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Abstract
Cutter runout is a very common phenomenon in the actual milling process. It always becomes an interference factor, which 
will cause the distortion of milling force waveform, the variation of milling stability pattern, and the deterioration of machined 
surface roughness. The paper presents a general on-machine non-contact calibration method for cutter runout, and systemati-
cally expounds its causes, types, and identification method. Firstly, a general geometric parameter representation model for 
the integral and inserted milling cutters is established. Then, three kinds of runout status, including the cutter rotation axis 
eccentricity, geometric axis eccentricity, and bottom edge eccentricity, are quantitatively described by seven independent 
parameters. Moreover, by using the eddy current sensor to non-contact measure the target length of the tooth with cutter run-
ning on the spindle, the changes of the actual cutting radius at different axial heights on different teeth are obtained. Combined 
with the numerical optimization method, the separated calibration of the above three types of cutter runout parameters are 
realized. Finally, a series of verification experiments are carried out for the integral and inserted milling cutters. Both the 
analysis results of the machined surface morphology and the comparison with the indirect measurement method show that 
the proposed method is accurate for calibrating the runout parameters. As an on-machine non-contact calibration method, it 
has a good applicability when dealing with different kinds of cutter, types of runout, and spindle speeds.
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Abbreviations
XcYcZc	� Cutter geometric coordinate system
XrYrZr	� Cutter rotation coordinate system
XmYmZm	� Machine tool coordinate system
P	� Cutting point on the helix line
Q	� Cutting point on the blade edge
z 	� Axial height of cutting point P
r(z) 	� Radial distance of cutting point P
�p(z) 	� Lag angle of cutting point P
���pc 	� Rotation matrix of the tooth attitude.
i	� Tooth number
l	� Blade number
j	� Cutting unit number
�i,l(z) 	� Lag angle of cutting point Q

�i,i+1,l(z) 	� Spacing angle of cutting point Q
�i,l(z, t) 	� Rotation angle of cutting point Q
Ri,l,j(t) 	� Actual cutting radius of cutting point Q
� 	� Cutter rotation axis inclination value
� 	� Cutter rotation axis inclination angle
� 	� Cutter geometric axis offset value
� 	� Cutter geometric axis offset angle
� 	� Cutter geometric axis inclination value
� 	� Cutter geometric axis inclination angle
Δz 	� Bottom edge eccentricity value
Loh 	� The tool overhang length.
Lz 	� The axis deflection length,
LM
i,l,j

 	� The measured target length

1  Introduction

Cutter runout, as an interference factor in the milling pro-
cess, has become one of the main obstacles to inhibit the fur-
ther improvement of machining efficiency and quality [1–3]. 
Cutter runout is very common in the actual machining. The 
main reasons for its appearance are due to the non-ideal 
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installation of the spindle-holder-cutter joints, the geometric 
error of the spindle system, the manufacturing error of the 
cutter, the tool wear in cutting process, the flexible vibration 
of the spindle shaft during operation and so on. At present, 
with the increasing requirement for machining quality and 
efficiency, the cutter runout and its influence on milling pro-
cess have attracted extensive attention.

Due to the existence of cutter runout, the actual tooth 
cutting radius will be changed, and the cutter-workpiece 
engagement process will be destroyed when compared with 
the no runout condition, resulting in the deterioration of the 
milling mechanics and dynamics characteristics.

Firstly, the cutter runout will directly affect the excitation 
characteristics of milling force. The reason is that it changes 
the instantaneous uncut chip thickness (IUCT) for each 
tooth during cutter-workpiece engaging. In the milling case 
without cutter runout, the IUCT can be characterized by the 
arc approximation model [4]. Nevertheless, Sutherland and 
DeVor [5], Wang and Liang [6], and Wan et al. [7] proposed 
a correction term on the IUCT model for considering the 
influence of cutter runout when it appears. In order to obtain 
better prediction accuracy for milling force, some early stud-
ies had taken the cutter runout into account [8–10]. In the 
follow-up in-depth analysis, Desai et al. [11] found that the 
cutter runout can seriously change the tooth start/end cut-
ting angles. Rivière-Lorphèvre and Filippi [12] utilized two 
simple and complex models of the radial runout for a milling 
tool, and its impact on the accuracy of IUCT was discussed. 
Yang et al. [13] presented a cutting force modeling method in 
peripheral milling, the mathematical model was emphasized 
to derive the detail IUCT and entry/exit angles in occurrence 
of cutter runout. Zhang et al. [14] investigated a linear itera-
tive algorithm to accurately calculate the IUCT. The results 
showed that a better prediction accuracy for milling force can 
be obtained when considering the cutter runout. Matsumura 
and Tamura [15] demonstrated a milling force model with the 
orthogonal cutting used for the simulation, where the varia-
tion in the milling force was induced by the cutter runout. In 
the micro-milling process, Guo et al. [16] adopted an IUCT 
model with consideration of cutter runout, variable pitch, and 
helix angles. In five-axis machining, Sun and Guo [17] put 
forward a new method to predict the instantaneous milling 
forces based on the tool motion analysis, where the IUCT 
model took runout effect into account. Li et al. [18] studied a 
novel approach to accurately predict the cutting forces. In the 
model, the arc-surface intersection method was presented to 
determine the CWE boundaries considering the cutter runout 
effect. Zhu et al. [19] built up a cutting edge element moving 
method to calculate the IUCT to simulate cutting force in 
five-axis machining considering runout for general end mills.

Secondly, cutter runout will cause the current tooth to cut 
the machined surface left by the previous several tooth. At 
this time, the time delays of all teeth will no longer be the 

same. This kind of multiple time delay effect would have 
an impact on the milling dynamics. Insperger et al. [20] 
investigated the chatter for the case of cutter runout based 
on frequency spectra and vibration signals. Wan et al. [21] 
proposed an improved version of the semi-discrete method, 
which considered the influence of multiple time delays 
caused by cutter runout on milling stability. Zhang et al. 
[22] found that the runout can change the tooth cutting state, 
especially when the feed rate per tooth or radial depth of cut 
is small, which further gives rise to the change of the stabil-
ity topology. Niu et al. [23] employed a periodic-coefficient 
delay differential equation for the dynamic system with vari-
able pith variable helix tools, the joint influences of runout 
and pitch/helix angles on milling dynamics are discussed. 
Totis et  al. [24] deeply studied the symmetry breaking 
mechanism with taking into account the influence of forced 
vibrations on the tool-workpiece engagement conditions, 
and pointed out that the cutter runout is one of the main 
factors for inducing the nonlinear increasing of cutting state.

Thirdly, cutter runout will also affect the roughness 
of the machined surface during stable milling. Altintas 
and Lee [25, 26] analyzed the effects of cutter runout and 
dynamic response on surface morphology. In face milling, 
Franco et al. [27] proposed a numerical model for pre-
dicting the surface profile and roughness. Here, the round 
insert tools had been focused on with the influence of tool 
errors such as radial and axial runouts. Schmitz et al. [2] 
used the surface location error to describe the machining 
quality, and analyzed the influence of cutter runout on the 
surface roughness and surface location error. Arizmendi 
et al. [28] presented a model for the band geometry and the 
roughness prediction in the topography of machined sur-
faces during peripheral milling. In which the cutter runout, 
including its setting error and cutter grinding error was 
analyzed. A geometric model in Ref. [29] was used for 
obtaining surface topography in peripheral milling with 
cylindrical cutter, and the influence of feed, runout and 
helix angle on surface roughness was investigated. David 
et al. [30] pointed out that evaluation of the machined sur-
face morphology in end-milling process provides useful 
information about the effect of the vibration phenomena 
caused by cutter runout. Wang et al. [31] carried out a theo-
retical study for aiming to reveal the influence of the axial, 
radial runout and tool corner radius on surface roughness 
in the slot micro-milling process.

