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Abstract: A compact and miniaturized laser collimation system was proposed to measure the four-
degrees-of-freedom of an optical payload in high-altitude space. Compared with other systems, this
system has a simple structure and low cost, high measurement accuracy, and a large measurement
range. The optical structure of the system was designed, the measurement principle of the four-
degree-of-freedom was described in detail, the interference between the distance measurement and
the angle measurement in the optical path was analyzed, and the installation error was analyzed. The
error was minimized under different temperature conditions to improve the robustness of the system.
An engineering prototype was built based on the system design scheme and an experiment was
conducted to measure a target with a measured distance of 500 mm. The current indicators reached
the requirements for the ground testing of optical payloads. The application of the system can be used
to measure six degrees of freedom simultaneously by installing two systems in different coordinate
systems. The system can also be used in industry; for example, by measuring the machine tool error
in real time and compensating for it, the system can improve the positioning and motion accuracy. It
can also be used for feedback control of the robot’s motion by measuring and controlling it.

Keywords: 4-DOF; laser collimation; space optical loading

1. Introduction

Spatial freedom refers to the change in straightness in the XYZ triaxial direction of
an object and the change in the XYZ triaxial angle direction. Detecting the precision of
spatial freedom has always been an important subject in the field of industry and aviation.
Errors in machine tools in the industrial field directly affect the machining accuracy of the
machine tools. The positioning and motion accuracy can be improved by measuring and
compensating for machine errors in real time. In the field of industrial robots, it is necessary
to detect the position of the robot, provide feedback, and control its movement. The degree
of freedom of the optical electron microscope needs to be tested in real time, so it can be
adjusted. In the field of aviation, with the continuous development of satellite technology
in China, indicators such as the detection range, resolution, and stability of optical remote
sensing satellites are increasing [1,2]. Due to the very complex carrying and operating
environment of space loads, they are mainly subjected to space thermal deformation (STD)
caused by the changes in solar incidence angle during launch. After these influences, the
geometric positioning of the high orbit will gradually change. By affecting the relative
pose between the primary mirror and the sub-mirror of the optical load, while causing
the optical load to defocus, the resolution and other parameters of the optical load will be
affected, and the final positioning accuracy of the camera will be affected [3–7]. Recently, a
method was proposed where the freedom from the star sensor to the star is known and
the freedom from the star to the ground is known, and only the freedom from the star

Appl. Sci. 2024, 14, 10491. https://doi.org/10.3390/app142210491 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app142210491
https://doi.org/10.3390/app142210491
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-9162-7367
https://doi.org/10.3390/app142210491
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app142210491?type=check_update&version=3


Appl. Sci. 2024, 14, 10491 2 of 19

sensor to the optical load needs to be measured, as the freedom from the optical load to the
ground can be obtained by solving this. Therefore, it is necessary to develop a system for
measuring the freedom of optical load in space.

The number of degrees of freedom in a measurement can be divided into contact and
non-contact types. In most scenarios in the industrial and aviation fields, where direct
contact with the measured object is not possible, non-contact measurement is preferred.
The current mainstream non-contact measurement method, used domestically and abroad,
is to use a laser as the measurement medium. The current mainstream laser measurement
methods are the interference method, diffraction method, and collimation method.

Laser interferometry has a measurement range from micrometers to meters or larger,
with a measurement accuracy at the nanometer level, and its advantages include medium
economic efficiency and general environmental requirements. Its advantage is its high
precision, but its disadvantage is its high sensitivity to the environment, including environ-
mental factors such as temperature, vibration, and air flow [8–11]. The advantage of using
diffraction-precision microns are that they can be used for high-resolution image analysis,
and are suitable for high-resolution image analysis and for observing fine structures, while
their disadvantages are that they is highly demanding on the optical system and limited by
the diffraction limit [12–15]. The accuracy of the collimation method is at the micron level,
and its advantages are that it is simple and easy to use, has low equipment maintenance
costs and a fast measurement speed, and can provide measurements over a large range.
The disadvantages are affected by the stability of the light source. In summary, after com-
prehensively considering the accuracy and environmental economy, the optical collimation
method was selected [16–19]. This is shown in Table 1.

Table 1. Optical measurement method performance comparison.

