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Abstract 
 

As a high-precision measuring instrument, laser tracker is widely 
used in the field of geometric error detection of CNC machine 
tools. However, the employment of this laser tracker will lead to 
high cost as well as low measurement accuracy caused by the 
angle error. In order to solve these problems, the passive 3D laser 
tracking ball bar based on the principle of laser interference is 
introduced in this paper. The following measurement is realized 
by the passive stretching of the telescopic mechanism, and the 
space attitude adjustment of the laser is ensured by two precise 
rotating shafts. Moreover, the deflection caused by the telescopic 
guideway is an important factor affecting the accuracy of the 
device. Therefore, the telescopic mechanism is designed by the 
maximum deviation of the laser obtained by the experiment, and 
the finite element analysis is carried out. The results showed that 
the accuracy requirements are met. The main error model of the 
device is established and the influence of each error is analyzed. 
Moreover, the simulation results showed that the vertical axis 
offset angle error has the greatest impact on the device. At last, the 
reason of different influence of errors on the device is analyzed. 
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1    |   INTRODUCTION 

As the concentrated embodiment of manufacturing industry, improving the accuracy of 
machine tools is of great significance [1]. Among all the errors affecting the accuracy of 
machine tools, geometric errors have the greatest impact, reaching more than 40% [2]. At 
present, two methods are used to reduce the geometric error of machine tools: error prevention 
and error compensation [3]. The employment of error prevention can improve the accuracy of 
key parts of machine tools, but it will greatly increase both the cost and manufacturing 
difficulty [4]. Through error compensation, all kinds of errors of machine tools can be 
identified, and then compensated by appropriate mathematical model and algorithm [5]. What’s 
more, error compensation can improve the accuracy of machine tools at low cost, but the 
question is how to solve the problem of identifying the geometric errors of the CNC machine 
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precisely. The identification of geometric error of machine tools has been developed with the 
updating of detection instruments [6-7]. Laser interferometer has the highest accuracy in 
measuring geometric errors, but the corresponding optical path needs to be set up before 
measuring different errors. Besides, the steps are tedious and inefficient [8]. The single station 
method of laser tracker can identify errors rapidly, but due to the influence of angle error, the 
measurement accuracy cannot be guaranteed [9]. Wang [10-11] put forward a method of 
geometric error identification based on time-sharing GPS. In his research, a laser tracker is 
used to measure the same movement track of CNC machine tools at different stations in order. 
Based on the principle of GPS, the relative spatial position of the station and the spatial 
coordinates of each measuring point are determined. Then, based on the principle of nine-line 
error separation, the geometric errors of the machine tool are separated, but the laser tracker is 
so expensive that many measurement agencies can't afford it [12]. Therefore, it is necessary to 
develop an instrument at low cost but with high accuracy. 

In order to solve the problems mentioned above, this paper proposes a 3D laser tracking ball 
bar with simple structure for measuring geometric errors of machine tools. This 3D laser 
tracking ball bar is designed based on the principle of laser interferometry. The laser attitude 
is followed passively by two rotating axes, and the distance is followed by telescopic guide rail.  

The structure of this paper is as follows. The 3D laser tracking ball bar is described in detail 
in Chapter 2. In Chapter 3, the error source of the instrument is analyzed and the error model 
is deduced. Chapter 4 describes the influence degree of each error to the instrument through 
simulation. Finally, the conclusions are shown in Chapter 5. 
 
2    |   STRUCTURAL DESIGN 

2.1  | 3D LASER TRACKING BALL BAR 

As shown in Figure 1, the 3D laser tracking ball bar consists of two precision rotating shafts 
and a telescopic mechanism. There are two standard balls for measurement. One is installed at 
the end of the telescopic mechanism to follow the movement of the spindle, the other is 
installed under the platform, and the connection between the two ball centers is parallel to the 
laser. Renishaw XL80 is used to measure the relative distance of the telescopic mechanism. A 
3D coordinate system is established as well. 
 

