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Abstract: Large-sized step shafts are important devices for supporting and transferring heavy parts,
and online inspection equipment for runout errors is affected by the environment and is subject
to coaxiality errors and center-position errors, leading to problems such as reduced measurement
accuracy in imaging systems. In view of the above problems, this paper proposes an improved
optical imaging system design for runout error detection based on the plane-mirror-group correction
method. Zemax was used to optimize the structure and simulate the optical path of the optical
imaging system. The total length of the structure was 50 mm, and the MTF function for each field of
view was greater than 0.3 at the spatial level up to a frequency of 42 Ip/mm. The system was applied
to a test platform for runout error detection, achieving the detection of runout errors of a large size
in the radial direction and at the end face with a diameter range of 500-700 mm. The measurement
repeatability was less than 30 um, and the system corrected the coaxiality error of the stepped-shaft
online inspection equipment considered in this paper.

Keywords: runout error detection; direct laser triangulation; inclination error correction; optical

imaging system

1. Introduction

A large-sized step shaft is a piece of modern, large-scale precision equipment that
is important in transmission machinery parts, the transfer of movement, torque, and
other important aspects. However, step shafts are affected by processing equipment and
environmental factors, and in the case of rotary radial runout error and end-face runout
error in rotary processes, runout error directly affects the transmission accuracy of the shaft
parts, which leads to friction, vibration, and noise phenomena, reducing the service life
of the stepped shaft [1-3]. In stepped-shaft runout error detection, the non-contact online
measurement method is used to obtain measurement values for runout errors via imaging
analysis of the stepped-shaft rotary process. However, in actual measurements in factories,
it has been found that the stepped-shaft extraction and installation process causes the
installation of different axes, center-position offset, and other impacts on imaging results,
resulting in a reduction in measurement accuracy [4-6]. Therefore, for the non-contact
online measurement of runout errors in large-sized step shafts, it is very important to
reduce the influence of coaxiality errors and center-position errors on imaging during the
extraction and installation process so as to improve the accuracy of the detection of runout
error in large-sized step shafts.

In recent years, researchers and scholars at home and abroad have proposed a variety
of methods for developing non-contact online inspection imaging systems to assess runout
error. For instance, Peng et al. designed a long-distance imaging system for the non-contact
measurement of radial runout errors in lathe spindles, where the ratio of the object image
was close to 1, and the system was combined with a sub-pixel positioning algorithm to
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improve the edge of the actual positioning accuracy. The measurement accuracy for radial
runout error reached the sub-micrometer level, but the system could only be applied at
low speeds, as it was only applicable to the spindles of machine tools with low rotational
speeds [7]. Zhou et al. proposed a structured, light-based runout error measurement
method that used a fisheye lens and divided the field of view into multiple regions for
correction, and the experimental results showed that the measurement accuracy for a
30 mm axis was 20 pum [8]. Zhang et al. proposed a method of coaxiality error measurement
based on the principle of laser ranging for large-sized parts, and the Kalman filtering
method was used to measure the data. The Kalman filtering method is used to process the
data, and coaxiality error measurement can be achieved for large parts less than 0.5 mm in
size [9]; however, the system is affected by ambient light. These methods are based on the
algorithmic processing of measurement data, and it is difficult to realize the correction of
coaxiality errors when large-sized stepped-shaft runout error detection uses these data, such
that these techniques cannot guarantee real-time, accurate online measurement. Therefore,
in view of the shortcomings of the above methods, such as their low measurement accuracy
and the great influence of ambient light, this paper proposes an improved design for
an imaging system in order to meet the needs for the accurate online detection of large-
sized, stepped-shaft runout errors based on a plane mirror set with a diameter range of
500-700 mm.

2. Principle and Simulation Analysis
2.1. The Working Principle of the Runout Detection System

The runout detection system is an integral part of photoelectric detection in large-sized,
stepped-shaft automatic measuring equipment, whose systems include an optical runout
detection system, an optical diameter detection system, a base, brackets, etc. A large-sized,
stepped-shaft photoelectric detection system is shown in Figure 1.

Optical System For Face  Stepped ~ Radial Runout Detection
Runout Detection Shaft Optical System

Motor  Diameter Detection ~ Step Shaft
Driver Optical System Support

Figure 1. Large-sized stepped-shaft photoelectric detection system.

