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Abstract 

Milling tool eccentricity has great influence in micro-milling. It could cause single 

edge cutting phenomenon, and effect machining quality and tool life. To recognize tool 

eccentricity parameters, on the basis of the tool eccentricity model, cutting edge 

trajectories are analyzed, and then a tool eccentricity identification method is proposed. 

The parameters of identification model are obtained by experiments and tool eccentricity 

parameters are calculated by iterative method. Finally, the accuracy of the proposed 

method is verified by measuring the diameter of a milled hole, and the verified result 

shows the proposed identification model is effective. 
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1. Introduction 

The diameters of the tool are between 0.1mm to 1mm in micro-milling [1], and tool 

eccentricity length is about 1μm to 10μm. Tool eccentricity has little effect in 

conventional milling. However, since the tool eccentricity and feed per tooth are in the 

same order of magnitude, tool eccentricity has great effect in micro-milling. Due to the 

impact of the tool eccentricity, instantaneous uncut chip thicknesses of different cutting 

edge are not equal in the same axial depth, or even only one cutting edge can remove 

material effectively, which is so-called single edge cutting phenomenon [2]. The 

instantaneous uncut chip thickness of the same edge changes with axial depth, because of 

tool eccentricity angle changes along with helix edge. Even in different axial depth, single 

edge cutting and two edges cutting alternates. 

At the same time, the impact of tool eccentricity on surface roughness and tool life also 

cannot be overlooked [3]. Feng et al [4] and Tai et al [5] measured the tool eccentricity 

length and angle, respectively. Nakkiew et al [6] proposed a practical method in high 

speed end-milling which used an indicator of the tool eccentricity and need not reference 

sphere. The indicator is based on the size of milled marks, and then tool eccentricity 

parameters are obtained by quantitative precision analysis of those marks. Hekman et al 

[7] estimated magnitude and angle of tool eccentricity by time-dependent spectral analysis 

of the cutting force. In their model, tool eccentricity generates a cutting force component 

at spindle rotational frequency. Tool eccentricity characteristics are updated from cutting 

force, recursively. Wan et al [8] proposed three different tool eccentricity models to 

calculate the instantaneous uncut chip thickness, and then calibrate the cutting force 

model parameters and tool eccentricity parameters of peripheral milling. Their calibration 

model only needs one or two cutting test. The results show that their models are efficient 

and reliable. Ko et al [9] followed the movement of the tool center which varied with 

nominal feed, tool deflection and eccentricity, and calculate the relationship between 

instantaneous uncut chip thickness and cutting force coefficients. They contrast the 

predicted and measured cutting forces over a wide range of cutting conditions, and then 

recognize tool eccentricity. Zhang et al [10] established a micro-ball-end cutting force 
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model, which takes into account the impact of tool eccentricity and the scale effects in 

micro-milling. Then iterative algorithm is used to calculate the minimum standard 

deviation square sums of cutting force coefficients, which tool eccentricity parameters 

could be considered as the actual parameters.  

Therefore, this paper analyzed the tool path, which in view of tool eccentricity, and 

then proposed a tool eccentricity identification method which based on analytic geometry. 

 

2. Tool Eccentricity Model  
 

2.1 Definition of Tool Eccentricity 

In this paper, tool eccentricity is total eccentricity which is due to manufacturing error 

and clamping error. In conventional milling, since the larger feed per tooth, tool 

eccentricity has less impact on milling process. However, since the cutting tool diameter 

is quite small in micro-milling, spindle speed should be larger than 30000 rpm in order to 

ensure sufficient cutting speed. Such spindle total eccentricity which is due to 

manufacturing error, clamping error and other factors is between 1 to 10 micrometers, as 

the same magnitude as feed per tooth in micro-milling, and will have a major impact to 

the trajectories of cutting edge and cannot be ignored. Tool eccentricity is indicated in 

Figure1. Definition of the distance between tool center and tool rotation center is tool 

eccentricity length (signed r in Figure 1); definition of the angle between tool eccentricity 

direction and Y-axis direction (when tool edges are parallel to Y-axis) is tool eccentricity 

angle (signed θ in Figure 1). 
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Figure 1. Schematic Diagram of Tool Eccentricity 

2.2 Cutting Edge Trajectory Model 

According to feed motion, rotary motion and tool eccentricity, the cutting edge 

trajectories equation is derived. In considering the motion characteristics of milling 

process, five Cartesian coordinate systems are established as shown in Figure 2. 
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Figure 2. Edges Motion Trajectory Coordinate System 

(1) Cartesian coordinate system O0X0Y0Z0, inertial reference system of the workpiece 

(workpiece coordinate system), fixed on the workpiece. 