 
Figure 1 Example of a figure with caption 
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2.2  | DESIGN OF TELESCOPIC MECHANISM 

As one of the main moving parts of the 3D laser tracking ball bar, the assembly error and stress 
deformation will seriously affect the movement accuracy of the telescopic mechanism in the 
cantilever state [13]. Consequently, the accuracy of Renishaw XL80 is seriously affected. 
When Renishaw XL80 has five green lights, the accuracy level of measurement reaches the 
highest. In order to ensure the measurement accuracy, at least three lights should be on during 
the measurement. However, too much offset of the telescopic mechanism interrupts the 
measurement. Therefore, the maximum deformation of the telescopic mechanism should be 
smaller than the maximum vertical deviation of allowed by Renishaw XL80. The migration 
diagram of Renishaw XL80 is shown in Figure 2. 
 

 

Figure 2 Renishaw xl80 offset diagram 

In this section, the vertical offset experiment of Renishaw XL80 is established. The 
experimental principle is shown in Figure 3. The experimental scheme is as follows.  

 

Figure 3 Schematic diagram of Migration Experiment 
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A high-precision CNC is used to measure the maximum allowable offset in direction Z of 
Renishaw XL80 at different measuring distances. The reflector is installed on the spindle of 
the machine tool, and linear measurement of optical path based on Renishaw XL80 with five 
lights is set up, then the reciprocating motion on axis Z of the machine tool is controlled, and 
the maximum bilateral offset allowed by the Renishaw xl80 under different accuracy levels is 
recorded. The maximum bilateral offset in direction Z allowed by XL80 under four kinds of 
ranging is obtained. The experiment at three-axis machine tool is shown in Figure 4.  

 
Figure 4 experiment at three-axis machine tool 

The measurement data is shown in Table 1. 
Table 1 Renishaw xl80 offset under different ranging 

Measuring 
distance 

Bilateral offset (mm) 
5 lights 4 lights 3 lights 2 lights 1 lights 

100 cm 1.18 1.512 1.794 2.095 2.61 
125 cm 1.10 1.47 1.77 2.07 2.44 
150 cm 1.06 1.43 1.74 2.056 2.29 
175 cm 1.019 1.391 1.712 2.036 2.15 

 
The curve equation of offset varying with measuring distance is fitted by least square method. 
Curves are shown in Figure 5. The fitting equation is as follows: 
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𝑦 = (−0.00104 ± 1.38564 × 10 )𝑥 + (0.688 ± 0.01944)

𝑦 = (−8) × 10 ± 1.26491 × 10 𝑥 + (0.8355 ± 0.00177)

𝑦 = ((−5.52 × 10 ± 1.69706 × 10 )𝑥 + (0.9529 ± 0.00238)

 （1） 

 

 
Figure 5 The curve of offset varying with measuring distance 

The maximum deviation of the telescopic mechanism is obtained by substituting the expected 
measurement range of the telescopic mechanism into the equation. The size of the telescopic 
guide is 800mm, and the maximum deviation is 0.0035, 0.1955, and 0.5113, respectively. 

Based on the parameter, the telescopic mechanism is designed and its structure is shown in 
the Fig. 6. The slide motion unit of the guide rail is used as the basic component of the single 
telescopic guide. The telescopic motion function is realized through the stack installation of 
the slide motion unit of the guide rail. The unilateral telescopic guide is symmetrically installed 
on both sides of the interferometer platform, the end of which is fixed on both sides of the 
reflector platform, thus forming the overall structure of the telescopic mechanism. 

 

 
Figure 6 The structure of telescopic guide 

2.3  | FINITE ELEMENT ANALYSIS OF EXPANSION DEVICE 

In this section, the finite element simulation of the telescopic mechanism is carried out to obtain 
the deflection deformation of the telescopic mechanism in the cantilever state. The material 
properties of each part are shown in Table 2. 

