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Abstract: In the global machining industry, ultra-precision/ultra-high-speed machining has become a
challenge, and its requirements are getting higher and higher. The challenge of precision grinding
lies in the difficulty in ensuring the various dimensions and geometric accuracy of the final machined
parts. This paper mainly uses the theory of a multi-body system to propose a “double accuracy”
theory of manufacturing and measurement. Firstly, the grinding theory with an accuracy of 0.1 pm
and the precision three-coordinate measuring machine theory with an accuracy of 0.3 um are deduced.
Secondly, the two theories are analyzed. Aiming to better explain the practicability of the “double
accuracy” theory, a batch of motorized spindle parts is processed by a grinding machine. Then the
precision three-coordinate measuring machine is used to measure the shape and position tolerances
such as the roundness, the squareness, the flatness, and the coaxiality. The results show that the
reached roundness of part A and B is 5 um and 0.5 pum, the squareness is 3 pm and 4.5 pm, and the
coaxiality tolerance is 1.2 pm, respectively.

Keywords: precision grinding; multibody system theory; form and position tolerance

1. Introduction

Accuracy has always been one of the main goals of today’s manufacturing technology. Grinding
accuracy directly affects the quality of the workpiece. Therefore, some scholars worldwide are
committed to the research of geometric precision control, machine tool spindle error test, grinding
precision monitoring, and other aspects in the grinding process [1-3]. Aiming to control the geometric
accuracy of high-speed grinding, Jiang-nan Liu et al. [4] proposed a geometric accuracy analysis and
design method. According to the specific structure of a three-axis numerical control surface grinder,
an aging error propagation model including 21 parameters and a cost-quality model of key geometric
error variables are established. It is proved that the model has good prediction accuracy. Atsushi
Sato et al. [5] proposed a constraint-force controller based on algebraic equations, which has the
ability to realize force control without time delay. Through analysis and derivation, the relationship
between contact force and grinding resistance is used to control grinding force and improve grinding
accuracy. At present, the rotation accuracy measurement method of the machine tool spindle has
developed very maturely. However, as a kind of finishing, the grinding spindle usually has high
precision, which makes it difficult to measure by traditional methods. Rahul R. Chakule et al. [6]
used response surface methodology (RSM) to carry out experimental research on horizontal surface
grinder. In addition, the evaluation of grinding performance parameters such as friction coefficient,
cutting force, temperature and specific grinding energy under different processing environments is also
discussed. The surface roughness and friction coefficient of MQL grinding are the lowest, which are
0.1236 um and 0.3906 pum respectively, while the specific grinding energy of wet grinding is the lowest,
which is 18.95 N/mm?2. The temperature of MQL grinding is 29.07 °C, which is slightly higher than that
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of wet grinding. At the same time, the measurement technology of high-precision ultra-precision shaft
and the rotation error separation technology have been hot topics in recent years. Liu Shutao et al. [7]
introduced a new concept on the basis of the common separation methods of roundness error and
rotation error of spindle, put forward the idea of secondary separation of rotation error, and established
the mathematical model of this method. In order to solve the harmonic suppression problem of the
three-point error separation technology, Cappa S. et al. [8] optimized the installation angle of the
sensor. The common optimization method adopted is to maximize W (k). Ferreira FI et al. [9] proposed
a method to predict the width of the dresser using indirect monitoring method. Acoustic emission
signals are collected during the trimming process, and the width of the trimmer is correlated with the
processed signal by using the estimation neural network to estimate the current value of the width.
Using the program, an automatic system will be generated to readjust the dressing parameters while
avoiding stop, reducing cost and improving grinding accuracy. Zhang Ya-Nan et al. [10] studied
the grinding force and the material of the machined parts and obtained the correlation between the
grinding force and the material. At the same time, the exploration of machine tool accuracy has also
introduced acoustic emission monitoring technology, and it has become a hot topic in the field of
advanced processing. Acoustic emission technology has been used for on-line monitoring of grinding
processes such as end grinding [11], cylindrical transverse grinding [12], centerless grinding [13], etc.
However, most of the authors have neglected the most important step in ensuring the precision of parts
while studying the frontier of grinding precision technology. That is the accuracy of the machine tool
itself and the testing accuracy of parts. In view of the accuracy of machine tools, many authors have
also studied it. For example, Zhong Gaoyan et al. [14] have optimized and improved the structure of
the machine tool, thus improving the cutting speed, machining accuracy, and machining efficiency.
Qin, Haojie et al. [15] proposed a workpiece pose optimization method for a robot milling system to
improve quasi-static performance and machining accuracy in the machining process. The above authors’
research has its merits. In this article, the precision of machine tools will be studied from another
angle, and a “double accuracy theory” is proposed. The “double accuracy theory” is mainly based on
the multi-body system theory for secondary analysis. Firstly, the coordinate system of the grinding
machine and the precision three-coordinate measuring instrument is analyzed. Secondly, the grinding
machine is used to process a batch of motorized spindle parts, and three-coordinate detection is carried
out to detect their related shape and position errors. Finally, by analyzing the data, the accuracy error
value is obtained, and the cause of the error is analyzed.