Method Accurate Vantage Drawbacks Costs Measurement Stability

interferences nanoscale High precision

High
environmental
sensitivity to
environmental
conditions such as
temperature,
vibration and air
movement

High

If the optics have a small amount
of displacement, distortion, or
surface quality, this can affect the
formation and stabilization of the
interference fringes. In addition,
temperature and air pressure can
also affect the results.

diffraction Micron-scale

Can be used for
high-resolution image
analysis; suitable for
high-resolution image
analysis; suitable for
observation of fine
structures

High demands on
the optical system;
limited by
diffraction limits

High

The wavelength of the light
source, the quality of the beam
and the precision of the
experimental setup are highly
required. If these conditions are
not met, the quality of the
diffraction pattern will be
affected.

collimation Micron-scale

Simple to use; low
equipment
maintenance; fast
measurement speeds
over a wide area

Affected by light
source stability Low

When the environmental factors
(temperature, humidity, vibration,
etc.) are better controlled, the
stability is higher. The use of
certain techniques and
equipment, such as single-mode
optical fiber, can effectively
reduce the impact of temperature
drift and obtain more stable
results in a shorter period of time

Li Ze of Dalian University of Technology developed a 5-DOF geometric error measure-
ment system for machine tool tables based on interferometry, which is used to determine
the error correction accuracy of machine tool errors in the range ±1 µm, angle measure-
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ments of ±1, repeatable distance measurements of 2.5 µm, and angle measurements of
2.5 [20], but is easily affected by the environment. B. Chen et al. proposed a laser net
difference straightness interferometer for the simultaneous measurement of 6-DOF motion
errors. Multiple degrees of freedom are measured using spacing changes and counting
the interference fringes. This measurement method makes full use of the high-precision
characteristics of laser interferometry, but the system is complex and the cost is high [21,22].
Based on the principle of grating spectroscopy, the laser grating method achieves multi-
degrees-of-freedom measurement by obtaining the different pieces of information carried
by each separate beam of light. C. Lee et al. propose a 6-DOF measurement method using a
single optical encoder unit and discuss uncertainty estimations in terms of error sources [9],
but the system is complex and costly.

Compared with the Dalian University of Technology, Li Ze developed an interfero-
metric method based on the machine tool table five-degrees-of-freedom geometric error
measurement system. Halo is a four-quadrant detector QD. My system uses three CMOS;
the impact on the CMOS image surface of the spot changes to dissolve the straightness
of the moving end of the angular change to improve the measurement of the range, the
X-direction range of ±2.0 mm, Y-direction range of ±1.6 mm, X-direction pitch angle range
of ±1.9◦, and Y-direction yaw angle range of ±1.4◦. The range of X-direction is ±2.0 mm,
the Y-direction range is ±1.6 mm, the X-direction pitch angle range is ±1.9◦, and the Y-
direction yaw angle range is ±1.4◦. Compared with B. Chen et al., who proposed a laser net
straightness interferometer for the simultaneous measurement of six-degrees-of-freedom
motion errors, my system has a simpler structure and the laser collimation method is less
affected by different environments, such as high temperatures. The method also adapts
better to low altituds, vacuum, and other conditions. The cost of my system is lower com-
pared to the six-degrees-of-freedom measurement method using a single optical encoder
unit proposed by C. Lee et al.

The reason that a multi-DOF measurement system is developed in this paper is that it
is necessary to measure multiple DOFs simultaneously in real time in order to adjust the
DOF of the optical load in high space and solve the defocusing phenomenon. Therefore, it
is necessary to develop a multi-DOF measurement system. Six-degrees-of-freedom systems
contain some principle problems: a set of systems are required to measure six degrees
of freedom at the same time, and the Z-axis requires the interference method to be used,
while the Z-axis roll angle measurement requires a high-precision method; these problems
should be further studied [23–25]. The actual measurements of six degrees of freedom can
be made using two systems: one system placed as shown in the figure and the other with
the laser output light perpendicular to the YOZ plane of the optical load.

The measurement principle of the optical system developed in this paper uses the
optical collimation method. The principle of the optical collimation method is that the laser
has directivity and the exit angle is approximately 0◦, which can be regarded as parallel
light. When reflecting from a plane, parallel light changes slightly when the plane is moved
in a certain direction of freedom. The principle of laser optical collimation range and angle
measurement can be used to calculate the value of displacement or the angle according
to the slight change in the displacement of parallel light and the relationship between
displacement and distance or angle.

Section 2 of the article describes the basic principle of the optical path structure and
separately describes the ranging optical path, angle measurement optical path, optical
isolator’s basic principle, and the measurement results of the optical path diagram principle
crosstalk analysis.

Section 3 of the article continues the error analysis to the CMOS installation error,
using the homogeneous transformation matrix method for the analysis.

In Section 4, the system is built according to the schematic diagram of the optical path,
the change in the small degree of freedom of the mobile terminal is simulated, the system
is measured, and the calibration test and stability test are carried out.
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Section 5 of the article describes the technical route of the paper, clearly showing the
steps from the beginning of the research to the system’s development and testing.