Platform Guide rails  

Rail bracket Slide  

Reflector base 
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Table 2 Material details 

Part Material 
Density 

(𝒌𝒈/𝒎𝟑) 

Modulus of 
elasticity 
(𝟏𝟎𝟏𝟎𝒑𝒂) 

Poisson's 
ratio 

Slide 6061-T6 1804 70 0.33 
Rail 

bracket 
6061-T6 1804 70 0.33 

Reflect 
base 

Q235 7850 2 0.3 

Renishaw 
xl80 

Q235 7850 2 0.3 

Platform Q235 7850 2 0.3 
The pressure applied by each part is simplified into three forces. The forces are shown in Figure 
7, where𝐹 = 16.53𝑁,  𝐹 = 18.5𝑁, 𝐹 = 13.235𝑁 . The mesh is divided by ANSYS, the 
boundary conditions and load are set, and the equivalent stress is added to the navigation tree, 
then the solution is carried out, and the total deformation cloud diagram is shown in Figure 8.  

 
Figure 7 Structural of telescopic guide 

It can be seen from Figure 8 that the maximum deformation of the telescopic mechanism under 
the set boundary condition is 0.02729mm, which is obviously smaller than the allowable 
maximum deviation data in Section 2.2. Therefore, it can be inferred that the telescopic 
mechanism has strong resistance to deformation, and micro deformation does not affect the 
measurement accuracy. What’s more, the telescopic mechanism can ensure the uninterrupted 
laser during the measurement. 
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Figure 8 Structural of telescopic guide 

Chapter 2 first introduced the structure of 3D laser tracking ball bar and the establishment 
of the coordinate system. Then the design of the telescopic mechanism was introduced. It has 
a great impact on the accuracy of the device in detail, including the experiment of the maximum 
offset of the telescopic mechanism, the design of the telescopic mechanism. Finally, through 
the finite element simulation, the telescopic mechanism is verified to meet the measurement 
accuracy requirements. 

 
3    |   MAIN ERROR ANALYSIS 

In this chapter, the main errors of the 3D laser tracking ball bar are analyzed. Firstly, the model 
is simplified and the error sources are analyzed. Next, the main errors affecting the accuracy 
of the device are listed. After that, the mathematical model of each error is established by 
analytic method, and the position of the device affected by each error is analyzed. 
 
3.1  | THE MAIN ERROR OF THE 3D LASER TRACKING BALL BAR 

Fig.9 shows the coordinate system and the simplified structure model. The measurement of the 
spatial position can be described as follows. The vertical axis is simplified as the connection 
between point O and A. The line between Point A and Center O on the vertical axis coincides 
with Z axis. The line between Point B which is the midpoint of the horizontal axis and point A 
coincides with the Z axis, and the horizontal axis is parallel to the X axis in the XOY. Point C 
and D are the centers of standard ball 1 and 2. The line between B and D is parallel to axis Y 
in YOZ.  
L1: Distance between vertical axis and horizontal axis, 
L2: Distance between standard ball 1 and the midpoint of horizontal axis， 
RL: Measuring distance with laser interferometer, 
Z1: Distance from point A to axis Y. 
Lh: Length of horizontal axis 
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Figure 9 simplified model of 3D laser tracker ball bar 

According to the simplified model, the main sources of the error come from the machining 
error and the assembly error of the parts. Fig. 10 shows the error based on the analysis of the 
main error sources of the device. The non-coincidence between the vertical axis and axis Z is 
defined as α and θ. The non-orthogonality between the horizontal axis and the vertical axis is 
defined as β and γ. The non-coincidence error between the line of two standard spherical centers 
and the laser light is defined as ω. 
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Figure 10 The main error in 3D laser tracker ball bar instrument. (a), error of vertical axis. 

