 þ 3 L� Ltð Þ2 L� ZFð Þ
h i

dt zi;j
� � ¼ F

6EIt
ZF � zi;j
� �3 � Lt � zi;j

� �3 þ 3 Lt � zi;j
� �2

Lt � ZFð Þ
h i

θs zi;j
� � ¼ F

2EIs
� L� Ltð Þ2 þ 2 L� Ltð Þ L� ZFð Þ
h i

Lt � zi;j
� �

8>>>>><
>>>>>:

ð5Þ
Where, δct(zi,j) is the total deflection at zi,j. δs is the

deflection due to the deformation of cutter arbor. θs(zi,j)
is the deviation due to deflection angle of cutter arbor.

δt(zi,j) is the deformation of fluted part of the cutter. ZF
denotes distance between simplified concentrated forces
and cutter bottom. Lt is the length of the fluted part. Is
and It are the moments of inertia for the arbor and
fluted part. E is Young’s modulus of elasticity. hi is a
window function.

With Eqs. (4) and (5), the instantaneous deformations δxi,
j(φ) and δyi,j(φ) of cutter at (i, j) can be calculated. So,
considering the cutter runout and deformation, the instanta-
neous actual cutting radius of the segment can be presented
as

Ri;j φð Þ ¼ D

2
þ ρ cos 1� 2zi;j tan b

D
� 2p i� 1ð Þ

N

� �

þ dxi;j φð Þ sin θi;j φð Þ þ dyi;j φð Þ cos θi;j φð Þ ð6Þ

Where, D and β are the diameter and helix angle of the
cutter.

Subsequently, the total milling force components at any
angular position φ can be evaluated by summing the forces
acting on all the flutes and segments.

Fx φð Þ ¼ PN
i¼1

PM
j¼1

�Kt hi;j φð Þ� �
cos θi;j φð Þ � Kr hi;j φð Þ� �

sin θi;j φð Þ	 

hi;j φð Þdz

Fy φð Þ ¼ PN
i¼1

PM
j¼1

Kt hi;j φð Þ� �
sin θi;j φð Þ � Kr hi;j φð Þ� �

cos θi;j φð Þ	 

hi;j φð Þdz

8>>><
>>>:

ð7Þ

3 Estimation of cutter deformation

As we know, cutter deformation and runout effect the
machined surface quality, which make the actual ma-
chined surface deviate from the desired machined
surface, and the deviation is defined surface error.
The forming of surface error at zi ,j is shown in
Fig. 3. It is worth noting that the cutting traces of
different flutes are not the same. A small area of the

cutting trace is preserved around the “B” point (θ =π),
and other cutting traces will be cut by subsequent
tooth and have no effect on the machined surface.
“E” is a point in the small area, and its surface error
can be given by

eE zi;j
� � ¼ D

2
þ Ri;j φð Þ cos θi;j φð Þ ð8Þ

Fig. 2 Cutter deformation

zf

1 2 N 

Desired machined surface

E 
B 

X

Y … 

Actual machined surface 

Fig. 3 Formation of surface error
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Substituting Eqs. (6) to (8), the surface error can be
simplified as

eE zi;j
� � ¼ �ρ cos 1� 2zi;j tan b

D
� 2p i� 1ð Þ

N

� �
þ dyi;j φð Þ ð9Þ

Equation (9) shows that the surface error is mainly in-
duced by runout and deformation in Y direction.

In real machining practice, several errors contribute to the
final surface error, e.g., precision of machine tool, cutter
runout and processing, etc. So, taking the total surface error
as the cutter deformation is unreasonable. Also, it is difficult to
identify the value of the cutting tool deformation component.

To obtain the cutter deformation from the surface error,
two strips need to be machined with the same cutting con-
ditions but with different axial depth only. The axial cutting
depth ap for the two milling tests are denoted as ap1 and ap2,
and are designed to meet Eq. (10) to ensure that there is only
one tooth removing the material at any time, and the milling
process is style I defined in reference [10].

Dðθex � θstÞ
2 tan b

< ap <
2p
N � arccos 1� 2ae

D

� �	 

D

2 tan b
ð10Þ

Where, θst and θex denote the start and exit radial immer-
sion angles, respectively. ae is radial cutting depth.

