MEASUREMENT SCIENCE REVIEW, 17, (2017), No. 3, 135-144

Journal homepage: http://www.degruyter.com/view/j/msr

Identification and Adjustment of Guide Rail Geometric Errors
Based on BP Neural Network
Gaiyun He, Can Huang, Longzhen Guo, Guangming Sun, Dawei Zhang
Key Laboratory of Mechanism Theory and Equipment Design of Ministry of Education, Tianjin University, Tianjin 300072,
China, hegaiyun@tju.edu.cn
The relative positions between the four slide blocks vary with the movement of the table due to the geometric errors of the guide rail.
Consequently, the additional load on the slide blocks is increased. A new method of error measurement and identification by using a selfdesigned stress test plate was presented. BP neural network model was used to establish the mapping between the stress of key
measurement points on the test plate and the displacements of slide blocks. By measuring the stress, the relative displacements of slide
blocks were obtained, from which the geometric errors of the guide rails were converted. Firstly, the finite element model was built to find
the key measurement points of the test plate. Then the BP neural network was trained by using the samples extracted from the finite
element model. The stress at the key measurement points were taken as the input and the relative displacements of the slide blocks were
taken as the output. Finally, the geometric errors of the two guide rails were obtained according to the measured stress. The results show
that the maximum difference between the measured geometric errors and the output of BP neural network was 5 μm. Therefore, the
correctness and feasibility of the method were verified.
Keywords: Guide rail geometric error, stress, the test plate, finite element model, BP neural network.

1. INTRODUCTION
The precision maintenance is one of the most important
criteria of machine tools, which is affected by the stiffness,
geometric errors and thermal errors [1]-[2]. After the
machine tools assembly had been completed, the stress is
gradually released with time. Thus, the precision of the
machine tools cannot maintain a high level for a long time.
The distribution of stress in machine tools is influenced by
many factors, and the geometric error is one of the key
factors.
The geometric errors of the guide rails mainly include the
straightness and the parallelism between the two guide rails.
In the manufacturing and installation process, linear rolling
guide rail will inevitably produce errors, resulting in the
relative position of four slider blocks changing with the
table movement [3]. The stress generated within the guide
system is thereby affecting the precision maintenance of the
table.
Over the past decades, the geometric errors of guide rails
and their influence on motion accuracy of the table have
been studied. Mahdi Rahmani investigated the geometric
accuracy and its effect on the performance of the guiding
system in machine tools with finite element method [4]. Eiji
Shamoto et al. used the transfer function model to establish
the relationship between geometric errors of hydrostatic
guide and table motion errors [5]. The geometric errors of

the guide rail were calculated by measuring motion errors of
the table. Gyungho Khim et al. took linear rolling guide as
the subject and established the force balance equation of the
table using the same method. The calculations were carried
out via the Hertz contact theory. In addition, the influence of
the guide rail geometric errors on the 5-DOF motion errors
was analyzed [6]-[7]. Gyu Ha Kim proposed a new transfer
function method based on reaction force-moment model
with a double spring system. The influence of the pitch error
of the slide block on the moment was also considered [8].
However, the deformation of the table and the slide block
was not considered in their research. It was deemed that
omitting the elasticity of the table and slide block was an
excessive simplification.
At present, the relationship between the deformation field
and the distribution of stress is rarely researched. Li et al.
presented a test method of assembly stress based on the
strain test [9]. The stress distribution of the machine tools
was studied in a different assembly process. The results
showed that the tightening sequence of bolts has little
influence on the assembly stress. Paolo Bosetti presented a
novel measurement system for measuring deformation field
of machine tools components [10]. The struts in the system
were instrumented with a strain sensor which provided their
longitudinal strain values. An algorithm was used to
evaluate the discrete displacements filed by calculating the
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node positions on the basis of the strut longitudinal
deformations. Liu et al. employed optical fiber Bragg
grating sensors to measure the strain field of machine tool
components in real time [11]. The deformation field was
obtained according to the structural dimension of the
component. Consequently, the displacement of the tool tip
was obtained.
The finite element method has been widely used in the
engineering field. Edward Chlebus described a method of
calculating the static performance of guide rails using the
finite element analysis [12]. The effectiveness of the method
of modeling and calculation was confirmed by experiments.
Pawel Majda used the finite element method to study the
relationship between kinematic straightness errors and
angular errors of the table [13]. The simulation results
showed that no close relationship was found between these
two types of errors. Meanwhile, a method of analytical and
experimental examinations to research the influence of the
guide rail geometric errors on joint kinematic errors was
proposed [14]. The results verified that the deformation of
table could be a significant source of errors in volumetric
error models. However, the relationship between the
geometric errors of the guide rails and the stress distribution
of the table has not been researched.
In this paper, a new measuring instrument and method
were adopted to identify geometric errors of guide rails. The
self-designed test plate was regarded as the elastic element.
The stress state of the test plate was analyzed when the
relative position of the slide blocks changed. The mapping
relationship between relative displacements of slide blocks
and the stress of the test plate were established by BP neural
network. The measured stress of the test plate was input into
the BP neural network. Consequently, the geometric errors
of the two guide rails in X and Y directions can be obtained,
which can provide the basis for the adjustment of the guide
rail geometric errors.