(b), error of horizontal axis. (c), error of stranded balls  
3.2  | ERROR MODEL  

The device model without error can be regarded as a point moving in space, starting from point 
O which moves along the axis Z to point A, then to point B, and down to the axis Y parallel 
direction to the end point D via point C successively. Any of the above errors have an impact 
on the accuracy of the device, mainly reflecting in the coordinate offset of point D. Therefore, 
in this section, the mathematical models of the above errors are established respectively by 
analytic method. The effect of each error on the device is mathematically modeled by analytic 
method respectively, which is mainly reflected in the influence of the error on the point D. 

As shown in Fig.10 (a), due to the errors θ and α, point A is shifted to Ae1 and Ae2, and the 
coordinates after migration are as follows: 

 

 𝐴 =

𝑥 = (𝑍 + 𝐿 ) × 𝑠𝑖𝑛𝜃
𝑦 = 0
𝑧 = (𝑍 + 𝐿 ) × 𝑐𝑜𝑠𝜃

  (2) 

 

 𝐴 =

𝑥 = 0
𝑦 = (𝑍 + 𝐿 ) × 𝑠𝑖𝑛𝛼
𝑧 = (𝑍 + 𝐿 ) × 𝑐𝑜𝑠𝛼

  (3) 

 
The 3D laser tracking ball bar is assembled by various parts, and the assembly and 
manufacturing errors of parts are transitive. Therefore, the vertical axis error not only changes 
the point A, but also causes the correlation error of D to shift to De1 or De2. De1 and De2 can be 
expressed as: 
 

Vertical axis 

X 

Z Z 

Y 
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 𝐷 =

𝑋 = (𝑍 + 𝐿 ) × 𝑠𝑖𝑛𝜃
𝑌 = 𝐿 + 𝑅
𝑍 = (𝑍 + 𝐿 ) × 𝑐𝑜𝑠𝜃

  (4) 

 

 𝐷 =

⎩
⎪
⎨

⎪
⎧𝑋 = 0

𝑌 = (𝑍 + 𝐿 ) + (𝐿 + 𝑅 ) × cos (90° − arctan − 𝛼)

𝑍 = (𝑍 + 𝐿 ) + (𝐿 + 𝑅 ) × sin (90° − arctan − 𝛼)

 (5) 

 
Here, De1 and De2 indicates that θ affects the accuracy of the device in direction X and Z, and 
α affects the accuracy of the device in direction Y and Z. 

In the same way, β and γ in the horizontal axis also cause point B to shift to Be1 and Be2. The 
offset coordinates are as follows: 

 𝐵 =

𝑥 = 𝐿 × (1 − 𝑐𝑜𝑠𝛽)

𝑦 = 0

𝑧 = 𝐿 + 𝑍 + 𝐿 × 𝑠𝑖𝑛𝛽

 (6) 

 

 𝐵 =

𝑥 = 𝐿 × (1 − 𝑐𝑜𝑠𝛾)

𝑦 = 𝐿 × 𝑠𝑖𝑛𝛾

𝑧 = 𝐿 + 𝑍

 (7) 

 
De3 and De4 caused by horizontal axis errors are as follows: 
 

 𝐷 =

𝑋 = 𝐿 × (1 − 𝑐𝑜𝑠𝛽)

𝑌 = 𝐿 + 𝑅

𝑍 = 𝐿 × (1 − 𝑐𝑜𝑠𝛽)

 (8) 

 

𝐷 =

⎩
⎪
⎨

⎪
⎧𝑋 = 𝐿 − 𝐿 + (𝐿 + 𝑅 ) × sin (90° − 𝛾 − arctan (

( )
)

𝑌 = 𝐿 + (𝐿 + 𝑅 ) × cos (90° − 𝛾 − arctan (
( )

)

𝑍 = 𝐿 + 𝑍

 (9) 

 
From De3 and De4 above, it can be seen that β affects the accuracy in direction X and Z of the 
device, and γ affects the accuracy in direction X and Y of the device.  