Because of the negative effects of cutter runout in the 
above aspects, its accurate calibration becomes particularly 
important. In the engineering field, enterprises mainly have 
two methods to consider the cutter runout. The first one is 
to measure the cutter radius with a tool gauge. This method 
can only ensure the consistency of multiple tooth radiuses 
when the tool is off the machine. The second one is to use a 
dial indicator to measure the deviation of cutting radius after 
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installing the tool on the spindle of machine tool, but it is 
difficult to determine the runout angle.

In terms of academic research, some scholars have pro-
posed to calibrate the cutter runout by the experimental test-
ing data, among which there have three typical methods. The 
first one is to identify the runout parameters by combining 
the morphology of machined surface. Arizmendi et al. [32] 
clarified a method for obtaining the tool parallel axis off-
set based on the analysis of transition bands created in the 
topography of machined surfaces during peripheral milling. 
The second one is to identify the runout parameters based 
on the relationship between the cutter runout and the fre-
quency domain characteristics of milling force. Zheng and 
Liang [33] proposed an angle domain convolution approach 
to estimate the tilt magnitude and orientation of cutter by 
giving the dynamic cutting force components along with the 
cutter/workpiece geometry and cutting parameters. Liang 
and Wang [34, 35] identified the cutter offset by using the 
frequency domain information of experimental milling force 
data. The advantage of this method is that there is no need 
to know the specific cutting force coefficients in advance. 
The third one is to identify the parameters by combining 
the time-domain data of milling force. On the basis of a 
priori cutting force coefficients, Wan et al. [36] used the 
perturbation of the instantaneous cutting force per tooth rela-
tive to the average one in time domain to identify the offset 
parameters. Ko and Cho [37] and Wan et al. [38] proposed a 
numerical ergodic optimization method for the identification 
of offset parameters. Later, Wan et al. [7] further identi-
fied two parameters including cutter offset and inclination. 
Krüger and Denkena [39] demonstrated a runout identifica-
tion approach based on the average cutting energy distribu-
tion of cutter. Yao et al. [40] applied a milling condition with 
low cutting depth and varying lead angle with a cylindrical 
surface to identify the cutter runout. Guo et al. [41] projected 
a new algorithm to compute the cutter runout parameters for 
a flat-end mill by utilizing the cutting forces and geometry 
parameters based on the true trajectory of the cutting edge. 
In [42], the method for measuring a runout of tool holder-
spindle by laser displacement sensor in micro end milling 
was developed. Zhang et al. [43, 44] proposed an efficient 
calibration method for cutter runout. The main advantage of 
the method is that it is unnecessary to have a prior knowl-
edge of cutting force coefficients and simple for studying the 
effect of spindle speed. Recently, Nakatani et al. [45] applied 
a visual measurement with a camera to calibrate the cutter 
runout, in which a tool holder with adjustment mechanism 
was used and the uneven tool wear under cutter runout was 
discussed.

The above literature reviews show that the cutter runout 
is an important and complex subject. However, the vast 
majority of existing studies only consider the cutter 

offset, and always ignore the other two cases of rotation 
axis and bottom edge eccentricity. Besides, the inclina-
tion in geometric axis eccentricity is also less considered. 
That makes the analysis of the causes for cutter runout 
very lacking. Therefore, this paper proposes an effective 
method to systematically identify cutter runout parameters 
through the on-machine non-contact measurement, which 
can make up for the defects of the existing methods.

The rest contents of this paper are arranged as follows: 
in Sect. 2, the geometric model of the milling cutter runout 
is parametrically defined. In Sect. 3, a non-contact calibra-
tion method for cutter runout is proposed. In Sect. 4, the 
experimental verification is carried out. The last part is the 
conclusion of this paper.

2 � The geometric model of the milling cutter 
runout

2.1 � General parametric definition of cutter geometric 
parameters

Figure 1a, b are the two typical kinds of milling cutters: inte-
gral milling cutter and inserted milling cutter. The feature of 
the integral milling cutter is that the tooth and body of the 
cutter are a whole during manufacturing. While the blade 
and body of the inserted milling cutter are two components 
that can be separated. The blades are usually fastened to 
the cutter body by means of screws or welding. The main 
purpose of the parametric definition is to use a set of general 
mathematical model to describe the geometric dimensions 
for both the integral and inserted milling cutters, such as 
their contour outline, helix line of tooth, position of cutting 
point, lag angle, spacing angle, and rotation angle, etc.

2.1.1 � The helix line of tooth

As shown in Fig. 1c, the available programming tool sys-
tem of CAM is usually to construct the general geometric 
profile of an integral milling cutter by seven independent 
parameters, such as D, Rz, Rr, Rc, αc, βc, and Hc. In fact, this 
kind of parametric method can be extended to characterize 
the equivalent outline shape of the inserted milling cutter.

As shown in Fig. 1d, in order to further parametrically 
describe the tooth shape of cutter, it is necessary to deter-
mine the coordinate of an arbitrary cutting point P on the 
tooth helix. XcYcZc is defined as the cutter geometric coor-
dinate system, and the position of point P can be decided by 
the axial height z , radial distance r(z) and lag angle �p(z) . 
Here, the radial distance is equal to the distance between the 
point P and the cutter geometric axis, and the lag angle is 
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defined as the projection angle on the XcOcYc plane between 
the segment POc and the tangent of helix line at z = 0.

At this time, the helix line under the cutter geometric 
coordinate system XcYcZc can be expressed as

(1)P=

⎡
⎢⎢⎣

xp
yp
zp

⎤
⎥⎥⎦
=

⎛
⎜⎜⎝

r(z)cos(�0

1,i
+ �p(z) + �∕2)

r(z)sin(�0

1,i
+ �p(z) + �∕2)

z

⎞⎟⎟⎠

Fig. 1   General parametric 
definition of tool geometric 
parameters. a Typical types of 
integral milling cutter. b Typical 
types of inserted milling cutter. 
c Outline of cutter geometry. d 
Helix line of tooth. e Position of 
cutting point Q. f Lag angle. g 
Helix angle and spacing angle. 
h Rotation angle
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where z is the axial height. r(z) is the radial distance. �p(z) 
is the lag angle of helix line. The detail expression of radial 
distance and lag angle can be seen in [46]. �0

1,i
 is the nominal 

spacing angle between the ith and 1st tooth.

2.1.2 � The position of cutting point

In Fig. 1d, one establishes the local coordinate system 
XpYpZp on the helix line of tooth at point P, in which the 
Yp axis coincides with the radial direction of point P, and 
the Zp axis points to the direction of Zc. In Fig. 1e, for the 
inserted milling cutter, the bottom center point of the lth 
blade on the ith tooth (the number of blades on each tooth 
is Nl, if it is an integral milling cutter, let Nl = 1) is set at 
point P. On this basis, one further establishes the blade 
local coordinate system XiYiZi, where the XiOiYi plane 
coincides with the bottom surface of the blade, and the Zi 
axis points to the upper surface of the blade. As we know, 
the installation attitude angle of the blade on the tool body 
is also determined in the design stage of the inserted mill-
ing cutter. That is to say the rotation relationship between 
the coordinate system XpYpZp and the coordinate system 
XiYiZi has been fixed in advance, which is represented by 
the rotation matrix Rotip.