In order to highlight the stress in different directions on the
surface of the test plate, the ribs were arranged in the form
of the structure shown in Fig.1. Eight ribs were equally
distributed on the test plate. The width of the ribs lrw was
15 mm, the height lrh was 25 mm. The angle α between the
ribs was 45 °.

Fig.1. Basic dimensions of the test plate.

B. Stress comparison with different structures
In order to demonstrate the advantage of the test plate, we
made a comparison with a flat plate. The flat plate has the
same basic dimensions except that the thickness was 20 mm
without ribs. The vertical displacement was applied to the
contact surface between the test plate and the second slide
block. The same vertical displacement was applied to the
same position of the flat plate. In Fig.2., the stress
nephogram of the two kinds of plates is compared. P1, P2, P3,
P4 are the serial numbers of the slider blocks.

2. THE STRUCTURE OF THE TEST PLATE
Due to the geometric errors of the guide rails, the relative
displacements of sliders are produced during the movement.
When the stiffness of the table is sufficient enough, the
deformation occurs mainly on the slide blocks [15]. The
additional load on the slide blocks was increased, which
affects the useful life of the slide blocks and the precision
maintenance of the table. When the stiffness of the table is
insufficient, the table will deform greatly. And the stress
state of the table will change with the relative displacements
of the slide blocks. Because of the complex structure of the
actual table, it is difficult to measure the stress. Therefore, a
simplified test plate was designed as the stress measuring
instrument. And the relative displacements of the slide
blocks were reflected by the stress state of the test plate.
A. Structure of the test plate
According to the distance between the two guide rails, the
length of the test plate lm was designed to be 560 mm, the
width lw was 560 mm and the thickness lt was 45 mm.

Fig.2. The stress nephogram of the plates when the vertical
displacement was applied to the second contact surface. a) and b):
the stress distribution of the test plate; c) and d): the stress
distribution of the flat plate.
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In Fig.2.a) and Fig.2.b), the stress is mainly distributed on
the ribs and the direction of stress is consistent with the
direction of the ribs. In Fig.2.c) and Fig.2.d), the stress in
different directions is mainly distributed in a certain area.
So, it is more convenient to measure the stress of the test
plate. The stress state of the test plate will be changed with
the relative displacements of the slide blocks, and then get
the geometric errors of guide rails.

the linear fitting method. On the other hand, K is also the
stiffness of the spring element in the finite element model.
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3. FINITE ELEMENT MODEL
In modeling, the finite element method (FEM) was used.
The sub-assemblies were discretized with solid elements,
which made it possible to allow the elasticity within the
linear elastic range for guide rail, slide block, and test plate.
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A. The roller contact stiffness
When the roller was subjected to a load, the elastic
deformation occurred between the roller and the raceway.
Considering the usefulness of the performed analytical
examinations, it seemed that omitting the elasticity of single
roller was an excessive simplification, which decreased the
reliability of the performed analyses.
In the finite element model, the roller can be equivalent to
the spring element [14]. Considering geometric non-linearity
(only compression), the contact deformation of the single
roller within two grooves can be calculated by the Palmgren
empirical formula [16].

(ηQn )0.9
δ = 1.36
(le )0.8

η=

(1)

1 1 − v12 1 − v22
=
+
E'
E1
E2

(2)

where E1, E2 represent Young´s modulus of the roller and
the raceway, respectively, MPa; v1, v2, the Poisson ratio of
the roller and groove material; δ, deformation of a single
roller; Qn, force acting on a single roller, N; le, length of
roller, mm; η, parameter that depends on E and v.
This research adopted the linear rolling guide produced by
the company of THK. Parameters of the guide rail are
shown in Table 1.