A runout detection optical system consists of a laser, a collimated focusing optical
system, an optical imaging system, a photodetector, a motor drive, and a signal processor,
as shown in Figure 2. The system uses direct laser triangulation for runout detection, which
has the advantages of concentrated light intensity, a simple structure, and a low error
rate. Direct laser triangulation can be used to determine a measured object’s displacement
because a point of displacement can be an imaging spot, and this point can be used as the
measurement position for a one-to-one correspondence, which is more suitable for runout
detection along a stepped axis.
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Figure 2. Component diagram of optical system for runout detection.

The measurement principle of direct laser triangulation is shown in Figure 3, where
the beam emitted by the laser diode is vertically incident on the reference plane through
the collimated focusing optical system and then converges on the photosensitive surface of
the photodetector through the lens of the optical imaging system after reflection occurs.
When the step axis in the rotation process produces a jump, the measured point from
the reference plane moves along the direction of the incident optical axis from point A
to point B, resulting in a displacement of y. With the change in the image point in the
photodetector from point A’ to point B’ and with the displacement of i/, the detector at the
spot position can detect the amount of change in order to calculate the runout error along
the stepped axis [10,11].
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Figure 3. Schematic diagram of direct laser triangulation.
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This may be calculated according to optical imaging theorem and the direct laser
triangulation method:

B'C’ oC’ OB

BC OC OB
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B/C! _ Oicl _ L' — A'C @
BC ocC L+ AC

where B'C' =y’ x sinf; AC" =y’ x cosp; C =y x sina; and AC =y X sina. From the imaging

conditions of Gaussian paraxial optical system, we can see the following;:

1 1 1

IR ©)
where [ is object distance, [ = L, I’ is the image distance, and I’ = L’. Let the focal length
of the imaging optical system be f. When the laser beam is incident on the surface of the
measured object, Equation (2) can be substituted to obtain the following formula:

U= @

Substitute I’ into Equation (1) to find the displacement L of the measured object. It
can be shown that when the actual position is under the reference position, the runout y is

as follows: (L f) x s
x (L—f) xsin
y= yX L)X sinp ©
f xsinw —y' x (1— f) x sin(a + B)
When the actual position is at the reference position, the runout y is as follows:
"% (L— f) xsin
y y' x(L—f) xsinp ©)

_fxsin(x—i—y’x (1—%) x sin(a + B)

The distance between the intersection point A of the principal optical axis of the imag-
ing system, the incident beam, and the center O is L; the distance between the intersection
point A’ of the principal optical axis of the imaging system and the photodetector and
the center O is L’; the angle between the principal optical axis and the incident beam is
«; and the angle between the photodetector and the principal optical axis is 8. Using this
information, the following is obtained:

Ltana = L'tan B )

In order to ensure that a clear image is captured of the point of light at each point
on the photodetector, the optical path design of the imaging system, the object plane, the
image plane, and the main plane of the optical system should satisfy the “Scheimpflug”
condition, i.e., the laser beam of the laser transmitter, the main optical axis of the imaging
optical system, and the extension of the main plane of the position detector should intersect
at a point P, as shown in Figure 3.

2.2. Imaging Optical System Design

The system adopts the ML101J24P red semiconductor laser diode produced by the
Mitsubishi Electric Corporation of Japan as the illumination source. It has dimensions
of $5.6x7 mm, with a typical emission wavelength of 658 nm, and a continuous output
optical power of up to 100 mW. Through a collimation and beam expansion system, the
beam diameter of the light generated by this source can be controlled to 0.0007 mm. To
ensure the efficient utilization of energy in the illumination system, it is optically coupled
with a Fourier transform imaging system, with the entrance pupil of the imaging system
also set to 0.0007 mm. Additionally, based on the detection principle, the imaging optical
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system detects jitter errors through linear motion. Compared to selecting CCDs with
two-dimensional structures for detection, a position-sensitive detector (PSD) with a one-
dimensional structure is more suitable for measuring single-axis positions. PSDs typically
have faster response times and can capture changes in light signals in real time, making
them advantageous for real-time, non-contact measurement applications [12].