Then, the conversion relationship between the coordinate 
system XpYpZp and the geometric coordinate system XcYcZc 
is:

where ���pc is the rotation matrix of the tooth attitude.
After that, the position of cutting point Qi on the blade 

edge in the geometric coordinate system XcYcZc can be 
derived by:

where Rotip is the rotation matrix between the coordinate 
system XpYpZp and XiYiZi.Qi is the position of the cutting 
point on the blade edge in the coordinate system XiYiZi.

Accordingly, the actual cutting radius of cutting point 
Qc,i,l is

Combining Fig. 1d with Fig. 1e, for the integral milling 
cutter, let Qi = 0 in Eq. (3), and the position of cutting point 
Qc,i,l would degenerate into point P, which can be expressed 
as follows.

(2)
⎡⎢⎢⎣

Xc

Yc

Zc

⎤
⎥⎥⎦
=P+���pc

⎡
⎢⎢⎣

Xp

Yp

Zp

⎤⎥⎥⎦

(3)Qc,i,l=

⎡
⎢⎢⎣

xqc,i,l
yqc,i,l
zqc,i,l

⎤
⎥⎥⎦
= P+�pc�ipQi

(4)rqc,i,l(z) =
√

x2
qc,i,l

+y2
qc,i,l

2.1.3 � The lag angle

As shown in Fig. 1f, the lag angle of cutting point Qc,i,l is 
equal to the lag angle of point P subtracting the angle �pq(z) , 
which is the projection angle between OcP and OcQ on the 
XcOcYc plane. Here, the projection angle �pq(z) can be cal-
culated by:

Then, the lag angle of cutting point Qc,i,l is obtained as 
follows.

2.1.4 � The spacing angle

As shown in Fig. 1g, the helix angle of the ith tooth is 
defined as �i , and the nominal spacing angle at an axial 
height of zero between the ith tooth and (i + 1)th tooth is 
�0

i,i+1
 . Then, the spacing angle of cutting point Qc,i,l can be 

obtained by:

2.1.5 � The rotation angle

As shown in Fig. 1h, it is the rotation state of cutter run-
ning at a speed of n. When time t = 0, one lets the tangent 
of the 1st tooth at z = 0 coincides with the Yc axis. At an 
arbitrary time t, the rotation angle of the cutting point Qc,i,l 
will become:

where �
1,i,l

(z) is the spacing angle between the 1st tooth  
and ith tooth at an axial height of z, in which 
⎧⎪⎨⎪⎩

𝜒
1,i,l

= 0 (i = 1)

𝜒
1,i,l

=
�
i

𝜒
i−1,i,l

(z) (1 < i ≤ Nt)
 . n is the spindle speed.

(5)Qc,i,l=P

(6)

𝜃pq,i,l(z) = arc cos
������⃗P0P

�������⃗Q0Q

|||������⃗P0P
|||
|||�������⃗Q0Q

|||
= arc cos

xpxqc,i,l + ypyqc,i,l√
x2
p
+ y2

p

√
x2
qc,i,l

+ y2
qc,i,l

(7)

�i,l(z) = �p(z) − �pq,i,l(z)

= �p(z) − arc cos
xpxqc,i,l + ypyqc,i,l√

x2
p
+ y2

p

√
x2
qc,i,l

+ y2
qc,i,l

(8)�i,i+1,l(z)=�
0

i,i+1
+ �i+1,l(z) − �i,l(z)

(9)�i,l(z, t) =
�nt

30
− �

1,i,l
(z) − �1,l(z)
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2.2 � Parametric definition of cutter runout

Figure 2a is the installation diagram of the cuter-holder-
spindle-box system. In the actual cutting process, the cut-
ter runout is an inevitable phenomenon, which is caused by 
many factors, such as the geometric error of machine tool, 
manufacturing error of cutter, installation error of cuter-
holder-spindle joints, tool wear caused by cutting process, 
and vibration of spindle shaft under running status, etc. Its 
existence will make the cutter geometric axis deviate from 
its ideal position, resulting in the change of the position of 
the tooth cutting edge, which will further cause the actual 
cutting radius of the side edge to be different, and the axial 
height of the bottom edge to vary from its nominal value, 
thus eventually affect the dynamic engaging between the 
cutter and workpiece.

To the best of the author’s knowledge, the cutter 
runout can be divided into three main types: (1) the cutter 

geometric axis eccentricity, (2) the cutter rotation axis 
eccentricity, and (3) the cutter bottom edge eccentricity. 
Among them, the cutter geometric axis eccentricity mainly 
refers to the deviation between the geometric axis and the 
rotation axis of the cutter after the tool is installed on the 
spindle. The cutter rotation axis eccentricity mainly means 
the non-parallel relationship between the rotation axis of 
cutter and the Z axis of the machine tool. The cutter bot-
tom edge eccentricity is that the height inconsistency of 
the tip point of tooth in the axial direction.

As shown in Fig. 2b, if the deflection of the rotation 
axis of the spindle system relative to the Zm axis of the 
machine tool is not considered, that is, the cutter rota-
tion coordinate system XrYrZr is always parallel to the 
machine tool coordinate system XmYmZm, but only the 
deflection of the cutter geometric axis relative to the rota-
tion axis is considered, the runout at this time includes 
two cases named the offset and inclination. The offset can 

Fig. 2   Parametric definition of 
cutter runout. a Spindle-holder-
cutter assembly system. b Cut-
ter geometric axis eccentricity. 
c Cutter geometric and rotation 
axis eccentricity. d Cutter bot-
tom edge eccentricity
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be described by its value � and angle � , and in this situ-
ation the cutter geometric axis will always keep parallel 
to its rotation axis. The inclination can be described by 
its value � and angle � , while in this situation, the cutter 
geometric axis will be no longer parallel to the cutter 
rotation axis.

As shown in Fig. 2c, if the deflection of the rotation axis 
of the whole spindle system relative to the Zm axis of the 
machine tool coordinate system is considered, the cutter 
rotation axis will also be skewed. Under this condition, the 
cutter rotation axis eccentricity status can be represented 
by two parameters: inclination value � and angle �.

As shown in Fig. 2d, due to the manufacturing error of 
the cutter, the axial height of the bottom edge will also 
change, and the heights between teeth are inconsistent. 
Here, the axial height difference of the adjacent teeth Δz 
is used to characterize the eccentricity parameter of the 
bottom edge.

To sum up, the cutter runout can be parametrically 
described by the three kinds of status and seven independ-
ent parameters. They are the cutter rotation axis eccentricity 
(inclination value � , inclination angle � ), the cutter geomet-
ric axis eccentricity (offset value � , offset angle � ; inclina-
tion value � , inclination value � ), and bottom edge eccentric-
ity (value Δz ), respectively.