Fig.3. The stiffness curve of roller.

B. Finite element model of guide rail and slide block
A contact element was used to model the contact
phenomena and the elasticity of a single roller. With regard
to the physical modeling, each roller was equivalent to a
spring element, which connects the slider with the guide rail
in the finite element model. The idea of modeling is shown
in Fig.4.
The roller contact stiffness calculated by (1) and (2) was
assigned to the spring element. When Qn was lower than
zero, the gap occurred between the roller and raceway.
Therefore, the elastic of spring element was zero in the finite
element model. When Qn was greater than zero, the
deformation occurred between the roller and raceway. The
elastic of spring element was K (K=2.77×105 N/mm) in the
finite element model. The reference length of the spring was
equal to the diameter of the roller. Generally, the diameter
of the roller should be slightly larger than the normal
spacing, so that the roller and the raceway surface will
produce interference fit.

Table 1. Parameters of linear rolling guide [17].

Parameters
Young´s modulus E1, E2 [GPa]
Poisson ratio v1, v2
Length of roller le [mm]
The diameter of the roller d [mm]
The number of single row roller Z

Value
206
0.3
8
4
21

Substituting the parameters into (1), the relationship
between the deformation δ of the roller and the load Qn was
obtained. The stiffness curve shown in Fig.3. is plotted. The
roller contact stiffness K=2.77×105 N/mm was obtained by
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Fig.4. The roller was replaced by the spring element.
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Necessary geometric dimensions and preload for the slider
were taken from the product list [17]. Preload was 0.08C; C
is the dynamic capacity and equals to 22.8 kN. Dividing the
preload by the number of rollers, the load subjected to each
roller could be obtained. Based on the characteristics
described by (1), the deformation δ of each roller was 2 μm.
It is possible to increase the spring element reference length
by 2 μm to simulate the preload.
As shown in Fig.5., the coupling constraints were
established between the end points of the spring element and
the contact areas of the raceway. The coupling nodes shared
the load. The Young´s modulus of guide rail and slider
block were 206 GPa, the Poisson ratio was 0.3. The guide
rail and slider block were meshed with hexahedron, and
obtained a total of 120 122 elements and 133 738 nodes.

As shown in Fig.6., the stiffness curves obtained from
finite element analysis and provided by the guide rail
manufacturers were compared [17]. It could be seen from
the figure that the two curves basically coincided. The
difference was in the range of 4.8 %~10.2 %. Therefore, it
could be considered that the achieved qualitative and
quantitative conformity were high. The correctness of the
finite element model of guide rails was proved.
C. Integrated finite element model
The integrated finite element model consists of guide rails,
slide blocks, and test plate. A fixed constraint was applied to
the base of the rail. The material of the test plate was gray
cast iron with Young´s modulus of 157 GPa, Poisson ratio
of 0.27 and density of 7800 Kg/m3. The tetrahedral element
was used for meshing. The finite element model of test plate
consisted of 3 765 elements and 7 265 nodes.

Fig.5. Finite element model of guide rail and slide block.

In the finite element model, the base of the guide rail was
fixed. A load of 0 to 30 kN was applied to the upper surface
and the side surface of the slide block, respectively. In order
to avoid the stress concentration, the concentrated force was
transformed into the pressure distributed on the surface. The
displacements of slider in vertical and horizontal direction
were extracted, so the stiffness curves of slider were
obtained.
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The bottom surface of the test plate and the upper surface
of the slide block were tied together. Because the mesh size
of the test plate was larger than slide blocks, the former was
taken as a master surface and the latter was taken as a slave
surface. The integrated finite element model is established in
Fig.7., where P1, P2, P3, P4 are the serial numbers of the
sliders. In the finite element analysis, the boundary
condition of the guide rails was changed to make the slide
blocks move in the X and Y directions so as to analyze the
influence of geometric errors on the stress state of the test
plate.
Due to the defects in the casting process, the material
distribution was uneven. In the modeling process, the tiny
characteristics of the test plate were neglected, which led to
the deviation between the finite element model and the
actual model. By comparing the measured strain and the
strain obtained from the finite element analysis, Young´s
modulus and density of the test plate were modified
repeatedly in the finite element model. Finally, Young´s
modulus and density were determined to be 126 GPa and
7450 Kg/m3.
4. SELECTION OF THE KEY MEASUREMENT POINTS ON TEST
PLATE
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0

Fig.7. Integrated finite element model.
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Fig.6. Comparison of slider stiffness curves.