Section 6 of the article describes the conclusion of the paper, summarizes the article,
and describes the technical specifications of the system.

2. Optical Principle

As mentioned earlier, the laser collimation method was used for the design. The
principal diagram of the four-degree-of-freedom measurement system is shown in Figure 1.
Since the laser diode is small in size and has a long life, it is suitable for high-altitude
space environments; therefore, the laser diode was used. Since the actual laser will have
a divergence angle, it is necessary to use a collimator to convert it to parallel light to
improve the performance and accuracy of the optical system. Two corner cone prisms were
used: one was the integrated angle measurement and ranging of the light path, while the
other was used to eliminate the effect of the pitch angle and yaw angle on the straightness
measurements and reduce the influence of crosstalk. These will be described in detail
in Section 2.3 CMOS was used to calculate the change in the position of the moving end
by measuring the moving position of the laser on the target surface; this is described in
detail in Sections 2.1 and 2.2. The reason other photodetectors were not used is that, with a
four-quadrant detector, the angle measurement range is not large enough; therefore, small
CCD or CMOS photodetectors should be used. Compared with CCD, CMOS has lower
power consumption and can achieve a faster image reading rate. The polarization beam
splitter (PBS2) and the quarter wave plate QWP were combined to form the optical isolator.
The light intensity regulator was composed of a half-wave plate HWP and polarization
beam-splitter (PBS1). Other optical lenses, such as spectroscope BS2, were used to change
the light path, so that the ideas discussed in Sections 2.1 and 2.2 could be realized; otherwise,
the laser would be covered and could not reach the CMOS.
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Figure 1. Optical schematic diagram of the system.

2.1. Ranging Optical Path

As shown in Figure 2, the laser diode emits laser light, which becomes collimated after
collimation by the collimator. A beam is reflected by the beam-splitter (BS1), which hits the
plane mirror (M), is reflected by the plane mirror (M), and passes through the half-wave
plate HWP, the polarization beam-splitter (PBS1), PBS2, the quarter-wave plate (QWP), the
beam-splitter (BS3), the semi-transparent and semi-reflective mirror HW, and the corner
cone prism (RR1). After being reflected by RR1, it hits the beam splitter (BS3), is reflected
by BS3, and then hits the image plane of CMOS3. When the corner cone prism RR1 moves,
the light spot on the image plane of CMOS3 moves; this light path was used to measure the
displacement in the x/y direction.
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As shown in Figure 3, another beam is passed through the beam-splitter (BS1 and
BS2), hits the corner cone prism RR2, and is reflected by the corner cone prism (RR2), before
returning, hitting the beam-splitter (BS2), being reflected by BS2, and hitting the CMOS1
image plane. When angular cone prism RR2 moves, the light spot on the image plane of
CMOS1 moves, and this light path is used to measure the displacement in the x/y direction
(Figure 4).

Appl. Sci. 2024, 14, x FOR PEER REVIEW 5 of 18 
 

 

 
Figure 2. X/Y direction straightness ranging optical path. 

As shown in Figure 3, another beam is passed through the beam-splitter (BS1 and BS2), 
hits the corner cone prism RR2, and is reflected by the corner cone prism (RR2), before re-
turning, hitting the beam-splitter (BS2), being reflected by BS2, and hitting the CMOS1 im-
age plane. When angular cone prism RR2 moves, the light spot on the image plane of 
CMOS1 moves, and this light path is used to measure the displacement in the x/y direction 
(Figure 4). 

 
Figure 3. X/Y direction ranging optical path. 

 
Figure 4. Principal diagram of ranging light path. 

When the angle cone prism moves up and down or left and right, it will cause a 
change in the incident point, which will lead to a corresponding relative displacement 
between the outgoing beam, that is, a change in the position in which the detector receives 
the light. According to the formula, when the angular cone prism is moved x distance, 2x 
displacement will occur between the outgoing light and the original outgoing light. The 
four-quadrant detector will convert the change in spot position into a change in the cur-
rent through photoelectric conversion, and the displacement value can be obtained after 
signal processing and calibration. 

Δ = Δெைௌ2  (1)

Δ = Δெைௌ2  (2)

In sum, as long as the deviation of the laser beam in the x/y direction on the four-
quadrant detector CMOS Δெைௌ is obtained, a change in the straightness of ΔX and ΔY in 
the x/y direction can be obtained. 

  

Figure 3. X/Y direction ranging optical path.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 5 of 18 
 

 

 
Figure 2. X/Y direction straightness ranging optical path. 