The mechanism of the surface forming for the two milling
tests is shown in Fig. 4. Figure 4a demonstrates that the
bottom segment of the cutting tool starts cutting. From this
moment, other segments enter the cutting zone continuously.
Until the bottom segment reaches the surface formation line as
shown in Fig. 4b, the deformation and runout of the cutter
does not contribute to the surface error. At this time, the
milling forces and the cutter deformation are largest. Subse-
quently, the milling forces maintain the largest, but the cutter
deformation decreases continuously because the cutting zone
moves upward. Until the highest segment starts cutting in test

1(ap1) as shown in Fig. 4c, the milling forces, the cutter
deformation and machined surface in test 1 are same as them
in test 2(ap2) because the milling processes are similar. After
this moment, segment between P1 and P2 start cutting, the
milling forces in the two tests become different. Consequently,
the surface and surface error are various till the tooth exit from
the cutting zone in test 1 as shown in Fig. 4e.

As shown in Fig. 4c, when the highest segment starts
cutting in test 1, the point P3 is formed. The distance from
the cutter bottom to the point is denoted as ap3 and calcu-
lated by

ap3 ¼ ap1 � D θex � θstð Þ
2 tan b

ð11Þ

The surface errors between P3 and P1 are different because
the milling forces are various when the machined surfaces are
formed in the two tests. As shown in Fig. 4d, when the point P
is formed, the difference of the surface error is expressed by

ΔeP zi;j
� � ¼ eP zi;j

� �ð2Þ � eP zi;j
� �ð1Þ

¼ dyi;j φð Þð2Þ þ "ð2Þ � dyi;j φð Þð1Þ � "ð1Þ ð12Þ
Where,ΔeP zi;j

� �
denotes the difference of the surface error

for the two tests. eP(zi,j)
(1) and eP(zi,j)

(2) represent the surface
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Fig. 4 Formation of machined
surface in the two milling tests
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Fig. 5 Cutter deformation and milling force
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error in tests 1 and 2, respectively. δyi,j(φ)
(1) and δyi,j(φ)

(2) are
the cutter deformations when the point P is formed in test 1
and test 2. ɛ(1) and ɛ(2) are the errors induced by other factors
except the cutter deformation in the two tests.

Because the two milling tests are done with the same
cutting conditions except the axial depth, let ɛ(1) =ɛ(2).
According to the superposition principle of bending defor-
mation for beam, which describes that deformation of the
beam under several loads is equal to the sum of the several
deformations induced by each load when the deformation is
accord with Hooke law, Eq. (12) can be simplified as

ΔeP zi;j
� � ¼ dyi;j φð Þð2Þ � dyi;j φð Þð1Þ

¼ dyi;j φð Þ PSð Þ þ dyi;j φð Þ STð Þ � dyi;j φð Þ PSð Þ

¼ dyi;j φð Þ STð Þ ð13Þ

Where, δyi,j(φ)
(ST) and δyi,j(φ)

(PS) are the cutter deforma-
tions in Y direction induced by the milling forces generated
by ST segment and PS segment.

Equation (12) shows that the difference of the surface
errors in two milling tests is mainly caused by the cutter
deformation induced by ST segment milling force as shown
in Fig. 5. Once the surface errors are measured, the defor-
mation will be obtained conveniently.

4 Calibration of instantaneous cutting force coefficients

When the machined surface point Bi is formed at the zi,j in
the Z direction, the angular position of the tool φ Bi(zi,j) is

φBi
zi;j
� � ¼ p þ 2zi;j tan b

D
þ 2p i� 1ð Þ

N
ð14Þ

In this case, the maximum axial height of the ST segment
shown in Fig. 4d is zmax ¼ zi;j þ D θex � θstð Þ 2 tan bð Þ= , and
the minimum is zmin = ap1. So, the milling force induced by
ST segment in Y direction is expressed as

Fy φ0ð Þ ¼
XM2

k¼M1þ1

KT sin θi;k φ0ð Þ � KR cos θi;k φ0ð Þ	 

hi;k φ0ð Þdz

ð15Þ
Where, M1 ¼ zmin dz= �M2 ¼ zmax dz � φ0 ¼ φBi

zi;j
� ��

.