The stress state of the test plate is related to the relative
displacements of slide blocks. The relative displacements of
slide blocks equal to the variation of the guide rail geometric
errors. As shown in Fig.8., the slide blocks move along the
Z axis, with the fourth slide block as the benchmark.
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Consequently, we can obtain the displacements Δx1, Δy1,
Δx2, Δy2, Δx3, Δy3 of the P1, P2, P3 slide blocks relative to the
benchmark. Based on the finite element model, the stress
state of the test plate was analyzed when the relative
displacements of the slide blocks were changed.

The stress nephograms in Fig.9.a) and Fig.9.b) were
obtained by changing the boundary conditions of the rails in
the finite element model, making Δy2=5 μm, and the rest
remained unchanged. Let Δx2=5 μm and Δy2=-5 μm to
obtain the stress nephogram in Fig.9.c) and Fig.9.d).
Considering the stress state of the test plate, the positions
where the stress changes more significantly were selected as
the key measurement points as shown in Fig.10. The stress
σx in the X direction was measured at positions 2, 4, 6, 8, 10,
12, 14, 16. Among them, 4, 8, 12 and 16 were located on the
bottom of the test plate. The stress σz in the Z direction was
measured at positions 1, 5, 9, 13. And the stress σxz along the
direction of the 45° ribs was measured at positions 3, 7, 11
and 15.

Fig.8. Relative displacements between slide blocks.

A. The key measurement points
With the change of the geometric errors, the relative
position of slide blocks in the direction of X and Y will be
changed, which leads to the deformation and the stress on
the test plate [18]-[19]. But the stress was not evenly
distributed. It was impossible to paste the strain gages at
each location during the actual measurement process.
Therefore, it was necessary to select some key measurement
points. The stress at the points can adequately represent the
stress state of the test plate and reflect the relative
displacements of slide blocks.

Fig.10. The key measurement points.

B. Resolution of measurement system
The measurement system consists of resistance strain
gages, strain tester and static signal acquisition system. It
was used to measure the strain at each key measurement
point. From the knowledge of mechanics of materials, the
relationship between stress σ and strain ε was:

σ = Eε

Fig.9. The stress nephogram of the test plate when the boundary
conditions of the guide rails were changed. a) and c): the stress
along the X direction, b) and d): the stress along the Z direction.

(3)

where E presents Young´s modulus of the test plate. Thus,
the stress values at key measurement points can be obtained
by (3).
Based on the integrated finite element model, a vertical
downward displacement was applied to the guide rail at the
position P2 of the test plate. The displacement increases
monotonically in the range of 1~10 μm, and the other
positions of the guide rails did not impose displacement.
The strain curves which were obtained by finite element
analysis are plotted in Fig.11.
The results of finite element analysis show that only at
points 2, 4, 5, 6, 7, 8 and 9 there is obvious strain. In other
words, the strains at the other points were very small. As the
test plate only has a bending strain, there is no tensile strain.
The absolute value of the strain at points 4, 8 was equal to
points 2, 6. Thus, it is not shown in Fig.11.
It can be seen from Fig.11. that 1 με was generated at the
part of key measurement points on the test plate when the
relative displacements of slide block were increased by
2 μm. The resolution of the resistance strain gage used in the
measurement system was 1 με, while the strain tester had a
resolution of 0.1 με. In other words, the resolution of the

139

MEASUREMENT SCIENCE REVIEW, 17, (2017), No. 3, 135-144
measurement system was 2 μm. If a Wheatstone bridge or a
higher resolution strain gage were used, the measurement
system could identify a smaller relative displacement of
slide blocks.
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Suppose there are m nodes in the input layer, l nodes in the
output layer, and p nodes in the nth hidden layer. Taking the
jth neuron of the nth layer as an example, the neuron has
many inputs xjn-1 which come from the neurons in the (n-1)th
layer, but only a single output xjn that carries its signal to the
neurons in the (n+1)th layer [22]. An adjustable weight, wijn,
represents the connecting strength between the ith neuron of
the (n-1)th layer and the jth neuron of the nth layer. The
output of the neural network is denoted as yk (k=1, 2, ... l).
The hyperbolic tangent was selected as the transfer
function of the neuron:
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(4)

Mathematically, the sum of the jth neuron netjn in the nth
layer can be expressed as:

Fig.11. The change of strain curves.