Due to the system’s diameter not exceeding 50 mm and the need for detecting jitter
errors within a range of 3 mm for step shafts ranging from 500 mm to 700 mm in size,
the PSD-1315 position-sensitive detector (OTRON, Shanghai, China) was chosen. This
detector has a photosensitive surface diameter of no more than 30 mm, excellent resolution,
a spectral response ranging from 320 nm to 1100 nm, and an effective photosensitive area
of 1.3 x 15 mm?. It achieves a resolution of up to 0.1 um. These characteristics enable the
detector to meet the requirements for detection range and precision in the design.

2.2.1. Parameter Calculation of Imaging Optical System

The effective photosensitive surface of the PSD-1315 detector used in the imaging
optical system is 1.3 x 15 mm?. In order to eliminate the detection error caused by the
nonlinearity of the PSD, only the middle part is used, that is, the spot is imprinted within
the range of +3.5 mm, being placed as close to the center of the detector as possible. Due to
the runout error detection of the step axis in the range of £1.5 mm, it can be known that
the linear field of view of the object is 2y = 3 mm. The imaging range of the PSD position
detector is £3.5 mm, that is, the line field of view of the image square is 2y’ =7 mm. The
magnification of the imaging optical lens can be obtained as follows:

/
k= v _ 2.333 8
2y

Combined with the image position, determined using Formulas (5) and (6) in the
above direct laser triangulation method, the relationship between magnification and the
angle of the imaging optical system can be obtained using the following formula:

_ dy _ f(L— f)sinBsina i
[FsinaFy (1-1)sin(@+p)]

F ©)

The position of the PSD position detector is determined by its angle y from the
horizontal line, where
u=90°—a—p (10)

From the working principles of the imaging optical system, it can be seen that the
runout error of the step axis is measured based on the vertical incidence of the laser beam
on the surface of the measured object. When the incident beam is not perpendicular to
the surface of the measured object, the tilt of the surface changes the spatial distribution
of the scattered light to be equivalent to that of the imaging optical system, resulting in a
change in the position of the scattered light spot in the photodetector relative to its vertical
incidence. If this is calculated according to the position at this time, there is bound to be an
error, namely the inclination error, which is the root cause of measurement errors when
assessing the surface of a measured object. It can be seen that when the surface of the
measured object is tilted, the position of the light-energy centroid of the image spot on the
position detector is shifted to a certain extent relative to its geometric center, and so the
light-energy centroid is no longer the geometric center of the image spot.

Under ideal conditions, the measured object surface can be approximately regarded as
a diffuse reflective surface, and the influence of the object surface tilt is analyzed based on
Lambert’s law [11]. The schematic diagram of Lambert’s Law is shown in Figure 4, and the
spatial distribution of the scattered field can be expressed as follows:

I(w) = Ipcosa (11)
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The surface normal of
the measured object

Scattered light
direction

Figure 4. Lambert’s law diagram.

The strip-surface element dS, which is perpendicular to the receiving surface, is used
on the lens of the imaging system, as shown in Figure 5. Since the overall thickness of the
lens is small relative to the entire system, it can be ignored. Based on Lambert’s formula,
the light energy received by the lens is calculated using the following Formula [13]:

R? y
E=nl— <1 +2<Z cos zx> cos(a —0) (12)
f f

where f is the measured distance, R is the radius of the imaging system, « is the angle
between the incident laser and the main optical axis of the imaging system lens, 0 is
the angle between the horizontal plane and the reference plane, that is, the object plane
inclination angle, and I, is the scattered light intensity generated by the laser beam, which
is incident on the side under ideal conditions. According to formula (12), it can be seen
that the intensity of scattered light energy on the measured object surface is affected by the
slope angle 0.

Figure 5. Light plane reception diagram.

The displacement measurement error AX can be obtained using Formulas (4)-(6),
shown above, and the calculation formula the gross error. This is calculated from the
displacement X of the light-energy centroid on the PSD, which is caused by the object
plane tilt.