2.3 � Tool geometric parameters under the influence 
of cutter runout

In order to describe the influence of cutter runout on the 
actual cutting radius for different teeth and heights, the cut-
ting edge of tooth has been discretized into several cutting 
units with small thickness along the axial direction of cutter. 
At this time, in the cutter geometric coordinate system, the 
position of cutting point Qc,i,l can be expressed as:

where the subscript j is obtained by discretizing the height 
z with small cutting units.

As shown in Fig. 2b, when there is a cutter geometric axis 
eccentricity, the position of the cutting point Qc,i,l in the cut-
ter geometric coordinate system can be shown as:

where Loh is the tool overhang length.

(10)
⎡⎢⎢⎣

xc,i,l,j
yc,i,l,j
zc,i,l,j

⎤
⎥⎥⎦
=

⎡
⎢⎢⎣

−rqc,i,l,j sin(�1,i,l,j+�1,l,j)

rqc,i,l,j cos(�1,i,l,j+�1,l,j)

zqc,i,l,j

⎤⎥⎥⎦

(11)
⎡⎢⎢⎣

xr0,i,l,j
yr0,i,l,j
zr0,i,l,j

⎤⎥⎥⎦
= ���(� , �)

⎛
⎜⎜⎜⎝

⎡
⎢⎢⎢⎣

xc,i,l,j

yc,i,l,j

zc,i,l,j

⎤
⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎣

� sin �

� cos �

−Loh

⎤
⎥⎥⎥⎦

⎞
⎟⎟⎟⎠
+

⎡⎢⎢⎣

0

0

Loh

⎤⎥⎥⎦

���(� , �) =

⎡⎢⎢⎢⎢⎣

cos2 �(1 − cos �) + cos � − sin � cos �(1 − cos �) − sin � sin �

− sin � cos �(1 − cos �) sin
2 �(1 − cos �) + cos � − cos � sin �

sin � sin � cos � sin � cos �

⎤⎥⎥⎥⎥⎦
  

is the geometric axis inclination matrix.
When the spindle rotates, the position of the cutting point 

Qc,i,l in the cutter rotation coordinate system at time t can be 
derived as follows.

As shown in Fig. 2c, when the cutter has both geometric 
axis eccentricity and rotation axis eccentricity, the position 
of cutting point Qc,i,l under the machine tool coordinate sys-
tem can be further derived as:

where Lz is the axis deflection length, which refers to the 
distance from the cutter tip to the average height of the upper 
and lower support bearings of the spindle.

���(�, �) =

⎡⎢⎢⎢⎢⎣

cos2 �(1 − cos �) + cos � − sin � cos �(1 − cos �) − sin � sin �

− sin � cos �(1 − cos �) sin
2 �(1 − cos �) + cos � − cos � sin �

sin � sin � cos � sin � cos �

⎤⎥⎥⎥⎥⎦
 

is the rotation axis inclination matrix.
Right now, it can be obtained the actual cutting radius of 

the cutting point Qc,i,l under the influence of cutter runout as:

In addition, the height deviation of the tip point on the adja-
cent bottom edges in the machine tool coordinate system is:

where T  is the rotation period of spindle.

3 � Non‑contact calibration of the cutter runout 
parameters

3.1 � Non‑contact measurement principle

According to the above analysis, the cutter geometric and 
rotation axis eccentricity will cause the actual tooth cutting 
radius to deviate from its nominal value. However, the actual 
cutting radius is difficult to be measured directly. Only the 

(12)
⎡
⎢⎢⎣

xr,i,l,j(t)

yr,i,l,j(t)

zr,i,l,j(t)

⎤
⎥⎥⎦
=

⎡
⎢⎢⎣

xr0,i,l,j sin(�i,l,j(t))

yr0,i,l,j cos(�i,l,j(t))

zr0,i,l,j

⎤
⎥⎥⎦

(13)
⎡⎢⎢⎣

xm,i,l,j(t)

ym,i,l,j(t)

zm,i,l,j(t)

⎤
⎥⎥⎦
= ���(�, �)

⎡
⎢⎢⎣

xr,i,l,j(t)

yr,i,l,j(t)

zr,i,l,j(t) − Lz

⎤
⎥⎥⎦
+

⎡
⎢⎢⎣

0

0

Lz

⎤⎥⎥⎦

(14)Ri,l,j(t) =
√

xm,i,l,j(t)
2 + ym,i,l,j(t)

2

(15)Δhei(t)=Δzi+zm,i,1,1(t) − zm,i+1,1,1(t+
�i,i+1,1,1

2�
T)
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influence of cutter runout on the actual cutting radius vari-
ation of the adjacent cutter teeth is measurable. Therefore, 
the paper proposes to calibrate the cutter runout parameters 
by measuring the change value of the actual cutting radius 
between adjacent teeth.

As shown in Fig. 3a, when the spindle running, the eddy 
current sensor is employed to measure the distance between 
the cutting edge of the tooth and the end face of the sen-
sor. Here, the measured distance is defined as the target  
length, which is used to indirectly reflect the variation of 
actual tooth cutting radius. According to the working prin-
ciple of the sensor, when the measured object has electri-
cal conductivity and the distance between the sensor and 
the measured surface is close enough, the sensor can output 
voltage through the electromagnetic induction. The closer 
the sensor is to the measured surface, the lower the output 
voltage is. When the sensor distance is fully coincident with 
the measured surface, the output voltage will be zero. When 
the target length exceeds the measurement range, the voltage 
will remain at its maximum. Based on the output voltage 
value V, the target length can be calculated by Kx/VV, where 
Kx/V is the sensitivity of the sensor.

Here, two eddy current sensors are used in the measure-
ment as described in Fig. 3a. The 1st sensor is placed at 
different axial heights to measure the target length of cut-
ting points with different blades. In addition, in order to 
ensure the synchronization of multi-channel signals output 
by the 1st sensor. That is, the measurement data at different 
heights can ensure the time axis alignment, one pastes a 
thin iron wire (diameter ≤ 0.05 mm, length ≈ 5 mm) at the 
cutter or holder bar, and use the 2nd sensor to measure the 

signal generated by the thin iron wire as the marker for data 
synchronization.

As illustrated in Fig. 3b, it is the measurement process of 
the target length when the cutter rotates at a speed of n. The 
measurement moment of the ith tooth is shown in Fig. 3c. 
When the tooth edge rotates to the center of the sensor, the 
sensor will generate the voltage signal. Figure 3d is the sche-
matic diagram of the measurement results of the target 
length of different teeth, blades, and cutting units. Here, the 
2nd sensor generates a pulse signal as a marker in one rota-
tion period of spindle. The 1st sensor can output multiple 
target distances at different positions, in which each tooth 
will generate a pulse, and the peak value of each pulse cor-
responds to the time when the tooth passing. Finally, the 
target length of the jth cutting unit of the lth blade on the ith 
tooth can be obtained as LM

i,l,j
 , in which the superscript M 

represents the measured value.

3.2 � The influence of cutter runout on the target 
length

In order to clarify the above measurement principle more 
clearly, this section analyzes the variation of target length 
under different cutter runout parameters through numerical 
simulation. The cutter adopted here is an integral milling 
cutter with its detail parameters in Sect. 4.1. The total length 
L in Fig. 3c for the side edge is 10 mm, and 2 mm for the 
bottom edge.