(2) Cartesian coordinates system O1X1Y1Z1, spindle translational coordinate system, 

moving with the spindle (feed movement), and the feed rate f in X1-axis component, Y1-

axis and Z1-axis are fx, fy, fz, respectively. 

(3) Cartesian coordinates system O2X2Y2Z2, spindle rotating coordinate system, rotating 

with Z1-axis, and angular velocity is the actual angular velocity of the spindle. 

(4) Cartesian coordinates system O3X3Y3Z3, tool local coordinate system, and its 

positive direction of X3-axis keeps consistent with X2-axis. 

(5) Cartesian coordinates O3xkykZ3, edge k local coordinate system, yk-axis through 

edge k, and the angle between yk-axis and Y3-axis is Φk. From differential geometry, 

homogeneous coordinate expression of edge k is shown as follows: 

    
T T

1 0 1k k kx y z R z  (1) 

In coordinates system O3X3Y3Z3, the expression of edge k could be obtained by rotation 

convert from coordinates system O3xkykZ3, as shown in the following formula: 

    T3

T

333 1)(1 kkkkk zyxMZYX   (2) 

where, k is cutting edge number (k = 0, 1), 
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 Kkk /2   (4) 

where, K is the number of cutting edges (K=2, in this paper). 

In coordinates system O2X2Y2Z2, the expression of edge k could be obtained by 

translational convert from coordinates system O3X3Y3Z3, by the following formula: 
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    
T T

2 2 2 32 3 3 31 ( , ) 1X Y Z M r X Y Z  (5) 

where, 
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 (6) 

Tool rotates around Z1-axis in milling, and angular velocity is ω. In time t, the angle 

between Y2-axis and Y1-axis is ωt. The expression of edge k could be obtained by rotation 

convert from coordinates system O2X2Y2Z2, by the following formula: 

    T22221

T

111 1),(1 ZYXtMZYX   (7) 

where, 
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Because of tool feed motion, translation distance components in X0-axis, Y0-axis and 

Z0-axis are fxt, fyt and fzt in time t, respectively. So, the expression of edge k could be 

obtained by translational convert of coordinates system O1X1Y1Z1, as shown in the 

following formula: 

    T11110

T

000 1),,,(1 ZYXtfffMZYX zyx  (9) 

where, 
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In summary, the total transformation matrix of edge k is: 

 )(),(),(),,,( 30322110 kkzyx MrMtMtfffMM   (11) 

Thereby,  
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 (12) 

The expression of edge k in workpiece inertial reference system is shown as: 

    TT

000 11 kkk zyxMZYX   (13) 

And cutting edge trajectories equation is shown in following: 
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2.3 Effect of Tool Eccentricity 

To simplify the model, it is assumed that feed direction coincides with the X-axis, and 

axial component of feed velocity fz is ignored. According to equation (14), cutting edge 

trajectories could be drawn as shown in Figure 3.  
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Figure 3. Schematic Diagram of Cutting Edge Trajectories  

Instantaneous uncut chip thicknesses in the direction of the X-axis hn could be 

calculated by the positions of the two cutting edges (starting time t = 0), as shown in 

equation (15) (edge k in front) and equation (16) (edge k+1 in front). This is the same as 

the definition of feed per tooth in conventional milling. 
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 (16) 

Replace 2πfx/ωK by feed rate per tooth ft, and express hn with the sign ξ. Equation (15) 

and (16) can be reduced to: 
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 02 costf r    (17) 

Equation (17) can be used as the criterion of single edge cutting phenomenon. When 

feed rate per tooth ft, tool eccentricity length r, and tool eccentricity angle γ0 satisfy 

ft<|2rcosγ0|, the criterion value ξ<0, only one edge can remove material effectively, which 

is so-called single edge cutting phenomenon. Single edge cutting phenomenon also may 

appear in conventional milling. However, due to the large feed per tooth, single edge 

cutting phenomenon almost never appeared. The probability of single edge cutting 

phenomenon is very high in micro-milling. Single edge cutting cause one edge wear faster 

than the other one, as shown in Figure4. From Figure 4 it can be seen clearly that since 

single edge cutting phenomenon, only one edge wear, and the other one is almost no 

wear. 