2. Theoretical Analysis of Grinding Machine Accuracy

Before analyzing grinding machine accuracy, multi-body system theory must be introduced for
analysis [16]. The grinding machine itself is a multi-body mechanical system. Multi-body system
theory is the basic theoretical basis for studying multi-body systems. It has good systematics and
versatility and has been effectively applied in motion analysis of complex mechanical systems such as
robots, coordinate measuring machines, machine tools, etc. Using multi-body system theory to analyze
the errors of machine tool process system can not only meet the needs of machine tool error research,
but also continuously expand the application field of multi-body system theory [17]. The topology
description methods of multi-body systems mainly include direct path method, correlation matrix
method and low-order body array method [18]. Compared with other methods, the low-order
volume array method has simpler expression and higher computational efficiency and is currently
a commonly used description method [19]. The type of grinding machine to be analyzed in this
paper is Kellenbergaer universal high accuracy grinding machine from Switzerland, and its grinding
accuracy is 0.1 pm. In the later part of the article, this grinding machine is also used for processing.
The multi-body system diagram of the grinding machine after labeling is shown in Figure 1.
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Figure 1. Multi-body system diagram of grinding machine.

According to Figure 1 and the structure of Kellenbergaer universal high-precision grinding machine,
it is divided into four moving bodies. These four moving bodies are respectively represented: grinding
machine bed, C-axis and guide rail components, B-axis and grinding wheel rotating components.
At that same time, as can be seen from Figure 1, each object has at least one adjacent low order body.
If BO is the lower order number object of B1, let Bj be any typical body in the multi-body system,
and define Bi as the n-order lower order body of Bj, then there are:

L"(j) = i; L°(j) = j; L"(0) = j @
When body Bj and body Bi are adjacent low order bodies, there is:
L(j) =i 2

In the meantime, the N-order low-order matrix column of Bj defined according to Figure 1 is
shown in Table 1.

Table 1. Grinding machine multi-body system low sequence body array.

j
LOG)
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L2(j)
L3(j)
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According to Table 1, the low-order body array of the multi-body system topology can connect
the individuals in the multi-body system. For any object in the system, it can be traced back to the base
coordinate system through the array, so it is widely used in practice. Meanwhile, the Kellenbergaer
grinding machine is decomposed into motion coordinate system, and its purpose is to obtain the
motion mathematical model of the grinding machine, so as to analyze the geometric error of the
grinding machine and carry out comprehensive modeling. The grinding machine motion coordinate
decomposition is shown in Figure 2.

According to Figure 2, the Kellenbergaer grinding machine can be equipped with three grinding
wheels on the B axis in the figure. One of the grinding wheels is driven by a motorized spindle with a
maximum rotation speed of 60,000 r/min. The B axis can rotate 360 degrees and move back and forth;
the C axis is the workpiece axis; and the C axis can move left and right along with the guide rail.

According to Figure 2, coordinate system ), Ogo; Y O10;), O20; Y, O30; 2 Oy is the coordinate
system of grinding machine, guide rail movement, C-axis rotation, B-axis movement, and B-axis
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rotation, respectively. Let the new coordinate system after the translation displacement of coordinate
system ), Oqo; X, O10;), O3p along its own coordinates X axis, Y axis, and Z axis is (Px; Py; Pz) be
Y. Op1; Y. O11;), O3, respectively. Then the translation change matrix Tj:

10 0 P,
010 P

TO_OOlPZ ®)
000 1

Figure 2. Exploded view of grinding machine motion coordinate system.

Similarly, the coordinate system Y, O2p; Y Oy is obtained by rotating coordinate system a around
Y axis to obtain coordinate system }’ Oyq; ), O41 respectively. Then the change matrix T, is:

cosa¢ —sina 0 O
sina cosa 0 O

Ta = 0 0 10 @
0 0 0 1

In the geometric error of grinding machine, the grinding wheel coordinate system }’ O4; and the
workpiece coordinate system ), O, will not coincide, so the transformation matrix “T4121 of } Oy
relative to ), Oy is the basic comprehensive error matrix:

el el el el el
Tyo1 = Tor1-" Tor;11- T1131-" Ta1.41 ®)

Among them, the upper left corner mark E1 represents the transformation matrix between the
corresponding two coordinate systems of the grinding machine under the condition of error.
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Likewise, when ¢! To1,21 represents the moving distance X of coordinate system }, Ogo, when the
rotation angle « of coordinate system ), Op; and coordinate system ), Oy is obtained, the relationship
between coordinate system ), Oy is obtained. Therefore,