The simulation results of the influence of cutter runout 
on the target length is plotted in Fig. 4. As shown in Fig. 4a, 

Fig. 3   Non-contact measure-
ment of target length by eddy 
current sensor. a Location of the 
eddy current sensor. b Measure-
ment process of the jth unit on 
the lth insert. c Measurement 
moment of the target length. 
d Measurement results of the 
target length
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when there has no cutter geometric and rotation axis eccen-
tricity, the target length is constant at 2 mm, no matter how 
the axial height changes. Under the condition with cutter 
geometric eccentricity, the target length will gradually 
decrease with the increase of rotation axis eccentricity, and 
the changes under multiple axial height positions are differ-
ent. In order to describe the variation more clearly, one sets 
the target length at axial height z = 0 as the reference and 
calculates the relative target lengths of other axial heights, 

which is described in Fig. 4b. We can clearly see that when 
there is only geometric axial eccentricity, the relative target 
lengths of the 1st tooth at position Y+

m
 and X+

m
 are exactly the 

same. But, when there is rotation axis eccentricity, the rela-
tive target lengths at position Y+

m
 and X+

m
 are not the same. 

This indicates that only the rotation axis eccentricity would 
cause the different relative target lengths at position Y+

m
 and 

X+
m

 , while the geometric axis eccentricity would not. The 
above analysis provides us with the idea to distinguish the 
runout induced by rotation and geometric axis eccentricities, 
which will be described in detail in the Sect. 3.3.

Similarly, one can further find that the cutter bottom edge 
eccentricity will cause the change of the tooth axial height, 
as shown in Fig. 4c. Here, it is particularly important that not 
only the change of tooth axial height caused by the bottom 
edge eccentricity will be reflected in the target distance, but 
also the geometric and rotation axis eccentricity will.

3.3 � Calibration of the rotation axis eccentricity 
parameters

From the above analysis, compared with the geometric axis 
eccentricity, the particularity of the rotation axis eccentric-
ity is that it will affect the target lengths at different rotation 
angles. As shown in Fig. 5a, b, the 1st sensor is placed at 
the four different positions on the Ym axis ( Y+

m
 and Y−

m
 ) and 

Xm axis ( X+
m
 and X−

m
 ) in the machine tool coordinate system 

to measure the target length. Here, the superscript + and − 
denote the positive and negative directions of the coordi-
nate axes, respectively. During the measurement process, 
the position of the 1st sensor is fixed by a bracket, and the 
target distances at different heights are measured by mov-
ing the spindle system up and down. The final target length 
measurement results are shown in Fig. 5c.

At this time, by taking the value at the height z1,1 as the 
reference point, the variation and slope of other heights 
relative to the reference point under above four different  
positions are the same. That is:

When the cutter rotation axis is skewed, the variation and 
slope of the measured values at the above four different posi-
tions relative to the reference point are different, as shown in 

(16)

k
i,l,j
=
L
i,l,j
(Y+

m
) − L

i,1,1
(Y+

m
)

zl,j − z1,1

=
L
i,l,j
(X+

m
) − L

i,1,1
(X+

m
)

zl,j − z1,1

=
L
i,l,j
(Y−

m
) − L

i,1,1
(Y−

m
)

zl,j − z1,1

=
L
i,l,j
(X−

m
) − L

i,1,1
(X−

m
)

zl,j − z1,1

Fig. 4   Simulation results of the influence of cutter runout on the tar-
get length. a The influence of geometric and rotation axis eccentricity 
on the target length. b The influence of geometric and rotation axis 
eccentricity on the relative target length. c The influence of bottom 
edge eccentricity on the relative target length
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Fig. 5d. Therefore, the variation of the slope can be used to 
identify the rotation axis eccentricity. Setting the tool geo-
metric axis eccentricity parameters to zero in Eq. (14), one 
can theoretically calculate the slope variation of Y+

m
 relative 

to Y−
m
 , and X+

m
 relative to X−

m
 by the following formulas.

Accordingly, their experimental measured value are:

Then, when calibrating the cutter rotation axis eccen-
tricity parameters, one sets the cutter geometric axis 
eccentricity and bottom edge eccentricity parameters as 
zeros, and the objective function as the deviation between 

(17)

△ki,l,j
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m

)
=
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)
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(
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)
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(
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)
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)
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(
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(
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))
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(
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(
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m

))
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(
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(18)

ΔkM
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LM
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m
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−
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m
)

zl,j−z1,1

ΔkM
i,l,j
(X+

m
)=

LM
i,l,j

(X+
m
)−LM

i,1,1
(X+

m
)

zl,j−z1,1
−

LM
i,l,j

(X−
m
)−LM

i,1,1
(X−
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the theoretical and experimental values of the slope vari-
ation, as shown in the following formula.

where � = [�, �]T is the optimization variable.
Furthermore, the Levenberg–Marquardt numerical opti-

mization algorithm is used to calibrate the cutter rotation 
axis eccentricity parameters. The optimization flow is as 
follows:

Step (1): Let k = 1 , initialize the optimization variable by:

In this paper, the initial value �0 is set as a minimum 
greater than zero, its value is [1, 1]T × 10−6.

Step (2): Let k = k + 1 , calculate the Jacobian matrix by 
using the following formula.

Step (3): Calculate the optimization variable �(k+1) by 
the following equation.

(19)min

{
Δ�

i,l,j
(�)|(Δk

i,l,j
− ΔkM

i,l,j
)2
}

(Y+
m
,X+

m
)

(20)�
(1) = �0

(21)�
(k) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

�Δ�
1,1,1

(�(k))

��

�Δ�
1,1,1

(�(k))

��

⋮ ⋮
�Δ�

i,l,j
(�(k))

��

�Δ�
i,l,j

(�(k))

��

⋮ ⋮
�Δ�Nt ,Nl ,Nj

(�(k))

��

�Δ�Nt ,Nl ,Nj
(�(k))

��

⎤⎥⎥⎥⎥⎥⎥⎥⎦

Fig. 5   Calibration for the rota-
tion axis eccentricity param-
eters. a Measurement positions 
of sensor. b Measurement pro-
cess. c Measured target length 
without rotation axis eccentric-
ity. d Measured target length 
with rotation axis eccentricity
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where � is the iteration step coefficient, which is assigned as 
0.01 in the paper.

Then, if ||�(k+1) − �(k)|| < 𝜀 is satisfied, where � is the 
convergence accuracy, go to finish the iteration. Other-
wise, return to step (2) and continue the iteration until the 
convergence condition is met.

Step (4): Finally, the cutter rotation axis eccentricity 
parameters can be identified as:

What should be pointed out is that the inclination value 
of the cutter rotation axis should be greater than or equal 
to zero based on the physical meaning. Hence, if its value 
is less than zero, the following transformation is required.

3.4 � Calibration of the geometric axis eccentricity 
parameters

After the above calibration, substituting the obtained cutter 
rotation axis eccentricity parameters into Eq. (14), then only 
the cutter geometric axis eccentricity parameters has not been 
determined in the actual cutting radius expression, which can 
be simplified as:

As shown in Fig. 6a, one assigns the 1st sensor at the 1st 
position ( Y+

m
 ) and 2nd position ( X+

m
 ) to measure the target 

lengths of different teeth. The measured results are plotted in 
the Fig. 6b. Then, the measured relative change of the cutting 
radius of the adjacent teeth can be achieved by:

(22)�
(k+1) = �

(k) − ((�(k))T�(k) + ��)−1(�(k))TΔ�
(k)

i,l,j
(�)

(23)�
∗ =

[
�∗, �∗

]T
= �

(k+1)

(24)

⎧⎪⎨⎪⎩

if 𝛿∗ < 0

𝛿∗= − 𝛿∗

𝛽∗=𝛽∗+𝜋

(25)Ri,l,j(t) = Ri,l,j(t, �, �, � , �, �
∗, �∗)

Meanwhile, its theoretical value can be calculated as 
follows.