46μm

 

Figure 4. Tool Wears in Micro-milling 

 

3. Tool Eccentricity Parameters Identification Method 

Tool eccentricity initial position is shown in Figure 5a). Edge 0 rotates around the 

spindle axis is shown in red dashed line, and Edge 1 rotates around the spindle axis is 

shown in blue dotted line. The rotation radius of the edges can be calculated by the 

following equations: 

2 2 2 1 2

0

2 2 2 1 2

1

[( sin ) sin ]

[( sin ) sin ]

R R r r

R R r r

 

 
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                                   (18) 

So, the edge circles can be expressed by the following equations: 
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where, X0, Y0 are the coordinates of edge 0; X1, Y1 are the coordinates of edge 1; R is tool 

radius; r is tool eccentricity length; θ is tool eccentricity angle. The analytic expression of 

line A0B1 is  

cosX r                                                         (20) 

Simultaneous equation (19) and (20), the coordinates of point A0 (rcosθ, R+rsinθ), A1 

(rcosθ, -R+rsinθ) and B1 (rcosθ, R-rsinθ) can be calculated. So, the length of line segment 

A0B1 is: 

1 2 sinl r                                                         (21) 
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Figure 5. Edges Trajectories 

Edge 0 is rotated to point C0 (XC0, YC0), then the angle of line A1C0 and Y-axis is β. 

Establish the analytic expression of line A1C0, and substitute A1’s coordinates into the 

expression, and then the following equation is obtained as: 

tan - (sin tan cos )Y X R r                                 (22) 

Simultaneous equation (21) and (22), the coordinates of point C0 are expressed by the 

following equations: 
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where, 
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Substitute a=rcosθ and b=-R+rsinθ into equation (24), then m=atanβ-b, 

n=4R
2
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2
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2
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So, the length of line segment A1C0 is: 
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2 2 1 2
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 (

26) 

Similarly, multiple distance equations (l3, l4, … ln) which are expressed by tool 

eccentricity parameters could be obtained. Calculate the standard deviation square sum of 

theoretical distances and measured distances by iterative algorithm (tool eccentricity 

length iterative range is from 0 to 10 micron; tool eccentricity angle iterative range is 

from 0 to 360 degree). When the standard deviation square sum is the minimum one, that 

tool eccentricity parameters are the actual parameters. The flow of iterative algorithm is 

shown in Figure 6. 

Start

End
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Y
r<10

θ<360

r=r+1

θ=θ+5

Y
N

N

∑(r, θ)=(l1'-l1)2+(l2'-l2)2+…+(ln'-ln)2

Output the tool eccentricity parameters r and θ, 

when ∑(r, θ) Is the minimum one 

Input tool radius R, and the 

measured distances l1', l2', … ln'

Calculate the theoretical distances 

l1, l2, … ln

 

Figure 6. Iterative Algorithm for Tool Eccentricity Parameters Identification 

4. Measuring Experiment 
 

4.1 Model Parameters Measuring 

Set the displacement sensor along the Y-axis, as shown in Figure 7. Slowly 

counterclockwise rotate the tool, and get the minimum value of displacement sensor. 

Then slowly counterclockwise rotates about 180°, and get the minimum value of 

displacement sensor again. The distance of the edges l1' could be calculated by the 

difference of the two values. The distance l2' could be calculated by setting the 

displacement sensor and Y-axis of angle β, and repeats above steps. Other distances (l3', 

l4', … ln') could be obtained by the similarly method. 
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Figure 7. Measuring Experiment 

4.2 Recognized Results Verifying  

A self-developed 5-axis micro-milling machine tool 
[11]

, Pingdin
TM

 two edges micro-

milling tool and aluminum alloy AlCu4Mg1 are used to verify the recognized results. The 

milled hole diameter is 512μm, which is measured by Olympus
TM

 laser scanning confocal 

microscope OLS3000, as shown in Figure 8. The tool diameter is 504μm, which is also 

measured by OLS3000. Tool eccentricity length and angle are 6μm and 50°, which are 

recognized by the proposed method. The diameter larger edge circle is 513.2μm, which is 

calculated by equation (18). It can be seen that the measured and calculated hole 

diameters are quite matched, and this result could verify the proposed primarily. 

 

 

Figure 8. Confocal Microscopy Images of Milled Hole 

5. Conclusions 

In this paper, the influence of tool eccentricity is analyzed, and a tool eccentricity 

parameters identification method is proposed in micro-milling. Firstly, the tool 

eccentricity is defined, and cutting edge trajectory model is established. Secondly, the 
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effect of tool eccentricity is analyzed, and a criterion of single edge cutting phenomenon 

is proposed. Finally, a tool eccentricity parameters identification method is proposed 

which is based on analytic geometry. In this method, tool eccentricity parameters are 

calculated by iterative algorithm. The measurement of milled hole diameter which is 

observed by confocal microscopy confirmed the validity and the applicability of the 

identification method. 
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