1 0 0 x 1 —ez2(x)  ey(x)  Ox(x) 1 -nc 00
ATy g = 0100 €z(x) 1 —ex(x) Oy(x) || m:c 1 0 O
’ 0 0 1 0| —ey(x) ex(x) 1 0z(x) 0 0 10
0 0O 1 0 0 0 1 0 0 0 1 ©)
1 0 nyec O 0 0 1 —&c(x)  eyc(x)  Oxc(x)
0O 1 0 0 0 cosa —sina 0 ezc(x) 1 —exc(x) Oyc(x)
~yc 0 1 0 sina cosa 0 || —eyc(x) exc(x) 1 O.c(x)
0 0 0 1 0 1 0 0 0 1
By the same token:
1 =nc 00 1 0 nc OJ1 0 0 0
el | e 1 00 0 1 0 0|0 cosa —sina O
T 0o 0 1 0| -ne 0 1 0f[0 sina cosa 0
0 0 01 0 0 o 1] 0 O 0 1 @)
1 —&c(x)  eyc(x) Oxc(x) ][ 1T 0 0 «x 1 —e2(x)  ey(x)  Ox(x) |
&xc(x) 1 —&xc(x) Oyc(x) [0 1 0 0 ez(x) 1 —ex(x)  Oy(x)
—eyc(x)  exc(x) 1 O,c(x) |0 0 1 0| —ey(x) ex(x) 1 0z(x)
0 0 0 1 0 001 0 0 0 1
100 «x 1 —e(x) ey(x) (@) [ 1 =Sy 0 O] 1 0 0 0]
ey |0 1 00 e2(x) 1 —ex(x) Oy(x) | S,y 1 0 0|0 1 0 y
W00 0 1 0| —ey(x)  exl®) 1 &M@l o o 100010
0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1| ®)
1 —ez(y)  ey(y)  ox(y)
ez(y) 1 —ex(y)  Oy(y)
—ey(y)  ex(y) L o(y)
0 0 0 1
1 -S4 0 0]J[1 0 0 O 1 —-e(y)  ey(y)  Ox(y) 1 0 np O
ar _ Sxy 1 0 0 01 0 vy & (y) 1 —ex(y)  Oy(y) -y 1 0 0
3Ll 0 0 1 00 0 1 0] -y ey 1 52(y) 0 0 1 0
0 0 0 1]J0 0 0 1 0 0 0 1 0 0 0 1 9
1 0 0 0 ][] cose —sina 0 0 1 —-e:3(x)  ep(x)  Ou(x) ©)
0 1 -mp O sina cosa 0 O &z8(x) 1 —ew(x)  Oy(x)
0 Mo 1 0 0 0 1 0 —-&B(x)  exp(x) 1 52p(x)
| 0 0 1 | 0 0 0 1 0 0 0 1
Of which

ey(y);ez(v); ex(y); 0x(y); 0y(v); 62(y) is the translation error of Y axis.

ey(x); e2(x); ex(x); 0x(x); 0y(x); 02(x) is the translation error of the X axis.

1185 1y is the angle error of the B axis in the X and Y directions;

1xc; Nyc is the angle error of the C axis in the x and y directions.

ez8(x); €yB(x); £;:8(x) is the translation error of the B axis;

exc(x); eyc(x); exc(x) is the translation error of the C axis.

According to the above analysis and considering all geometric errors of the grinding machine, the
comprehensive precision mathematical model is obtained:

AT =¢ Ty101 =° To121-°T2111- T11:31-T31.41 (10)
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Since the calculation formula is too large, simplify the labeling Equation (11) respectively. Please
refer to the Appendix A for details of calculation.

A A Az Ay Bi1 Bz Bz By Cn Cip Ci3 Cy || Du D12 D1z Dy
Ay Axn Axp  Axy By Bx By By Cn Cx Coiz Cy || Doy D Dy Doy
Azn An Az Ay B3y Bz Bsz Bsg Csi Csp Cs3 Cag || Dt D32 D3z Dag
Ay Ap A Ay By By By By Cay Cpp Cy Cy || Du Dy Dy Dy

elT — (11)
3. Accuracy Theory of Precision Three-Coordinate Measuring Instrument

For the accuracy analysis of the precision three-coordinate measuring instrument, this paper
mainly analyzes the equipment based on Laitz Infinity product, and its measurement accuracy is
0.3 um. The coordinate system of the simple measuring instrument is shown in Figure 3.

Zm?

Figure 3. Coordinate System of Three-coordinate Measuring Instrument.

As shown in Figure 3, coordinate system ) Osg; Y. Og0;)., O70; Y. Ogo is respectively an integral
coordinate system, a worktable translation coordinate system, a measuring probe rotation coordinate
system and a measuring beam translation coordinate system. According to the theoretical solution
method of grinding machine precision, it is also concluded that:

Eyy Erp Ei3 Eug || Fiu Fi2 Fi3 Fuu || Gin Gz Giz Gus
Exy Exp Epxz Epq || F21 Foo Foz3 Fou || Gu Gz Goz Gog
Es1 Esx Esz Ess || Fa1 Fso Fasz3 Fas || Ga1 G2 Gsz Gag
Eyy Egp Egz Egg || Fsu Fao Fi3 Fyu || Gon G Guz G

T = (12)

As mentioned in the following article and limited by space, the calculation results will not be
given here.

4. Double Accuracy Theoretical Analysis

According to the accuracy theory of grinding machines and the accuracy theory of three-coordinate
measuring instruments, as well as Equations (11) and (12), a “Double Accuracy Theory” can be
introduced. This theory is mainly based on the error caused by a complete workpiece from processing
to measurement. Since this is ultra-precision machining, each geometric error of the machine tool
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is very small. According to the small error assumption theory, the “Double Accuracy” simplified
comprehensive accuracy error is obtained:

1 —& & Ox
& 1 ex 0Oy
—&y & 1 o
0 0 0 1

(13)

According to Equation (13) and Figures 2 and 3, this is verified by error model. In grinding,
it is assumed that only the B axis moves in translation. In the detection, it is assumed that only the
crossbeam of the three-coordinate measuring instrument moves left and right along the Y direction.
The rest of the axes are stationary. That is, there is only the error with the translation of the B axis of the
grinding machine and the Y direction of the beam of the measuring instrument, and the rest of the
error terms are zero. The calculation results are as follows:

Ox = 0x(y)
oy = 5y(y)
6; = 0:(y)

14
Ex = —MxC —TxA — Syz - Ex(y) ( )

€y = 1yC + NzB + Syz + €y(}/)
&x = Sxy +ez(y)

Meanwhile, when only the errors of the above two motions are considered, Equation (14) is
obtained. Assuming that other motions are considered, and some static states are taken into account,
the corresponding calculation results of the comprehensive model are obtained. Next, it will be
analyzed through experiments.