Then, when calibrating the cutter geometric axis eccentric-
ity parameters, one sets the objective function as the differ-
ence between the theoretical and measured value of the cutting 
radius variation, as shown in the following formula.

where � = [�, �, � , �]T is the optimization variable.
Being similar to the Sect. 3.3, the Levenberg–Marquardt 

algorithm is also applied here to solve the numerical opti-
mization problem. But the difference is that the Jacobian 
matrix at the kth iteration step should be calculated by:

Besides, the initial value �0 here is set as [1, 1, 1, 1]T
×10−6 . Through the numerical optimization, the cutter 
geometric axis eccentricity parameters can be identified 
as:
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Fig. 6   Calibration for the geo-
metric axis eccentricity param-
eters. a Measurement positions. 
b Measured target length with 
geometric axis eccentricity
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Lastly, if the offset or the inclination value of the cutter 
geometric axis is less than zero, the following transformation 
should also be required.

3.5 � Calibration of the bottom edge eccentricity 
parameters

The axial height of the tip point of bottom edge will be 
inconsistent due to the bottom edge eccentricity. As shown 
in Fig. 7a, one places the 1st sensor at the 5th position 
along the Zm axis direction of the machine tool, and lets it 
faces the tip point of the bottom edge to measure the target 
lengths of different teeth. The measured data is shown in 
Fig. 7b. Here, the measured value of the height difference 
between the adjacent teeth can be obtained as:

(31)

⎧⎪⎪⎪⎨⎪⎪⎪⎩

if 𝜌∗ < 0

𝜌∗= − 𝜌∗

𝜆∗=𝜆∗+𝜋

if 𝛾∗ < 0

𝛾∗= − 𝛾∗

𝜂∗=𝜂∗+𝜋

(32)Δhei=L
M
i,l,j
(Z−

m
) − LM

i+1,l,j
(Z−

m
)

Combining with Eq. (15), the eccentricity parameter of 
the bottom edge can be calibrated by:

3.6 � Comparison with the conventional methods

Here, the calibration method proposed in this paper has 
been compared with the traditional ones, and the compari-
son results are shown in Table 1. In summary, the advan-
tages of this method are mainly in the following aspects:

1.	 This paper can realize the systematic identification of non-
ideal cutter installation status, such as cutter geometric 
axis eccentricity, rotation axis eccentricity, and bottom 
edge eccentricity. Compared with the traditional method, 
it well expands the research scope of cutter runout.

2.	 By analyzing the influence of cutter runout on the actual 
cutting radius variation, the above three kinds of eccen-
tricities are separated for identifying, which can improve 
the convergence of the numerical optimization algorithm.

3.	 The cutter is installed on the spindle for calibration 
measurement. This kind of on-machine direct measure-
ment method can accurately reflect the real status of the 

(33)
Δzi=Δhei − zm,i,1,1(Z

−
m
, �∗, �∗, �∗, �∗, �∗, �∗)

+zm,i+1,1,1(Z
−
m
, �∗, �∗, �∗, �∗, �∗, �∗)

Fig. 7   Calibration for the bot-
tom edge eccentricity param-
eters. a Measurement positions. 
b Measured target length of 
bottom edge

Table 1   Comparison between 
the proposed calibration method 
and conventional methods

Cutter geometric axis eccentricity Cutter rotation axis 
eccentricity

Cutter 
bottom edge 
eccentricityOffset Inclination

Conventional methods [23, 29, 32, 
34–43]

[7, 28, 33, 44] No [27, 31]

Proposed method Yes Yes Yes Yes
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cutter under running conditions, and the spindle rotates 
under non-cutting situation during measurement, which 
can eliminate the influence of cutting vibration.

4.	 Through the non-contact measurement by the eddy cur-
rent sensor, the calibration of cutter runout under differ-
ent spindle speeds can be easily realized.

4 � Verification

4.1 � Experimental device

In order to verify the validity of the proposed method, 
a series of experiments were carried out on the DMG 
DMU50 high-speed machine tool. Figure 8a shows the 
experimental test process. As seen in Fig. 8a, b, two kinds 
of integral and inserted milling cutters made by cemented 
carbide were used in the experiment with its geometric 
parameters listed in Table 2. Two eddy current sensors 
were employed in the experiment. The 1st sensor (type: 
με-DT3010; measurement range: 0–0.5 mm; resolution: 
0.025 μm; sensitivity: Kx/V = 33.24 μm/V) was placed to 
measure the target length, the 2nd one was utilized to 
generate the synchronization signal. The data acquisition 

system is shown in Fig. 8c with a sampling frequency of 
5.0 kHz. Furthermore, several groups of milling experi-
ments were carried out in the verification, including side 
milling and face milling with its machining parameters 
shown in Table 3. In order to minimize the influence of 
milling force on the cutter-workpiece engagement and 
restrain the tool deformation and vibration, the radial 
depth of cut in side milling and the axial depth of cut in 
end milling were only 0.02 mm. In order to analyze the 
influence of cutter runout on the morphology and contour 
error of machined surface, a three-coordinate measuring 
machine (type: global classic SR 575; resolution: 1.8 μm) 
was adopted to measure the machined surface contour. 
A contacting aspheric surface contour measurer (type: 
Taylor Hobson PGI3D; resolution: 0.125 μm; measure-
ment speed: 1 mm/s) was applied to measure the micro 
profile of the machined surface. The morphology of the 
machined surface was also observed by an optical micro-
scope (type: Smart series rzsp-200c), as shown in Fig. 8f.

4.2 � Verification results

The eddy current sensor is used for the non-contact 
measurement of target length on the integral milling 

Fig. 8   Experimental device. a 
Non-contact measurement for 
the integral cutter under five dif-
ferent positions. b Non-contact 
measurement for the inserted 
cutter. c Data acquisition. d Dial 
gauge test. e Machined surfaces. 
f Micro-profile measurement for 
the machined surfaces

Table 2   Cutter geometric parameters

Cutter 
number

Cutter types Diameter 
(mm)

Tooth 
number

Helix angle 
(°)

Spacing 
angle (°)

Blade 
number

Overhang length 
Loh (mm)

Axis deflection 
length Lz (mm)

1 Integral milling cutter 16 4 60 90 1 67.3 669.8
2 Inserted milling cutter 32 2 45 180 5 69.8 672.3
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cutter. The spindle speed is 4000 rpm. The actual meas-
ured data are shown in Fig. 9, including the output volt-
age curves generated by the 1st sensor at five different 

positions, and three different side edge heights (z = 0, 
20, 40 mm). The synchronization mark signal recorded 
by the 2nd sensor is also plotted in the figure. Obviously, 

Table 3   Machining parameters 
in milling experiment

Test number Cutter 
number

Milling type Spindle 
speed n 
(rpm)

Feed speed fv 
(mm/min)

Radial depth of 
cut ae (mm)

Axial depth 
of cut ap 
(mm)

1 1 Side-down 4000 3200 0.02 40
2 1 Face-slot 4000 3200 16 0.02
3 2 Side-down 4000 1600 0.02 35
4 2 Face-slot 4000 1600 32 0.02

Fig. 9   The measured voltage of 
the integral milling cutter by the 
eddy current sensor
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it can be seen that the pulse troughs of different cutter 
teeth and different cutting points on the same tooth will 
no longer be consistent, which is exactly caused by the 
cutter runout.