The line between the laser light and the two spherical centers is not parallel due to the ω, 
which makes the measured object deviate from the distance between the two spherical centers, 
and De5 coordinates are as follows: 
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 𝐷 =

𝑋 = 𝑅 𝑠𝑖𝑛𝜔
𝑌 = 𝐿 + 𝑅 𝑐𝑜𝑠𝜔
𝑍 = 𝑍 + 𝐿

 (10) 

 
From Eqs 10, it can be obviously seen that ω affects the accuracy of the device in directions X 
and Y. 

The main errors affecting the accuracy of the device are listed, and the influence of all errors 
on the device has been derived. The results are shown in Table 3. 

Table 3 error influence distribution 

In terms of impact Error 
Direction X ω, γ, β, θ 
Direction Y γ, α 
Direction Z β, α, θ 

 
It can be seen from Table 3 that the 3D laser tracking ball bar is most likely to produce offset 
in direction X, followed by direction Z, with the least possibility of error in direction Y. 
 
4    |   SIMULATION 

The mathematical model of deviation caused by various errors has been deduced previously. 
Any kind of errors that mentioned in Chapter 3 will lead to the deviation of point D, so the 
degree of deviation of point D is used to measure the degree of error. In order to verify the 
influence of various errors on the accuracy of the device, the simulation of error model was 
carried out as follows. 
 
4.1  | 4.1 ERROR SIMULATION 

The 3D laser tracking ball bar is simplified to four points as shown in Figure 8, and the 
theoretical coordinates are as follows respectively: A (0,0,100), B (0,0,145), C (0,35,145), D 
(0,900,145). Due to the error of the axis in the process of machining or assembling, the actual 
coordinate is different from the theoretical coordinate. Furthermore, the structural errors are all 
angle errors, so the simulation will compare the degree of the deviation of point D caused by 
each error under the same error value. The same values of five angular errors are given three 
times, which are 0.02, 0.04, and 0.06 respectively. The error simulation results of each direction 
are shown in Table 4 to Table 6 

Table 4 The values of each error in direction X through simulation 

Error 
value(mm) 

Error types 
θx αx βx γx ωx 

0.02 -0.050 0 -2*10-6 -0.314 -0.302 
0.04 -0.101 0 -9*10-6 -0.628 -0.604 
0.06 -0.152 0 -2*10-5 -0.942 -0.906 

 
Table 5 The values of each error in direction Y through simulation 
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Error 
value(mm) 

Error types 
θy αy βy γy ωy 

0.02 0 -0.051 0 -0.014 5.2*10-5 
0.04 0 -0.011 0 -0.028 2.1*10-4 
0.06 0 -0.152 05 -0.041 4.7*10-4 

 
Table 6 The values of each error in direction Z through simulation 

Error 
value(mm) 

Error types 
θz αz βz γz ωz 

0.02 8.8*10-6 -0.314 -0.014 0 0 
0.04 3.5*10-5 -0.628 -0.027 0 0 
0.06 8.0*10-5 -0.942 -0.042 0 0 

 
As is shown in Table 4-6, the deviation of point D caused by α and γ is larger, and the deviation 
caused by θ and β is smaller. Among them, γ causes the maximum deviation in direction X, 
and α causes the maximum deviation in direction Y and Z. Therefore, when processing and 
assembling the parts needed for 3D laser tracking ball bar, attention should be paid to the 
assembly accuracy of the vertical axis in YOZ and the horizontal axis in XOY. Meanwhile, 
with the increase of angle error, the deviation of the device increases gradually. 
 