5. BP NEURAL NETWORK
Nowadays, the neural network has become a more
effective learning technique in pattern recognition areas.
The neural network has a strong ability to learn and selforganize information. It only needs a few specific
requirements and prior assumptions for modeling. These
advantages have attracted much interest in the research of
the machine error identification [20]-[21].
The stress state of the test plate is affected by the relative
position of the four sliders. But it is difficult to calculate the
stress of each point on the test plate by the relevant shell
theory. Furthermore, there is a dynamic joint between the
guide rail and the slider, and a static joint between the slider
and the test plate too. Thus, it is difficult to establish the
mathematical model between the stress and the geometric
errors accurately. In this case, BP neural network is chosen
to establish the mapping relationship between the stress and
the guide rail geometric errors.
A. BP neural network
BP neural network does not need to know the structure and
parameters of the object. Through the training of a number
of learning samples, the mapping relationship between the
input and output can be established. Fig.12. represents the
structure of the neural network model including input layer,
output layer and hidden layer.

net nj = ∑ wijn xijn − θ nj

(5)

i

where θjn was an internal threshold of the jth neuron. The
output value xjn can be calculated as:
n
j

n
j

x = f (net ) =

1 − exp( − net nj )
1 + exp( − net nj )

(6)

From (4), (5) and (6), we can calculate the internal
threshold θj and the adjustable weight wij of the neurons
based on the input xi. The training process is finished if the
total error between the calculated output yk and the desired
output yp is less than the given error value. Otherwise, θj and
wij were adjusted according to the error back propagation
algorithm.
The stress value Si(σ1, σ2,... σ16) of the key measurement
points in the finite element model was taken as the input and
the slide block relative displacements Δi(Δx1, Δy1, Δx2, Δy2,
Δx3, Δy3) were taken as the output. The BP neural network
model was established using MATLAB as shown in Fig.12.
The number of input and output nodes was 16 and 6,
respectively. The number of hidden layers and nodes in each
hidden layer were generally determined by a lot of
experiments. After repeated experiments, the hidden layer
was determined to be 2 layers and the number of nodes in
the hidden layer was 12 and 8, respectively.
B. Training of BP neural network

Fig.12. Structure of BP neural network.

Before the training of the BP neural network, we must first
collect learning samples. The orthogonal test has the
characteristics of neat comparability and equilibrium
dispersion [23]. It can obtain more comprehensive samples
as few as possible. Eight values of the displacement Δx1,
Δy1, Δx2, Δy2, Δx3 and Δy3 were taken with respect to the
reference sliders in the respective feasible domains. The
orthogonal table L64 (89) was selected and there were 64
groups of learning samples. The learning samples were
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obtained from the finite element model and the randomly
selected 15 groups as the test samples. In order to accelerate
the convergence of BP neural network, the learning samples
should be normalized before training.
The maximum number of learning was 50,000, the
learning rate was 0.01 and the permissible error was 10-6.
After the training of BP neural network, the test samples
were used to test it. The results show that the difference is
within 8 % as shown in Table 2. In this case, the mapping f(•)
between Si and Δi was established by Δi = f(Si).

photoelectric auto-collimator, respectively. The reflector
was attached to the upper surface of the slide block. And the
measuring light path between the reflector and the
photoelectric auto-collimator was adjusted [24]. Move the
slide block to the starting position and set the position as the
reference point in the photoelectric auto-collimator. Move
the slide block 100 mm at a time. The data was collected
after the signal of the photoelectric auto-collimator
stabilized. Thereby, we can obtain the straightness of each
guide rail in the X and Y direction.

Table 2. Comparison of results.