Using the cutter runout calibration algorithm pro-
posed in Sect. 3, firstly the cutter rotation and geomet-
ric axis eccentricity parameters can be solved. Their 
iterative convergence curves are shown in Fig. 10a, c, 
d, respectively. To reflect the performance of the optimi-
zation algorithm, the convergence curve of the objective 
function for rotation and axis eccentricity calibration 
process are both given in Fig. 10b, e, respectively. Based 
on the above results, the bottom eccentricity parameters 
of the end cutting edge are also calculated. Finally, the 
specific parameters of the three types of eccentricity 
status for the two kinds of cutters are obtained, as shown 
in Table 4.

In order to verify the accuracy of the calibration results, 
a comparison method is proposed to verify the results indi-
rectly. As shown in Fig. 8d, the change of cutting radius of 
adjacent teeth was measured with a dial indicator, and the 
average of multiple measurements is taken and compared 
with the calculated value calibrated by the proposed method. 
The comparison results are shown in Table 5. Besides, the 
95% confidence interval of measured value by dial indicator 
is also listed in the table. It is known that the relative error 
between the two methods is large, this is because the spin-
dle is stationary when the dial indicator is measuring, while 
the spindle is rotating when using the eddy current sensor. 
Considering the measurement error by the dial indicator, the 
comparison shows that the calibration results in this paper 
are effective.

Figure 11 detailly analyzes the topography and contour 
error of the machined surface by the integral milling cutter 
with cutter runout. The side milling and face milling are com-
pleted on the 1st and 5th surface, respectively, as shown in 
Fig. 8e. Among them, with the aid of the cutter runout param-
eters identified in the experiment, we simulate the cutter tooth 
trajectory surface during the feed movement, as shown in 
Fig. 11a.

For the side milling, Fig.  11b takes a picture of the 
machined surface morphology through a microscope. Due 
to the limited shooting range of the microscope, we take 
multiple photos and splice them at the marked points to 
finally obtain the overall morphology picture. Based on the 
trajectory surface, the morphology of the machined surface 
of side milling is further extracted, as shown in Fig. 11c. 
One can further deduce that although the four teeth of the 
cutter participate in cutting, the adjacent cutter teeth over cut 
each other in the end cutting stage due to the cutter runout. 
The most significant phenomenon is that the ridge lines on 
the scallop height of the cutter teeth become crossed with 
each other, and the change period of the scallop height along 

Fig. 10   Numerical optimization iteration process of cutter runout parameters. 
a Convergence curves for the rotation axis inclination parameters. b Conver-
gence curve for the objective function of rotation axis eccentricity calibration. 
c Convergence curves for the geometric axis offset parameters. d Convergence 
curves for the geometric axis inclination parameters. e Convergence curve for 
the objective function of geometric axis eccentricity calibration

7355The International Journal of Advanced Manufacturing Technology (2022) 120:7341–7361



1 3

the feed direction is equal to the feed per revolution of the 
cutter, not the feed per tooth. Figure 11d further compares 
the measured and simulated values of the scallop height at 
an axial height of 13 mm and 28 mm in side milling. The 
comparison results demonstrate that the proposed method 
can well reflect the real changes of machined surface profile 
even under the influence of cutter runout.

Similarly, for the face milling, Fig. 11e shows the mor-
phology of the machined surface, and Fig. 11f shows the 
simulation results of the scallop height extracted from 
Fig. 11a. It can also be seen that the cutter runout signifi-
cantly changes the state of adjacent cutter teeth participating 
in cutting, thus the scallop height formed by the adjacent 
teeth becomes no longer consistent, and more complex than 
that without runout. Figure 11g compares the measured and 
simulated values of the scallop height at the tool center point 
in face milling, which also shows that the proposed model 
can accurately reflect the cutter runout status.

Figure 11h further compares the measured and simulated 
value of the contour error of the machined surface in side 

milling. The comparison index here adopts the relative con-
tour error and takes the axial height of 3 mm as the reference 
point. The measured value adopts the average of multiple meas-
urement data. The comparison results show that the variation 
trend of the simulation curve is consistent with the measured 
one. Just as shown in the figure, the theoretical analysis can 
accurately predict the influence of cutter runout on the contour 
error, and also confirms the identification accuracy of cutter 
runout parameters. In addition, the above analysis also indicate 
that the cutter runout will not only worsen the roughness of the 
machined surface but also increase the contour error, especially 
the axis inclination.

For the inserted milling cutter, the topography and con-
tour error of the machined surface under the influence of cut-
ter runout are also studied in detail, as shown in Fig. 12a–h. 
Here, the side milling is completed on the 3rd surface, and 
the face milling is completed on the 6th surface in Fig. 8e.

What should be emphasized here is that since the height 
of each blade of the inserted milling cutter is 8 mm, under 
the given experimental conditions, there are actually five 

Table 4   Calibrated results of cutter runout parameters

Cutter number Geometric axis eccentricity Rotation axis inclination Bottom edge eccentricity

Offset Inclination

1 ρ = 0.0161mm, λ= 160.2° γ = 0.0172°, η = − 4.55° δ = 0.0122°, β = 47.1° ∆z1 = − 0.0030 mm
∆z2 = − 0.0037 mm
∆z3 = 0.0063 mm
∆z4 = 0.0013 mm

2 ρ = 0.0073mm, λ= 18.3° γ = 0.0042°, η = 196.7° δ = 0.0092°, β = 68.2° ∆z1 = − 0.0042 mm
∆z2 = 0.0031 mm

Table 5   Comparison of the cutting radius variation

Cutter 
number

Height position 
(mm)

Cutting radius variation

Name Measured values  
(by eddy current  
sensor, μm)

Measured value  
(by dial indicator, μm)

95% confidence interval 
of measured value  
(by dial indicator, μm)

Relative error

1 1 ΔR1,1,1(Y
+
m
) 8.7 7.2  ± 2.3 −17.2%

1 1 ΔR2,1,1(Y
+
m
) 0.9 0.6  ± 0.2 −33.3%

1 1 ΔR3,1,1(Y
+
m
) −8.7 −7.6  ± 3.3 −12.6%

1 1 ΔR4,1,1(Y
+
m
) −0.9 −1.1  ± 0.2 22.2%

1 20 ΔR1,1,20(Y
+
m
) −4.3 −3.6  ± 0.8 −16.3%

1 20 ΔR2,1,20(Y
+
m
) −4.5 −3.9  ± 2.2 −13.3%

1 20 ΔR3,1,20(Y
+
m
) 4.2 5.3  ± 1.6 26.2%

1 20 ΔR4,1,20(Y
+
m
) 4.6 5.1  ± 3.1 10.9%

2 1 ΔR1,1,1(Y
+
m
) 4.1 4.8  ± 2.5 17.1%

2 1 ΔR2,1,1(Y
+
m
) −4.1 −4.6  ± 1.8 12.2%

2 30 ΔR1,4,30(Y
+
m
) −8.5 −8.9  ± 3.0 4.7%

2 30 ΔR2,4,30(Y
+
m
) 8.5 9.1  ± 4.2 7.1%
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blades on each tooth to participate in cutting. Through the 
comprehensive comparison in Fig. 12a–d, it can be seen 
that the cutting state of the blade in the second layer is sig-
nificantly different from that of other layers. In detail, both 
the two blades in the second layer participate in cutting, 
while only one blade in other layers participates in cutting. 