5. Experimental Analysis

5.1. Experiment of Cylindrical Grinding

Through the above theoretical research, experimental analysis was carried out and is described in
the following. The machined workpiece is a certain type of motorized spindle. Motorized spindles are
widely used, especially in the field of aerospace. Motorized spindles are needed for ultra-high speed
or ultra-precision machining to improve the dimensional accuracy and surface roughness of parts.
Important form and position tolerances of parts processed in this test are marked as shown in Figure 4.

3|_ _|4

1 2

Figure 4. Marking diagram of shape and position tolerance of motorized spindle.

Motorized spindle processing belongs to ring parts processing. As shown in Figure 4, the inner
bore surface 1 and the inner bore surface 2 require roundness tolerance and cylindricity tolerance of
2 um and 6 pm respectively; The flatness tolerance and verticality tolerance of end face 3 and end face
4 are 2.5 ym and 15um, respectively. Therefore, this is a precision machining, which is carried out by
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using a Swiss Kellenbergaer grinding machine with a machining accuracy of 0.1 um. Before machining
the hole, semi-finish machining should be carried out on the outer circle to facilitate machining the
inner hole as a positioning reference. The actual processing is shown in Figure 5.

Figure 5. Actual machining site of motorized spindle. 1—workpiece C axis; 2—cylindrical grinding
wheel; 3—ruby probe; 4—axis B; 5—30° end face grinding wheel; 6—tailstock; 7—motorized spindle
part; 8—tooling fixture; 9—guide rail.

According to Figure 5, the processing site is shown and analyzed in conjunction with Figure 2.
This processing uses Swiss Kellenbergaer grinding machine for processing, and the processing
accuracy is 0.1 pm. In machining, 90° outer circular CBN wheel, 30° CBN end face wheel and
CBN inner hole wheel are used. The grinding machine is divided into B-axis and C-axis, and
Y. O00; Y. O10;X., O20; Y. O30; Y., Os9 5 coordinate systems move. The outer circle and the end face are
machined by the B axis, and the B axis can rotate 180 degrees. The other end of the B shaft is equipped
with a motorized spindle with a maximum rotation of 80,000 r/min; It is mainly used to process inner
holes. Because the surface of the inner hole of the processed parts requires very high geometric error,
this motorized spindle is used to process the inner hole. In order to get more preparation for the
machining errors, 6 motorized spindles were machined and analyzed. The finished motorized spindle
is shown in Figure 6.

Figure 6. Drawing of 5 finished motorized spindles.
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5.2. Precision Three Coordinate Measurement Analysis

Aiming to check whether the precision of the processed six motorized spindles meets the
requirements of parts, high-precision inspection must be carried out. In this paper, Laitz Infinity
three-coordinate measuring instrument is used for detection, and the detection accuracy of the
equipment is 0.3 um. The parts to be detected are shown in the red mark in Figure 4. The test site is
shown in Figure 7.

Figure 7. Inspection site of motorized spindle. 1—telescopic probe; 2—workbench; 3—probe; 4—V
block; 5—motorized spindle part; 6—school team coordinate system.

According to Figure 7, both ends of the detection workpiece are respectively supported by precision
V-shaped blocks, and then the red part of Figure 4 is respectively operated with probes and detected.
The probe is made of ruby sensitive material. In the process of detection, the circumference scanning
path method and capture positioning method are adopted for measurement. The circumferential
scanning path method mainly detects the coaxiality and roundness errors between the inner hole
and the outer circle. The capture and positioning method mainly measures the runout error of the
workpiece end face and the length error of the part. The red parts 1 and 2 in Figure 4 are respectively
detected three times at different places, and the two ends are detected. By processing the detection data,
Figures 8-10 are obtained, respectively. The final detection accuracy error values are shown in Table 2.

The first test of the surface of the A-end inner bore The second test of the surface of the A-end inner bore The third test of the surface of the A-end inner bore
I 4 e
| f LR ool R |

: - i \
[ AL it

5750 6.747 5.744 28.008 28.005

o
=]
T

Scope/mm
o
———,
o
o
X 3
—
o
o

Scope/mm
o

Scope/mm
o

o
=]

-55.746 -55.743 -55.740
Depth/mm Depth/mm Depth/mm
(A) (B) ©

Figure 8. Data diagram of three tests at end A of workpiece. (A) First test; (B) second test, and (C)
third test.
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The first test of the surface of the B-end inner bore The second test of the surface of the B-end inner bore The third test of the surface of Ihe B-end inner bore
50} 50l | 50 -
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vl 1
50 { it " ru 50+ -50 ) W
386592 386589 -386.586 366303 366300 366.387  366.384 -337.030 337,025 337,020
Depth/mm Depth/mm Depth/mm
(A) (B) ©
Figure 9. Three-time test data diagram of workpiece B end. (A) First test, (B) second test, and (C)
third test.
Flatness error at end A Flatness error at end B
70} . 1 - . %
' —= L 50 — __ I
M L S ] ™ f
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3 °r —TT 5 0F i -
2 2 pd
5 — 3 T
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701 50F ! ~
il o=
2.498 2.500 2.502 2.504 -392.580 -392.577 -392.574
Depth/mm Depth/mm
(A) Workpiece (B) Workpiece

Figure 10. Plane test data diagram of workpiece (A) and (B).

Table 2. Detection accuracy error table.