4.2  | ERROR INFLUENCE DEGREE 

From 4.1 (Error Simulation ), it can be seen that α and γ have a greater impact on the accuracy 
of the device, while θ and β have smaller impact on the accuracy of the device. Therefore, it is 
necessary to analyze the error model to find out the causes for different degrees of error 
influence, and the compensation model of each error can be obtained from Section 3.2, as 
follows: 
 

 𝜃 =
arcsin ( )

arccos ( )
 (11) 

 

 𝛼 =
arctan − arcsin (𝑌 − (𝑍 + 𝐿 ) + (𝐿 + 𝑅 ) )

arctan − arccos (𝑍 − (𝑍 + 𝐿 ) + (𝐿 + 𝑅 ) )
 (12) 

 

 𝛽 =
arccos (1 − )

arcsin (
( )

)
 (13) 
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 𝛾 =

⎩
⎪⎪
⎨

⎪⎪
⎧

arccos
( )

− arctan (
( )

)

𝑎𝑟𝑐𝑠𝑖𝑛
( )

− arctan (
( )

)

 (14) 

 

 𝜔 =
arcsin ( )

𝑎𝑟𝑐sin ( )
 (15) 

 
The five kinds of errors are all transitive. Through the error compensation model, it can be seen 
that the deviation generated by α, γ and ω are mainly transmitted by RL, while the deviation of 
θ and β are mainly transmitted by Z1. It is known that RL is far greater than Z1, the transmitted 
error also increases with the increase of the associated size, so α and γ have greater impact on 
the accuracy of the device. 

In this chapter, according to the numerical simulation of each errors, it is concluded that the 
α and γ are the main factors affecting the accuracy of the device. And then through the analysis 
of the error compensation model, the reasons of the different degree of error influence are found. 
In conclusion, this chapter provides the theoretical basis of error compensation and assembly 
requirements. 
 
5    |   CONCLUSION 

In this paper, the 3D laser tracking ball bar for measuring geometric errors of CNC machine 
tools is proposed and its structure is designed. Then the accuracy of the telescopic mechanism 
is verified. Based on the analysis of the error sources, the main errors that affect the 
measurement accuracy of the device are analyzed. Furthermore, the error model is established, 
and the influence degree of the errors is analyzed through simulation so as to facilitate the 
compensation of the instrument error. The main conclusions are as follows: 

(1) After analyzing the advantages and disadvantages of the existing geometric error 
measurement methods of machine tools, a more economical 3D laser tracking ball bar is 
proposed and the coordinate system is established. The device ensures the attitude following 
with two rotating axes, and the telescopic device ensures the distance following. As the 
telescopic device is the main factor affecting the measurement accuracy, Chapter 2 focuses on 
the design of the telescopic device. The maximum vertical deviation of Renishaw xl80 under 
different distances is measured by the maximum deviation experiment, and the maximum 
deviation curve is fitted by the least square method. The maximum allowable offsets under 
three accuracy conditions are 0.0035, 0.1955 and 0.5113mm respectively. After the finite 
element analysis of the telescopic device, the result shows that the vertical offset is 0.0024mm, 
which meets the measurement accuracy requirements. 

(2) Based on the analysis of error sources, five errors affecting the accuracy of the device 
are discovered, and error models are established one by one. According to the error model, four 
errors affect the accuracy in direction X, namely, ω, γ, β and θ. Two errors affect the accuracy 
of direction Y, including γ and α. The accuracy of direction Z is affected by another three errors, 
namely β, α, θ. After that, through the numerical simulation by MATLAB, the results show 
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that α γ and ω have greater impact on the accuracy of the device. The reasons are as follows: 
these three errors are transmitted through measuring distance with Renishaw xl80, and the 
distance is the largest, so that the error is amplified through RL, leading to the greater impact 
on the accuracy of the device. The error analysis above provides the theoretical basis for the 
error compensation of the 3D laser tracking ball bar and assembly requirements. 
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In this paper, a passive 3D laser tracking ball bar and the telescopic mechanism are proposed, 
and the error of the 3D laser tracking ball bar is analyzed, then the mathematical model of each 
error is listed. Furthermore, through numerical simulation, the influence degree of different 
errors on the device is obtained. The above research provides a new idea for the geometric error 
measurement of machine tools. 