R X
AX = FX (1 + 27 cos 6> [tanf — tan(6 — «)] (13)

In this design, in order to better correct the tilt error to improve the measurement
ac-curacy of the runout error detection, in the imaging optical system between the lens
group and the position detector to add a set of plane mirrors (M1, M2) to change the
direction of the image plane, so that the system in the actual surface of the object to be
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measured when the small tilt can also be clearly imaged, and still meet the “Scheimpflug
“conditions, that is, the equivalent optical path diagram in the laser beam of the laser
transmitter, imaging optical system of the main optical axis and the position detector main
plane of the exten-sion line intersects at a point O, equivalent optical path diagram shown
in Figure 6 [10,12,14].

Actual Position o .
Fm=----m-m—----- ! i Equivalent

PSD

o |
\ e
Actual A7 E
Measured Surface ' |

Figure 6. Diagram of the “Scheimpflug” conditional equivalent optical path.

The planar mirrors shown in Figure 6 only change the direction of the optical path
without changing the imaging characteristics. Therefore, after adding a pair of planar
mirrors, the system can still perform perfect imaging at the light-energy centroid of the
PSD position detector. Considering the overall size of the imaging system, a planar mirror
with a radius of 5 mm is used as M1 and M2.

According to the requirements of the runout error detection of the large-sized step
shaft, the design parameters of the imaging optical system are given in Table 1.

Table 1. Design parameters of imaging optical system.

System Parameters Value
PSD position detector effective area/mm? 1.3 x 15
Detection range/mm +1.5
Operating band /nm 658
Integral length/mm <50
Dip correction/° 5
Resolution >30%@42 Ip/mm

Since the overall length of the system should not exceed 50 mm, in order to make the
structure of the imaging system simpler and smaller, a four-piece lens group with a half-object
height of 1 mm and a half-image height of 2 mm was selected as the initial structure of
the imaging system based on the optical design manual. The lens parameters of the initial
structure are shown in Table 2. The system had the best imaging effect at « = 40° and = 26°.
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Table 2. Imaging optical system lens initial parameters.

Radius of . . Clear Argument
Surface Type Curvature/mm Thickness/mm Material Diameter/mm (Tagngent)
0 OBJECT Inclined Infinity 10.000 1.237 0.840
1 Standard 6.665 2.962 H-ZLAF66 2.402
2 Standard 5.225 1.923 18.706
3 Standard 19.393 2.879 H-ZLAF92 25.877
4 Standard —21.585 1.271 34.829
5 DIAPHRAGM  Standard 5.129 1.877 N-LASF9 37.846
6 Standard 4.169 5.000 46.408
7 Standard —123.720 3.000 47.830
8 Standard —10.592 30.000 50.016
9 IMAGE Inclined Infinity 47.562 —2.050

2.2.2. Improved Imaging Optics Design

In order to meet the design requirements of the system, it is necessary to optimize
the initial structure. First, the focal length of the selected initial structure is scaled, and
the operand PMAG is used to control the magnification. Next, the air interval between
the devices attached to the lens and the thickness of the lens are set as variables, and the
operand MNCA and MNCG are used to control the thickness and air interval of the lens.
When optimizing the lens, it is necessary to prioritize the surface where the aberration is
prominent, control the aberration within the effective range, and then optimize the other
surfaces one by one. If the value still fails to meet the design requirements after several
optimization, the existing glass is replaced and the operand MTFT, which controls MTF, is
added again for HAMMER optimization. The final structure obtained is shown in Figure 7,
and the final parameters of the lens are shown in Table 3.

] Positive Positive
t
Objec Lens | Lens III Reflector |

[ T

/ /

Positive Positive
Lens II Lens IV

Reflector Il Image

} } t } } | 20mm

Figure 7. Imaging optical system structure diagram.

Figures 8 and 9 show the MTF function and point diagram of the system, respectively.
It can be seen from the figure that the radius of the Avery’s spot of the system is 5.363 um
and the radius of RMS is 4.929 um when the spatial frequency is 42 lp/mm. Both these
values meet the imaging quality requirements of the imaging optical system. In addition,
the imaging energy of PSD position detector is concentrated in an Ailey spot, which meets
the requirement of light-energy centroid detection.
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Table 3. Imaging optical system final parameters.