Test Items Error/mm Test Items Error/mm
End face 3 jumping 0.0072 Internal bore surface 1 for the first time 0.0201
End face 4 runout 0.0084 Inner bore surface 1 s time 0.0195
A verticality of end face 00030 Inner bore surface 1 third time 0.0056
B verticality of end face 0.0045 Internal bore surface 2 for the first time 0.0158
A end coaxiality 0.0306 Inner bore surface 2 s time 0.0116
B end coaxiality 0.0012 Inner bore surface 2 third time 0.0005

According to the three-time detection process shown in Figure 8, the error ranges of the three-time
runout are 14 pm, 6 um, and 6 um, respectively. At the same time, in Figure 9, the error runout
range is detected three times: 6 um, 8 um, and 10 um. This linear error change is mainly due to
the fact that the workpiece is clamped by a double-top clamping method. The expansion sleeve has
a certain outward expansion tension, which maximizes the error between the two sections of the
workpiece. From Figure 10, it is concluded that the A-plane error range is around 7.2 um. The B-plane
error is around 8.4 pm. According to the test results in Table 2, the roundness of A and B are 5 um
and 0.5 pm, respectively; the verticality is 3 um and 4.5 um, respectively; the flatness is 7.2 um and
8.4 um respectively; and the coaxiality is 1.2 pm, respectively. At the same time, in the inner hole
surface detection, the latter one is always higher than the previous one. This mainly shows that the
accuracy of the outer circular surface is always lower than that of the surface close to the rotation
position of the workpiece shaft during machining. Once again, it can be seen from the coaxiality
of the A end face and the B end face that the coaxiality error difference between the A end face
and the B end face is 0.0294 mm. Through the following analysis, the main reason for this is the
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accuracy of tooling and fixture, the size of grinding wheel abrasive particles, and the processing
technology. Simultaneously, reviewing reference [4] and reference [10], a clear mapping relationship
has been formed. With the precision theory and multi-body system theory put forward in reference [4],
21 parameters are used to model and study the machining geometric precision, thus analyzing the
grinding precision. The established model can guide the tolerance distribution of grinding parts to
achieve the purpose of prediction accuracy. The relationship between grinding force and grinding
material was proposed in reference [10]. The relationship between the grinding wheel abrasive particle
size and grinding parameters in this paper is also reflected. However, it is mentioned in this paper that
the grinding accuracy is also related to the measurement accuracy. It is comprehensively explained
that there are many factors that affect the grinding accuracy in ultra-precision grinding.

6. Conclusions

(1) For the multi-body system theory, the “double accuracy” theory is proposed in this paper.
Firstly, the spatial coordinate system of grinding machine and three-coordinate measuring
instrument is established, and the precision theory of grinding machine and three-coordinate
measuring instrument is analyzed. Secondly, the two theories are combined for analysis and
theoretical verification of the model.

(2) Aiming to better explain the “double accuracy” theory, experiments are carried out in the article
to prove that through the machining of the motorized spindle, the Swiss high precision grinding
machine is used for fine grinding, and the machined motorized spindle is detected. At the same
time, the shape and position tolerances, such as roundness, verticality, end face flatness and
coaxiality, are obtained. Showing from the results, the main reason for the change of two-stage
linear error lies in the fact that the workpiece is clamped by a double-top clamping method.
The expansion sleeve has a certain outward expansion tension, which maximizes the error
between the two sections of the workpiece. The roundness of A and B is 5 pm and 0.5 pm,
respectively; the verticality is 3 um and 4.5 um, respectively; the flatness is 7.2 um and 8.4 um,
respectively; and the coaxiality is 1.2 um, respectively. At the same time, the coaxiality error
difference between the two ends of the motorized spindle is analyzed to be 0.0294 mm. The main
reason for this is the accuracy of tooling and fixture, the size of grinding wheel abrasive particles
and the processing technology.

(3) The research of this method not only theoretically expounds the precision relation between
grinding and subsequent measurement, but also actually analyzes the causes of the errors and
the areas that need improvement in the future. At the same time, the differences with the existing
research results are analyzed, which lays a theoretical and experimental foundation for similar
processing analysis.
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Appendix A

Extended Calculation of Equation (11).
A =1-1:C-e5(x) —ey(x) - 1yC + cosa - ezc(x)[-1:C — &2 (x)] + €2 (x) - sina - {n,C- [1-
n:C - &,C| + ey(x)} —eye(x) -sina[n,C + &;(x)] — eyc(x) - cos a{nZC ~&,Cl + sy(x)}
Ay = —e2c(x)[1=1:C- ex(x) — ey (x) - nyC] + cos a[-1.C - &, (x)] + sina - {n,C- [1 = n,C
-£,C + sy(x)} + exc(x) -sina[nC + e;(x)] + exc(x) cos a{nzC- [1-7.C-e.Cl+ £y(x)}
Az = eye(x) - [1=1:C- e,C— ey (x) - nyC| = exc(x) - cos [l = 1,C — &, (x)] — xc(x) - sina
{nZC [1-1.C-e,C] + Sy(x)} +sina[n;C + &;(x)] + cos a{nZC [1-1.C-e,C] + Sy(x)}
Ay = Oxc(x) - [1=12C - e2(x) — ey (x) - 1yC] 4 Oyc(x) - cos a[-1.C — ez (x)] + Oye(x) - sin -
{nZC[l -1.C-&,C| + sy(x)} + 0z¢(x) - sina[nzC + &2(x)] + 6zc(x) cos a{n.C - [1 — n,C-
e.C| + sy(x)}
Agy = &2(x) + 1n2C 4 e2(x) - 1y C + €2¢(x) - cos a[1 = n;C - e2(x)] + €zc(x) - sina{nyC
[e2(x) + N:C] = ex(x)} + €ye(x) -sina[1 = 1,C- &,C] — yc(x) - cos a - {nyC- [e(x)+
1:Cl - &x(x)}