When other teeth are generating the surface points, all the
tool teeth will exchange angular position successively. Due
to the runout, when different tooth is forming the surface at
the same axial height, the milling forces are various accord-
ingly. However, the author has confirmed that runout has no
effect on the nominal milling forces, and cutter deformation
has little effect on the instantaneous chip thickness and only
changes the boundary of cutting zone during steady milling
in reference [20]. Thus, the nominal milling force induced
by ST segment in Y direction can be given as

Fy φ0ð Þ ¼
XM2

k¼M1þ1

KT sin θ1;k φð Þ � KR cos θ1;k φð Þ	 

fz sin θ1;k φð Þdz

ð16Þ

Where, φ ¼ p þ 2zi;j tan b
D .

According to the relation between milling force and
cutter deformation, the cutter deformation corresponding
with final machined surface points at the axial height zi,j
will fluctuate periodically. Within a period of rotation, the
peaks are denoted as dyBi zi;j

� �
, and the corresponding milling

forces are expressed as Fy φBi
zi;j
� �� �

. Substituting Eqs. (16)

to (5), the following equation can be obtained.

A B½ � KT

KR

� 
¼ 1

N

XN
i¼1

dyBi zi;j
� �

A zi;j
� � ð17Þ

Table 1 Feed per tooth for all the milling tests

Test fz/mm/r Test fz/mm/r Test fz/mm/r Test fz/mm/r

1-1/2-1 0.01 1-4/2-4 0.04 1-7/2-7 0.07 1-10/2-10 0.1

1-2/2-2 0.02 1-5/2-5 0.05 1-8/2-8 0.08 1-11/2-11 0.11

1-3/2-3 0.03 1-6/2-6 0.06 1-9/2-9 0.09 1-12/2-11 0.12

Fig. 6 Workpiece
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Where, A ¼ fz
PM2

k¼M1þ1
sin θ1;k φð Þ sin θ1;k φð Þdz:B ¼ �fz

PM2

k¼M1þ1
cos θ1;k φð Þ sin θ1;k φð Þdz:

A zi;j
� � ¼ � L� Ltð Þ3 þ 3 L� Ltð Þ2 L� ZFð Þ

6EIt

þ ZF � zi;j
� �3 � Lt � zi;j

� �3 þ 3 Lt � zi;j
� �2

Lt � ZFð Þ
6EIt

þ
�ðL� LtÞ2 þ 2ðL� LtÞðL� ZFÞ
h i

Lt � zi;j
� �

2EIs
:

Equation (17) shows the relationship between the cutting
coefficients and the surface errors at the certain axial height.
It is necessary to measure surface errors at different axial
heights to gather the different cutter deformations. Thus, Eq.
(17) is extended to

A1 B1

A2 B2

. . . . . .
An Bn

2
664

3
775 KT

KR

� 
¼

1
N

PN
i¼1

dyBi ðz1Þ
Aðz1Þ

1
N

PN
i¼1

dyBi ðz2Þ
Aðz2Þ

. . . . . . :
1
N

PN
i¼1

dyBi ðznÞ
AðznÞ

2
66666664

3
77777775

ð18Þ

Obviously, it is easy to calibrate the cutting force coef-
ficients with the least squares method according to Eq. (18).
To build the relationship between the coefficients and chip
thickness as shown in Eq. (2), it is necessary to obtain the
chip thickness. When the machined surface are formed at
the axial height z1 and zn, the angular positions of the tool
areφ1 ¼ p þ 2z1 tan b D= andφn ¼ p þ 2zn tan b D= , respec-
tively. It is worth noting that the coefficients deduced from
Eq. (18) are average coefficients in the process. So, the chip
thickness must be the average thickness of ST segment
during the process, and can be calculated by

h ¼ D

2 zn � z1ð Þ tan b
Z φn

φ1

PM2

k¼M1þ1
fz sin θ1;k φð Þdz

D φ�θstð Þ
2 tan b � ap1

dφ ð19Þ

Changing the feed per tooth for tests 1 and 2, several
pairs of data including average cutting force coefficients and
average chip thickness can be obtained and used to regres-
sion analysis to calibrate the instantaneous cutting force
coefficients. Furthermore, the runout can be identified by
iterative method presented in reference [11], with the best fit
between theoretical and measured surface error as the
criterion.