Radius of . . Clear
Surface Type Curvature/mm Thickness/mm Material Diameter/mm
0 OBJECT Inclined Infinity 10.0 1.9
1 Standard 5.8 22 N-LASFOHT 2.7
2 Standard 4.6 4.1 2.3
3 Standard 225 37 H-ZLAF92 2.6
4 Standard —26.0 4.8 2.7
5 DIAPHRAGM Standard 5.4 2.0 SF57HTULTRA 24
6 Standard 43 1.3 2.3
7 Standard 142.7 3.0 SF11 29
8 Standard —23.3 10.0 3.3
9 IMAGE Standard Infinity 4.5
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.5
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Figure 8. MTF function at up to frequency 42 Ip/mm.
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Figure 9. Imaging optics point list.

The MTF function and point diagram of the two groups of optical imaging systems
were compared using Zemax v.24.1, and the inclination range of the measured object surface
was set to be 7°. The comparison of MTF function and point diagram of the two groups of
optical imaging systems is shown in Figure 10. Through comparison, it can be seen that the
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runout error detection imaging optical system designed in this paper can still achieve value
greater than 0.3 when the space stop frequency is 42 Ip/mm, and the airy spot radius of the
system meets the design requirements when the step axis produces a small inclination error.
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Figure 10. Comparison of MTF and dot plot.

2.2.3. Tolerance Analysis

The wavelength of imaging optical system tolerance analysis is set to 658 nm, the
surface tolerance module in the radius of curvature is set to an aperture of 2, thickness
tolerance is set to 0.025 mm, lens surface X,Y eccentricity tolerance due to rotationally
symmetrical structures is set to 0.008 mm, the same surface XY axis tilt is set to 0.0133 de-
grees, and the surface irregularity is set to an aperture of 0.25. Because the manufacturing
process will affect the size of said difference, it is necessary to set the component tolerance
of 0.008 X,Y eccentricity, 0.0133 degrees of the X,Y axis tilt. To ensure the ability of the lens
to refract light for processing in accordance with the design of the optical focal length of
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the lens, lens refractive index tolerance is set to 0.0008, and Abbe tolerance is set to 0.08%.
In other words, the Q4 grade tolerance standard is selected for tolerance analysis.

After tolerance analysis of the optical system, the total reduction in MTF in the worst
case is not more than 0.3, meaning that that the photodetector PSD receiving the target
can still distinguish the resolution of the optical system. This imaging system adopts a
sensitivity analysis method to carry out tolerance analysis. Using the geometric average
transfer function of a 42 Ip/mm optical system as the standard, 200 Monte Carlo samples
are adopted, and the geometric average transfer function value obtained is 0.43520936. The
analysis results are shown in Table 4.

Table 4. Monte Carlo analysis results.

Geometric Mean MTF Result
90%> 0.33013253
80%> 0.36453406
50%> 0.43950725
20%> 0.52218292
10%> 0.54527571

As can be seen from Table 4, the tolerance analysis results show that 90% of the mean
geometric MTF transfer function is better than 0.33013253. According to the experience of
optical manufacturing, 90% of the MTF results of the tolerance analysis are better than 0.15,
and thus meet the design requirements. Therefore, the tolerance analysis results shown in
this paper meet the design requirements.

3. Experimental Validation of Runout Detection Optical System

In this section, a test platform is built for the runout detection optical system designed
above in order to measure the stepped shaft with a diameter of 65-750 mm, and the block
diagram of the test platform is shown in Figure 11. The optical power meter evaluates the
output power of the laser beam received by the PSD, and the evaluation results show that
the laser emitted from the semiconductor laser emitter reaches the level of about 50% of the
light energy remaining on the PSD, and the optical power required is at 10 mW or more,
and the adopted ML101J24P semiconductor laser transmitter (Mitsubishi Group, Shanghai,
China) is 100 mW, which meets the requirements.

KEYENCE laser displacement

Detector

sensor (LDS)

emcemceecceooo.o._ Jitter Detection Optical System Tested Stepped
i Shaft
' Collimated Focusing Imaging
3 Optical System ~_ Optical System
i MTLyLzlézezp 3 L ; PSD-1315
; i 1 ' ; .

Semiconductor ; < — i ! U2 LGl

Laser Emitter !

Optical Power Image Capture g
Meter

Figure 11. Block diagram of runout detection optical system.