Azz = —¢2¢(x) - [€2C + 1,C + ex(x) - nyC] 4+ cos a[l = n;C- &;(x)] + sin a{nyC- [e2(x)+
2C] — ex(x)} = exe(x) -sina[l = n;C - ,C] + exc(x) - cosa - {r]j ez (x) +1.C] - €x(X)}
A23 = €yc
{WyC[EZ(
Apg = Oxc
{TIyC[EZ(

x) - [e2(x) + 1:C + &2(x) - 11yC] = exe(x) - cos a1 =, C- &,C] — exc(x) - sina-
+1:C] - ex(x)} = sinafl = n.C- &.C] + cosa - {n,C- [ez(x) + n:C] - ex(x)}
x)-[e

}

\_//-\\_//—\

2Cl -

2(%) +12C+ e2(x) - 11y C] + Oy (x) - cos a[1 = 1,C - e2(x)] + Oye(x) - sina-
+ 1:C] — ex(x )} Ozc(x) -sinall = n;C- &;(x)] + €x(x) - cos a{nyC- [ez(x)
+11:Cl = ex (1)} + 0y (%)
Az = 1zC - ex(x) — £y (x) = 11yC 4 0zc(x) - cos afey (x) - N:C 4 €x(x)] + €2¢(x) - sin a{nyC'
[:C - ex(x) — &y (x)] + 1: + eye(x) -sinaley (x) - n:C - e2(x)] = 6yc(x) - cos “{Uyc' [n-C-
ex(x) —ey(x)] + 1}
Azy = —&2¢(x) - [:C - ex(x) — ey (x) =1y C] + cos afey(x) - .C + ex(x)] + sina{nyC-
[M:C - ex(x) = ey (x)] + 1} xe(x) -sinafey (x) - 1,C + ex(x)] 4 exc(x) - cos a{r[yC- [n.C
ex(x) — ey (x)] + 1]
Agz = eyc(x) - [12C - ex(x) — £y (x) =1y C] = exc(x) - cos afey (x) - 72C + €x(x)] = exe(x)-
sinafny C[n:C- ex(x) — &, (x )] +1} —sinale, (x) - n:C + ex(x)] + cos afn, C - [1-C-
ex(x) —ey(x)] + 1}

Az =1
Ay =0
Ap =0
Ay =0

Ay =1



Appl. Sci. 2020, 10, 2030 13 of 16

Bi1 = 1+ éezc(x) - [-n:C-cosa 41y C - sina] — ey (x) - [1,C - sina + 1, C - cos a] + &z (x)-
[~ezc(x) =1:C-cosa + 1y C-sina + exc(x)(n:C-sina + n,C - cos a)] — £, (x) (eyc(x) + exc(x)-
1n:C-cosa—nyC-sina - ex(x) +n.C-sina +1,C- cos a)

By = —ez(x){l + &z¢(x) - [-1:C - cosa + 1y C - sina] — eyc(x) - [.C-sina + 1,,C - cos oz]}—i—
[—ezc(x) =1:C-cosa +1,C-sina + exc(x) (n:C-sina + 1y C - cos a)] + ex(x) - (eyc(x) + exc(x)-
1n:C-cosa—n,C-sina - ex(x) +1.C-sina +1,C- cos a)

B3 = sy(x){l + &2¢(x) - [-1:C-cosa + 1, C - sina] — yc(x) - [.C - sina + 1,C - cos a}} —&x(x)-
[~&2e(x) =1:C-cosa + 1y C-sina + exc(x) (n:C - sina +nyC- cosa)] + (eyc(x) + exc(x) - n.C-
cosa—1yC-sina - ex(x) +n.C-sina +n,C- cos a)

By = 6x(x){1 + ezc(x) - [-1:C-cosa + 1, C-sina] — £y¢(x) - [n,C - sina 4 1, C - cos 0(]} + &y (x)-
[~&2c(x) =1:C-cosa + 1y C-sina + exc(x) (n:C-sina +nyC-cosa)] + ez (x) - (eyc(x) + exc(x)-
1n:C-cosa—nyC-sina - ex(x) +n.C-sina +1,C-cosa) + {x[1 + ez (x) - {-=1,C - cos a+
1nyC-sina] — eyc(x) - [n,C-sina 4 1, C - cos a]}} + Oxe(x) = Oye(x) - 12C - cos @ + Oy (x) 1,/ C-
sina + 6;¢(x)(1.C - sina 4 1,,C - cos )

By1 = n:C + e5c(x) - [cosa + sina(n,C + nyC)] + eyc(x) - sina — ¢ (x) - cos a(n.C 4 1, C)+
€2(x)[~€zc(x) - N:C 4 cosa + sina(n.C + 1,C) — exc(x) - sina + exc(x) - cos a(n,C + 1,,C)]
ey(x) - [N2C - eye(x) — exc(x) - cosa — exc(x) - sina(n,C + 1, C) —sina + cos a(nC + 1,C)]

By = —&;(x)[N:C + €2¢(x) - [cos a + sina(n.C + 1y C)] + ec(x) - sina — ¢ (x) - cos a(n,C+
NyC)] + [=€ze(x) - 1:C 4 cos a + sin a(1,C 4 1yC) — exc(x) - sina + exc(x) - cos a(n.C 4 n,C)]
e (x) - [N2C - eye(x) = exc(x) - cos @ — exc(x) - sina(n,C + 1,,C) = sina + cos a(n,C + n,C)]