Δx1
Δy1
Δx2
Δy2
Δx3
Δy3

Output [μm]
5.3
3.2
-4.2
-5.4
8.5
4.2

Desired [μm]
5
3
-4
-5
8
4

Error [%]
6%
6.7%
5%
8%
6.3%
5%

The relative displacements of slide blocks Δi(Δx1, Δy1,
Δx2, Δy2, Δx3, Δy3) can be obtained by inputting the stress
values Si(σ1, σ2,... σ16) into the trained BP neural network,
and then getting a series of discrete points Δi. After the data
processing, the geometric errors of two guide rails in the X
and Y directions can be obtained.
6. EXPERIMENTAL VERIFICATION
The BP neural network demonstrates the mapping
relationship between the stress values Si(σ1, σ2,... σ16) and the
relative displacements Δi(Δx1, Δy1, Δx2, Δy2, Δx3, Δy3) of
slide blocks. The measured stress values at the key
measurement points of the test plate are input into the
trained BP neural network. And the relative displacements
of slide blocks which were obtained from the BP neural
network are compared with the measured geometric errors.
Thus, the correctness of the integrated finite element model
and the practicability of BP neural network were verified.
A. Geometric error measurement of guide rails
As shown in Fig.13.a), the straightness of the two guide
rails in the X and Y directions was measured by the

Fig.13. Guide rail geometric error measurement.

The high-precision leveling ruler and high-sensitivity dial
gauge was used to measure the parallelism between the two
guide rails. In Fig.13.b) and Fig.13.c), the leveling ruler was
laid on the test bench and used as the measurement
reference. The dial gauge was attached to the slide block,
and the pointer was in contact with the top and side surface
of the leveling ruler, respectively. Measurements were made
from the starting position. The slide block was moved
100 mm at a time and then read the dial gauge. The above
measurement procedure was repeated three times and the
average value was taken. Taking the guide rail 1 as the
benchmark, the geometric errors of the two guide rails in the
X and Y direction can be obtained, as shown in Fig.14.
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Fig.14. Geometric errors in the X and Y direction.
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B. Stress measurement
The test plate was first bolted to the four slide blocks and a
torque of 40 N•m was applied to the bolt with a torque
wrench. Attach the strain gage to the surface of test plate
and ensure that the orientation of the strain gage corresponds
to the direction shown in Fig.10. Since the experiment was
carried out in a constant temperature environment of
20±0.5 °C, no temperature compensation was required [19].

signals during the measurement process, the strain relative
to the starting position of the test plate can be obtained
throughout the trip. The measurement process was repeated
three times in order to obtain the average value of strain.
The strain value was converted into stress according to (3).
Then we changed the tightening torque of the bolts. A
tightening torque of 60 N•m was applied to the bolts with a
torque wrench and the above measurement process was
repeated. Comparing the stress values under different bolt
tightening torques, it was found that the tightening torque of
the bolts has little effect on the measurement results. In
other words, bolt tightening torque has little influence on the
relative displacement between slide blocks.
C. Comparison of the results

Fig.15. The stress measurement process.

The test plate was moved to the starting position. Then we
balanced each channel and cleared the zero point. The test
plate moved 100 mm every time. The data was collected
after the signal was stable. By filtering out the interference

15

The stress values collected by the measurement system
were input into the trained BP neural network to obtain the
relative displacement of slide blocks. Taking the guide rail 1
as the benchmark, the relative displacements were converted
into the geometric errors of the two guide rails in the X and
Y directions.
In the X direction, the maximum error between the output
value of BP neural network and the measured value was
4.2 μm. The maximum error value in the Y direction was
5 μm. Comparing the error curves in Fig.16.a) and Fig.16.b),
we learned that the established BP neural network was
practical. And the mapping relationship between the stress
of the test plate and the geometric error of guide rail can be
established by BP neural network.
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Fig.16. The output of the BP neural network and the measured geometric errors.
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D. Geometric error adjustment
According to the results obtained from BP neural network,
the geometric errors of the two guide rails in the X and Y
directions were adjusted. The geometric errors in the X
direction can be adjusted by adjusting the screw of the
wedge plate or lapping the side mounting surface of the
guide rail [6]. For the geometric errors in the Y direction, we
generally use the scraping rail mounting surface to adjust the
geometric errors.

extracted from the finite element model was used as the
learning samples to train the BP neural network. The test
error was no more than 10 %, indicating that the BP neural
network has good generalization ability. Compared to the
geometric errors that we obtained from BP neural network
and the measurement, the maximum difference was 4.2 μm
and 5 μm in the X and Y direction, respectively. In
conclusion, the proposed method can accurately identify the
geometric errors of the guide rail and provide reference for
geometric errors adjustment.
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