The position of the imaging spot in the receiving area of the PSD was captured using
image capture, the captured data were fitted using a computer, and the test platform is
shown in Figure 12. The test platform mainly consists of a semiconductor laser transmitter,
a beam-expanding collimating optical system, an imaging optical system, a PSD, a base,
and a computer. Regarding these components, the parameters of the expanded beam
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collimation optical system are as follows: f =7 mm, the numerical aperture NA of the object
square is 0.15, and the total length of the system is 20 mm.

Image Capture
and Computer

Jitter Detection

Optical System Jitter Detection

Optical System

Motion Control Runout

detection

contraller

Tested Stepped
Shaft

Stepped Shaft
Motion Control

Base

Figure 12. Jump detection test bench diagram.

It can be seen from Equation (6) that y and y’ have a linear relationship, i.e., when
the object under testing moves along the incident light, the imaging spot received on the
PSD is a straight line. The measured step axis of the reference surface is a reference for up
and down movement, the imaging optical system in the PSD forms the image point, the
step-axis displacement is recorded as x, the image point position is recorded as y, and the
test results are shown in Figure 13. The displacement is positive for the step-axis upward
jump, and negative for the downward jump.
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Figure 13. Fitting curve of test results.

From the fitting curve, it can be seen that the primary coefficient of 2.3091 is close to
the magnification of 2.33 shown by the beating-detection imaging system, indicating that
the output of the PSD has a good linear relationship with the input.

When using the runout detection optical system to measure the step shafts, KEYENCE
laser displacement sensors were used to detect the radial runout and end-face runout
of stepped-shaft standards, with diameters ranging from 65 mm to 750 mm. Five cross-



Appl. Sci. 2024,

14,3614

13 of 15
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sectional positions were selected for end-face runout detection, and the diameter of 750 mm
was selected for radial runout detection, with the measured values of the KEYENCE dis-
placement sensor (KEYENCE, Shanghai, China) used as the true value. Among these
values, the repeatability of KEYENCE radial runout error measurement was 10 um; the
repeatability of the radial runout error measurement of the runout detection system de-
signed in this paper was 10 um. Then, we used the stepped-axis motion control to adjust
the tilt angle of the stepped-axis to 5° to carry out the measurement of the end-face runout,
and the runout error derived from this is shown in Figure 14.
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Figure 14. End-face runout detection result graph: (a) KEYENCE without tilt; (b) runout detection
optical system without tilt; (¢) KEYENCE with tilt; (d) runout detection optical system with tilt.

The results of the end-face runout measurement show that, when the measured
stepped shaft is not tilted, the runout detection optical system designed in this paper
has a similar measurement accuracy to the KEYENCE displacement sensor, being just
0.01 mm lower. When the measured stepped shaft is tilted, the KEYENCE displacement
sensor is unable to correctly measure the runout of the stepped-shaft end face, while the
runout detection optical system can still measure it accurately, meeting the requirements of
correcting of the error of the request for advice.

4. Conclusions

Based on the direct laser triangulation method of stepped-shaft runout detection
systems, this paper improves the imaging optical system in the runout error detection
system of a stepped shaft with a large size of 500-700 mm. The coaxiality error that may
occur during the stepped-shaft detection process is corrected by adding an optical plane
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mirror group, the imaging optical system is simulated by Zamax 19.4, and the simulation
results show that the total length of the structure of the imaging optical system is 50 mm
and that the MTF function of each field of view is greater than 0.3 at a spatial frequency of
42 Ip/mm. By building a test platform for the runout detection optical system, the system
is compared with that of the Keyence displacement sensor. By building the test platform
of the runout detection optical system and comparing its output with the measurement
results of KEYENCE displacement sensor, the experimental results prove that the improved
runout detection optical system is able to measure the runout error of step shafts in the
range of 65-750 mm and correct the coaxiality error within 5° at the same time, so that
it achieves the purpose of the high-precision on-line detection of the runout error of step
shafts of large sizes with diameters in the range of 500-700 mm. This method provides a
theoretical and experimental basis for the on-line detection of runout errors of large-sized
step shafts. The design of aspheric imaging system can also be used to achieve higher
measurement accuracy and better correction effects in subsequent research.
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