Bas = ey(x)[n:C + ezc(x) - [cos a + sina(n,C + nyC)] + eyc(x) - sina — yc(x) - cos a(n.C + 1, C)]
—ex(x)[~ezc(x) - 12C + cos a + sin a(1,C + 1y C) — exc(x) - sina + exc(x) - cos a(n.C + 1,C)]
+[N2C - eye(x) = exc(x) - cos @ — exc(x) - sina(n,C + 1,,C) — sina + cos a(n.C + n,C)]

Boy = 0x(x)[1n:C + ezc(x) - [cos a + sina(n;C + 1y C)] + ye(x) - sina — eyc(x) - cos a(n.C + nyC)]
+0y(x) [~€2¢(x) - .C + cosa + sina(1,C + nyC) — exc(x) - sina + exc(x) - cos a(n.C + n,C)]
+02(x)[1N:C - yc(x) = exc(x) - cos @ — exc(x) - sina(n,C + 1,,C) — sina + cos a(n,C + n,C)]
+{x[1 + €zc(x) - {—nZC -cosa + 1,C-sina] — ec(x) - [n:C-sina + 1, C - cos a]}} + [Oxc(x) - 12C
+0yc(x) - cos a4 Oy (x) - sina(n,C + 1y C) = 6z¢(x) - sina + 0z¢(x) - cos a(n.C + 1, C)]

B3 = —1yC+sina - exc(x) —cosa - eyc(x)

+e2(x)[nyC - e2¢(x) +sina + cosa - exe(x)]

—ey(x)[=eye(x) - 1yC —sina - exc(x) + cos ]

B3y = —&z(x)[-1yC +sina - exc(x) —cosa - eye(x)] 4 [1yC - e2c(x) 4 sina + cos a - exc(x)] + ex(x)
[—eyc(x) - 1yC —sina - exc(x) + cos a]

B3z = ey(x)[-nyC +sina - exc(x) —cosa - eye(x)] = ex(x)[1,C - e2c(x) + sina + cos a - exc(x)]
+[=eye(x) - 17y C —sina - exc(x) + cos a]
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B3y = 0x(x)[-1yC 4 sina - exc(x) = cos - £c(x)] 4 0y (x)[1yC - 2¢(x) + sina 4 cos a - exc ()]
+0,(x)[=eyc(x) - 1yC —sina - exc(x) + cosa] + {x[l + ez(x) - {—T]ZC cosa + 1y C-sina] — ey (x)-
[n.C-sina + 1, C- cos a}}} + [=1yC - Oxc(x) +sina - Oye(x) + cos a - ¢(x)]

Byp =0
Byiz =0
By =1

Ci1 = 1= Sxy-e2(x) = &2(y) - [Sxy + €2(x)] — &y (x) - £y (v)

Cio = —&z(y) - [1 = Say - €2(x)] = (Say + €2(x)) + £y (x) - ex(y)

Ciz=(1- Sxy ez(x))e (y)"‘fx(]/) (Sxy+52(x)>+5y(x)

Cia = 0x(y) - [1 = Say - 52( )] +0y(y) - (=Sxy + —€2(x)) 4 62(y) - €y (x) = Y[Sxy + £2(x) + x + 0x(x)]
Co1 = Say + €2(x) + &2(y) [1 = Sxy - €2(x)] + ex(x) - €2(y)

Cop = —&2(¥) (Sxy + €2(x)) + (1 = Sxy - €2(x)) — fx(x) ex(y)

Coz = €y(y) (Sxy + &2(x)) + [1 Sxy - €2(x)] - €x(y) - ( )

Cos = 0x(y) - (Sxy + €2(x)) + 0y(y) - [1 = Sxy - £2(x)] = 02(y) - €x(x) + y[Sxy - €y (x) + ex(x)]

Ca1 = Sxy - €x(x) — ey(x) + €2(y) - Sxy - (%) + ex(x) — &y (y)

Cap = _gz(]/) Sxy : be

x) -S
[Sxy - €x(x) = €y (x)] + Sxy 5y( x) = ex(x) + (]/)
Caz = &y (y) - [Sxy - €x(x) — &y (x)] — €x(y)[Sxy - €y< )+€x( x)] +
Caq = 5X(y) [Sxy - €x(x) — ey (x)] + €y (¥) [Sxy - €y (x) + ex(x)] + 52( )+ Y[Sxy - &y (x) + x(x) + 02(x)]
Cypz3=0

Diy = [1=Suy- e2(y) +nyp(ez(y) + Suy)] - cos @ + sina{—ez(y) = Sxy + Mup{nys[l = Suy - e2(y)]+
ey(y) + Sxy - ex(y)}}} + szB(x){—sina' [1=Sxy-ez(y) +nys(ez(y) + Sxy)] + cos a{—ez(y) — Sy
+T?xB{UyB[l = Sxy-ez(y)] +ey(y) + Say SX(]/)]}} - fyB(x){UxB “lez(y) + Sxyl +nys[1 = Sxy - e2(y)]
+ey(y) + Say - ex(y)}