Table 2 Cutting force coeffi-
cients and chip thickness fz/mm/r h/mm KT/N/mm2 KR/N/mm2 fz/mm/r h/mm KT/N/mm2 KR/N/mm2

0.01 0.0048 5,241 4,075 0.07 0.0335 2,394 1,799

0.02 0.0096 3,614 3,239 0.08 0.0383 2,271 1,695

0.03 0.0144 3,337 2,721 0.09 0.0431 2,168 1,608

0.04 0.0191 3,186 2,111 0.10 0.0479 2,080 1,534

0.05 0.0239 2,834 2,091 0.11 0.0526 2,005 1,472

0.06 0.0287 2,444 1,927 0.12 0.0574 1,937 1,415

Fig. 7 Comparison of measured milling forces and predicted milling forces

706 Int J Adv Manuf Technol (2013) 68:701–709



5 Experimental verifications

Now, a series of milling tests are carried out on milling
machine with good rigidity to determine instantaneous cut-
ting force coefficients and runout parameters. A HSS 3-flute
12 mm flat end cutter with 45° helix angle is used, which
has 110 mm total length, 45 mm flute length, and 83 mm
overhang length. The modulus of elasticity for the cutter is
206 GPa. The material of test piece is Al6061-T6. Surface
errors are measured by a coordinate measuring machine
MISTRAL-775 and milling forces are measured by a force
meter Kistler9257B.

The conditions for all the milling tests are spindle speed
n=3,000 r/min, radial depth ae=1 mm, dry cutting and
down milling. The axial depths for tests 1-1~1-12 and tests
2-1~2-12 are 5 and 7 mm, respectively. The feed per tooth
for the milling tests are listed in Table 1.

To eliminate the surface error induced by clamping work-
piece and tool setting, all milling tests and pretreatment are
carried out with the same operational datum by one tool
setting on the same workpiece. The workpiece is shown in
Fig. 6 and accommodates four strips which divided into six
sections.

Because machined surface formed by test 1-i and test 2-i
become different at the axial height ap3, and milling forces
generated by ST segment is largest when the surface at the
axial height min ap1; ap2 � D θex � θstð Þ 2 tan b=

� �
is formed.

So, the surface between 1.486 and 3.486 mm in all tests are
measured to be used to determine the cutting force coeffi-
cients. Measuring tool path are straight with 0.2 mm step
increment in Z direction and fz 4= step increment in X
direction.

According to Eq. (13), cutter deformations are obtained.
Further, cutting force coefficients and chip thickness are
calculated with Eqs. (18) and (19). The results are listed in
Table 2, from which it can be seen that the cutting force
coefficients have the tendency to vary dramatically and to
become large when chip thickness becomes small. The
fitting functions from the experimental data are

KtðhÞ ¼ 629:27h�0:3934

KrðhÞ ¼ 396:38h�0:4454

�
ð20Þ

Runout parameters can be estimated by iterative method
with good prediction accuracy, and the results are ρ=2.2 μm
and 1=109°.

Table 3 Comparison of predicted results with different method

Measured results/N Predicted results1 Predicted results 2

Results/N Relative error (%) Results/N Relative error (%)