This is the significantly different from the integral milling 
cutter. As seen from Fig. 12e–g, during face milling, the 
bottom eccentricity also significantly affects the engage-
ment between the cutter and workpiece, resulting in only 
one of the two blades on the first layer participating in the 
effective cutting.

Fig. 11   Topography and 
contour error of the machined 
surface by the integral milling 
cutter with cutter runout. a 
Tooth trajectory surface. b 
Topography of the machined 
surface in side milling. c 
Simulated scallop height of 
the side machined surface. 
d Comparison of the scallop 
height on the side machined 
surface. e Topography of the 
machined surface in face mill-
ing. f Simulated scallop height 
of the bottom machined surface. 
g Comparison of the scallop 
height on the bottom machined 
surface. h Comparison of the 
relative contour error on the 
side machined surface

7357The International Journal of Advanced Manufacturing Technology (2022) 120:7341–7361



1 3

4.3 � Discussion

4.3.1 � The influence of spindle speed on cutter runout status

As we know, the shaft-holder-cutter assembly in the spin-
dle system is actually a flexible structure. When the spindle 

rotates at a high speed, it will produce the gyroscopic force 
and centrifugal force, which will further cause its vibration 
form, and eventually affect the runout status of the cutter. 
In addition, according to the working principle of the high-
speed motorized spindle, it often works in the constant 
torque state at low speed and in the constant power state at 

Fig. 12   Topography and 
contour error of the machined 
surface by the inserted mill-
ing cutter with cutter runout. 
a Tooth trajectory surface. b 
Topography of the machined 
surface in side milling. c 
Simulated scallop height of 
the side machined surface. 
d Comparison of the scallop 
height on the side machined 
surface. e Topography of the 
machined surface in face mill-
ing. f Simulated scallop height 
of the bottom machined surface. 
g Comparison of the scallop 
height on the bottom machined 
surface. h Comparison of the 
relative contour error on the 
side machined surface
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high speed, that is to say, with the increase of speed, there is 
still a change of working mode of the spindle.

Since this paper is based on the non-contact measure-
ment by the eddy current sensor, it is very easily to analyze 
the cutter runout under different spindle speeds. Figure 13a 
shows the output voltage signal measured by the 1st sen-
sor at the X+

m
 position with the spindle rotating at different 

speeds. The running time at each speed is about 3 s. From 
this figure, we can see that there is a remarkable increase in 
the signal amplitude at 2500 rpm when the spindle speed 
gradually increases from low to high speed. This is because 
the 2500 rpm is exactly the switching speed of the working 
mode of the motorized spindle. Based on the test data, the 
cutter runout parameters at different spindle speeds are fur-
ther calibrated. The detailed results are shown in Fig. 13b–d. 
We can conclude that at different speeds, the cutter runout 
status is not constant, but being fluctuate. We also think that 
the explanation for the speed-dependent characteristics of 
cutter runout must be combined with the vibration mode of 
the flexible slender rotor system. Moreover, under two dif-
ferent working modes, the runout in the high spindle speed 
area is significantly less than that in the low speed area, 
which shows that the high-speed motorized spindle can just 
play its excellent dynamic rotation performance, especially 
the self-centering characteristics, in the high speed running 
operation.

4.3.2 � The feed direction‑dependent characteristics 
of rotation axis inclination

In the traditional studies of cutter runout, the factor of rota-
tion axis inclination is often ignored. However, due to the 
manufacturing and assembly limitations of the spindle, Z 
axis moving and fixing parts of machine tool, the cutter 

rotation axis inclination is very common in actual machin-
ing. As shown in Fig.  14, the relative contour error of 
the integral milling cutter is analyzed on the 2nd and 4th 
machined surfaces in Fig. 8e. It is found that although the 
design positions of the two surfaces are spatially parallel, 
and the milling parameters are the same, the contour error 
of them are significantly different, as shown by the red line 
and blue line in the below figure. However, if the rotation 
axis inclination is not considered and only the geometric 
axis inclination and offset are considered, the relative con-
tour error obtained by simulation is shown by the black line 
in the figure, which will be very different from the actual 
measured data.

For further analysis, although the geometric axis eccen-
tricity will change the cutting radius of cutter teeth, the cut-
ting radius will not change with the cutter rotation angle. 

Fig. 13   The influence of spindle 
speed on cutter runout. a Output 
voltage of the 1st eddy current 
sensor at X+

m
 position under 

different spindle speeds. b Rota-
tion axis inclination parameters 
under different spindle speeds. c 
Geometric axis offset param-
eters under different spindle 
speeds. d Geometric axis 
inclination parameters under 
different spindle speeds

Fig. 14   The influence of rotation axis inclination on the relative con-
tour error
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Nevertheless, the rotation axis inclination will change the 
cutting radius of cutter teeth with different rotation angles. 
Therefore, with the cutter moving along different feed direc-
tions, the rotation angle corresponding to the tooth start/
end cutting stage will also change, which thus makes the 
actual cutting radius for generating the machined surface 
different. This result shows that the influence of rotation 
axis inclination on the contour error has a significant feed 
direction-dependent characteristics, which has always been 
ignored by the existing research.

5 � Conclusions

The paper presents a general on-machine non-contact cali-
bration method for the cutter runout parameters in milling 
process. Through the theoretical modeling and experimental 
analysis, the causes, types and identification method for the 
cutter runout are systematically clarified. The main conclu-
sions are as follows:

1.	 A general geometric mathematical model for the integral 
and inserted milling cutters is established. Three kinds 
of runout status, including the cutter rotation axis eccen-
tricity, geometric axis eccentricity (offset and inclina-
tion) and bottom edge eccentricity, are quantitatively 
described by the seven independent parameters.

2.	 Based on the influence relationship of the cutter runout 
on the actual tooth cutting radius, a separated identi-
fication strategy is proposed, which firstly identifies 
the rotation axis eccentricity, then the geometric axis 
eccentricity, and finally the bottom edge eccentricity. 
This strategy can reduce the interference between the 
multiple factors and improve the convergence of the 
numerical optimization algorithm.

3.	 Using the eddy current sensor for the non-contact meas-
urement of the target length can not only ensure high 
measurement accuracy, but also facilitate the study of 
the effect of different spindle speeds on the cutter runout. 
In addition, as the cutter is installed on the spindle, this 
on-machine direct measurement can accurately reflect 
the status of the cutter under non-cut running conditions, 
and also can eliminate the influence of cutting vibration.

4.	 Based on the analysis of the topography and contour 
error of the machined surface, the experimental cases 
well verify the validity of the proposed method. Besides, 
the results show that the spindle speed can affects the 
cutter runout status, especially during the switching of 
the working mode of the motorized spindle. It is also 
found that the contour error of machined surface in side 
milling process is feed direction-dependent as a result 
of cutter rotation axis inclination.
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