D1z = —&:8(x) - [1 = Sxy - €2(y) +nyB(ez(y) + Sxy)] - cosa +sina{—ez(y) — Sy + an{r]yB [1— Sz
e2(1)] + ey (y) + Sxy - ex(y)]]) + {=sina- [1 = Sxy - e2(y) + nys(ez(y) + Sxy)] + cos af=ez(y) -
sxy + an{nyB[ =Sy &2(y)] + ey (y) + Suy - ex (W} + £28(x) - {nep - [e2(y) + Suy] + 1yB[1 — Sy

e2(y)] + ey(y) + Say - ex(y )}

D13 = eyp(x) - [1 = Sxy - €2(y) + nyp(ez(y) + Sxy)] - cosa+sina{—ez(y) —Snyrr]xB{nyB[l—Sxy‘
e2(y)] + ey (y) + Sxy - ex( y)]} e (x {—sma [1—Sxy - ez(y) +ny(ez(y) + Sxy)] + cosaf-
ex(y) - sxy+nx3{ny3[1 Suy- e2(W)] + ey (y) + Suy - Ex (W)} + e - [e2(y) + Say] + 1y8[1 = Sy
e2(Y)] + ey(y) + Sxy - ex(y }
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e2(y)] + ey(y) + Sxy - ex(y)]}} + 0yB(x) - {— sina - [1—Syy - e2(y) + nys(ez(y) + Sxy)] + cosa
{_52(3/) =S+ Tle{UyB [1=Sxy-ez(y)] +ey(y) + Sxy 5x(]/)]}} +02p(x) - {Tle “[ez(y) + Sayl+
NyB[1 = Sxy - €2(y)] + €y(y) + Sxy - EX(y)i +0x(y) = 0y(y) - Sxy

Dy = cos a{[ez(y) + Syl = nyB [1-Say-ex(y )]} +sina- { —&2(y) - Sxy +1xB {77]/3 [e2(y) + Sxy]
+Suy -y (y) - ex(y)]) + ep(x) - {- sina([e2(y) + Sxy] — ny[1 = Sxy - €2(y)]} + cosafl - &2 (y)-
Sxy + 1B - {TIyB[‘SZ(J/) + Syy] + Sxy ey(y) — ex(y)} —eyp(x) - {_UxB[l = Sxy - ez(y)] +nyslez(y)
+Say] + Sxy - €4 (y) = ex(y)]

Dyp = —¢,p(x) - cos a{[ez(y) + Sxy] = nyB[1 = Sxy - ez(y)]} +sina- {1 —&2(y) - Sxy +1xB - {r]yB
[e2(y) + Sxy) + Sy ey (y) = ex ()|} + {=sina{[e=(y) + Sxy] — ys[1 — Swy - £2(y)]} + cos af1-
&z(Y) - Sxy + 1xB - {UyB[‘SZ(V) + Say] + Sxy - ey (y) - gx(]/)}}} + exp(x) - {_UxB[l = Sxy - ez(y)]+
MyB lez(y) + Sxy] + Sxy - €y(y) - SX(I/)}

Doz = eyp(x) - cos a{[ez(y) + Sxy] = 1yB[1 = Sxy - sz(y)]} + sina - {1 —&2(y) - Sxy +1xB - {77yB
[€2(y) + Sxy] + Sxy - €(y) = ex(y) ) = exp ()|~ sinaf[ez(y) + Sxy] = nys[L = Sxy - ex(y)] |+

cos 0‘{1 —&z(y) - Sxy + 1B {UyB[SZ(W + Sxy] + Sxy - ey(y) - EX(]/)}}} + {_Tle [1=Sxy-ez(y)]
+ylez(y) + Syl + Sxy - £y (y) - ex(v))

Dy = Oxp(x) - cos a{[ 2(Y) + Sxy] = nyB[1 = Sxy - ez(y)]} + sina - {l —&2(Y) - Sxy +1xB - {UyB
[e2(y) + Say] + Sxy - €y (y) - (y)}} + Oyp(x) - {_ Sin”{[&(]/) + Sxy] = 1yB[1 = Sxy - EZ(y)]}
+cosafl —ex(y) - Suy + s {nyg [€2(y) + Suy] + Suy - €y(y) = ex ()]} + 825(x) {=nap[1-
Seye2(9)] + ysle=(y) + Suyl + Sxy - ey (y) — ex(y)} + 0x(y) - Suy + 0y (y) +y

D31 = cos al~ey(y) —nys - ex(y)] + sina- {ex(y) + nas(~ey (v) - nys + 1]}

+e25(x){ = sinal—ey (y) = ny5 - ex(y)] + cos alex(y) + manl—ey (v) -y + 1} ~ e (x) - [-0p-
ex(y) +1—ey(y)]

Dsp = —¢25(x) - cos a[—ey (y) = s - ex(y)] + sina-{ex(y) + nesl=¢y (y) - 15 + 1}
+{-sinal—e,(y) = nys - £x(y)] + cosafex(y) + nusl=e, () - 1y + 1]}

+exp(X) [~ - ex(y) +1- 5y(3/)]

D33 = ¢yp(x) cosa[—e,(y) = nyp - ex(y)] + sina - {ex(y) + sy (y) -1y + 1]}
~exp(x){~sina[~ey (y) ~ 15 - ex(y)] + cosafex(y) + musl-ey (y) -y + 11}

+[-nxB - ex(y) + 1 - ey (y)]

Dy = bxp(x) cosa[~ey (y) = nys - ex(y)] +sina-{ex(y) + nusl~ey (y) - nyp + 1)}

+6y3(x){— sina—¢y,(y) — nyp - €x(y)] + cos a{ex(y) + =€y (y) - nyB + 1]}}

+028(x) [-11x8 - €x(y) +1 - &y (y)]

+62(y)
Dy =0
Dy =0
Dy =1
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