Average of test 1-3 Fx 28.5 27.8 2.46 29.8 4.56

Fy 47.2 45.2 4.23 49.5 4.87

Maximum of test 1-3 Fx 85.4 84 1.65 89.5 4.8

Fy 130.4 127.8 1.99 143.9 10.35

Average of test 2-3 Fx 39.3 38.8 1.30 40.7 3.56

Fy 63.5 62.8 1.10 69.3 9.13

Maximum of test 2-3 Fx 86 84 2.33 92.5 7.52

Fy 142.3 135.1 5.06 156 9.65

Fig. 8 Comparison of
measured surface errors and
predicted surface errors
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The estimated instantaneous cutting force coefficients
and runout parameters are used to predict the milling force
for tests 1–3 and 2–3. The predicted forces and measured
forces are given in Fig. (7). Obviously, the predicted milling
forces are in good agreement with measured forces both in
X- and Y-direction. It proves the validity and accuracy of the
cutting force coefficients and runout parameters obtained
with the presented method. Also, milling forces are pre-
dicted with other method, and the predicted results are
compared in Table 3. Predicted results 1 are obtained with
the method proposed in the paper. Predicted results 2 are
obtained with the method presented in reference [11]. It can
be seen from Table 3 that more accurate estimate of milling
forces can be obtained with the new method.

In practice, cutter deformation, milling forces and cutting
zone have interaction. Neglecting cutting chatter, a balance
will be achieved between cutter deformation and milling
forces. In this case, the cutter deformation will be recorded
on the machined surface. So, it is necessary to determine the
balance state when surface errors are predicted considering
cutter deformation. Iterative corrections of radial cutting
depth presented in reference [21] are adopted to determine
the balance state. According to Eq. (9), surface errors for
tests 1–3 and 2–3 are predicted and shown in Fig. 8. The
predicted results are in agreement with the measured results,
and the maximum relative deviation is 12 %. All these
indicate that calibrated cutting force coefficients and runout
parameters are accurate, and the prediction method of sur-
face error is validated.

Also, it can be seen that although the runout is only
2.2 μm, the surface errors induced by the three teeth are
different significantly. So, effect of runout on surface error is
not negligible. The surface errors for the two tests are almost
same under the axial height 1.6 mm in measured results and
predicted results, but different up the axial height 1.6 mm
due to the different milling forces. As shown in Fig. 9, the
difference between predicted results of tests 1–3 and pre-
dicted results of tests 2–3 is consistent with the difference
between measured results of tests 1–3 and measured results
of tests 2–3. Because other effect facts are eliminated by
difference method, the difference is cutter deformation only.

Although runout does not affect the dynamic behavior of the
milling process according the chatter boundaries, it has a
strong influence on the vibration trajectory of the milling
tool and on the resulting surface quality. Particularly, when
cutting parameters are minimum values, the effect is more
significant, and radial runout of the cutter can disrupt the
measured signal. Figure 9 shows that the difference method
can eliminate the effect of radial runout and calibrate the
cutter deformation.

To validate the method, experiments are carried out under
the same conditions with Sandvik R216.34-10030-
AS14N1630 tool. The cutting force coefficients are calibrat-
ed as

KtðhÞ ¼ 219:26h�0:4907

KrðhÞ ¼ 13:477h�0:905

�
ð21Þ

Calibrated runout parameters are ρ=8.1 μm and 1=101°.
With the calibrated parameters, milling forces are predicted
in Fig. 10, also the experiment is carried out. The cutting
parameters are feed rate fz=0.025 mm/tooth, spindle speed n
=4000 r/min, axial depth ap=1.5 mm and radial depth ae=
2.5 mm. Figure 10 shows that the simulated results are in
agreement with the measured results, that means the pro-
posed method is effective similarly when large stiffness
cutter is used.

6 Conclusions

A new approach is proposed to calibrate the instantaneous
cutting force coefficients and runout parameters in flat end
milling. Firstly, a milling force model and a surface error
model are presented. With the surface model, cutter defor-
mation can be estimated by two tests which have the same
cutting conditions but different axial depth only, and also be
expressed by the surface errors formed in the two tests.
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Further, according to the relationship between the cutter
deformation and milling force, relationships between the
surface errors and the cutting force coefficients are pro-
posed. Thus, identification method of instantaneous cutting
force coefficients using surface errors is presented. Finally,
the proposed approach is tested with a series of milling tests
and validated by comparing the predicted results and exper-
imental results. The main advantage of the approach is that
it significantly reduces the effect of the errors that appear
during the machining because cutting force coefficients are
calculated by resultant cutter deformation instead of the
absolute surface error. Also, it does not require expensive
force meter in practice.
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