As shown in Figure 3, another beam is passed through the beam-splitter (BS1 and BS2), 
hits the corner cone prism RR2, and is reflected by the corner cone prism (RR2), before re-
turning, hitting the beam-splitter (BS2), being reflected by BS2, and hitting the CMOS1 im-
age plane. When angular cone prism RR2 moves, the light spot on the image plane of 
CMOS1 moves, and this light path is used to measure the displacement in the x/y direction 
(Figure 4). 

 
Figure 3. X/Y direction ranging optical path. 

 
Figure 4. Principal diagram of ranging light path. 

When the angle cone prism moves up and down or left and right, it will cause a 
change in the incident point, which will lead to a corresponding relative displacement 
between the outgoing beam, that is, a change in the position in which the detector receives 
the light. According to the formula, when the angular cone prism is moved x distance, 2x 
displacement will occur between the outgoing light and the original outgoing light. The 
four-quadrant detector will convert the change in spot position into a change in the cur-
rent through photoelectric conversion, and the displacement value can be obtained after 
signal processing and calibration. 

Δ = Δெைௌ2  (1)

Δ = Δெைௌ2  (2)

In sum, as long as the deviation of the laser beam in the x/y direction on the four-
quadrant detector CMOS Δெைௌ is obtained, a change in the straightness of ΔX and ΔY in 
the x/y direction can be obtained. 

  

Figure 4. Principal diagram of ranging light path.

When the angle cone prism moves up and down or left and right, it will cause a
change in the incident point, which will lead to a corresponding relative displacement
between the outgoing beam, that is, a change in the position in which the detector receives
the light. According to the formula, when the angular cone prism is moved x distance, 2x
displacement will occur between the outgoing light and the original outgoing light. The
four-quadrant detector will convert the change in spot position into a change in the current
through photoelectric conversion, and the displacement value can be obtained after signal
processing and calibration.

∆X =
∆CMOS

2
(1)

∆Y =
∆CMOS

2
(2)
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In sum, as long as the deviation of the laser beam in the x/y direction on the four-
quadrant detector CMOS ∆CMOS is obtained, a change in the straightness of ∆X and ∆Y in
the x/y direction can be obtained.

2.2. Angle-Measuring Optical Path

As shown in Figure 5, another beam is reflected by beam-splitter BS1 and hits plane
mirror M. After being reflected by plane mirror M, it passes through the polarizing beam-
splitter (PBS1, PBS2), quarter-wave plate (QWP), beam-splitter (BS3), and half-transparent
half-reflective mirror HW, which is reflected by HW, before hitting the polarizing beam-
splitter (PBS2), where it is reflected and hits the CMOS2 image plane. When the half-
transparent half-reflective mirror HW moves, the spot on the CMOS2 image plane moves,
and this optical path is used to measure changes in the x/y direction angle, i.e., the pitch
and roll angles.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 6 of 18 
 

 

2.2. Angle-Measuring Optical Path 
As shown in Figure 5, another beam is reflected by beam-splitter BS1 and hits plane mir-

ror M. After being reflected by plane mirror M, it passes through the polarizing beam-splitter 
(PBS1, PBS2), quarter-wave plate (QWP), beam-splitter (BS3), and half-transparent half-reflec-
tive mirror HW, which is reflected by HW, before hitting the polarizing beam-splitter (PBS2), 
where it is reflected and hits the CMOS2 image plane. When the half-transparent half-reflec-
tive mirror HW moves, the spot on the CMOS2 image plane moves, and this optical path is 
used to measure changes in the x/y direction angle, i.e., the pitch and roll angles. 

 
Figure 5. The pitch angle in the X direction and yaw angle in the Y direction, which are used to 
measure the optical path. 

After the light source is collimated by the collimating mirror, it forms a parallel beam 
of light, which then becomes incident on the polarization beam-splitter, where the polar-
ization state is separated. The transmitted light is P-polarized, while the reflected light is 
S-polarized. When the P-polarized light beam center is perpendicularly incident on the 
center of the semi-transparent half-reflective mirror, the outgoing light travels in the op-
posite direction to the incident light and is separated by the polarization beam splitter to 
achieve signal isolation. Then, it is focused by the convex lens to the center of the focal 
plane. If the semi-transparent half-reflective mirror undergoes a small angle of bending α, 
the reflected light will bend by 2α degrees, and the parallel light will be focused by the 
lens and converge on the focal plane. Finally, by calculating the change in the focus posi-
tion of the image plane, the angle change can be characterized. 

As shown in Figure 6, when the target object moves, the angular cone prism RR 
moves accordingly, and the angular deflection angle and pitch angle of the angular cone 
prism in the x/y direction shift α and β, respectively. The beam is refracted through the 
plano convex lens L, and the angle between the beam and the central horizontal axis of 
the plano convex lens L is 2α or 2β. A laser is irradiated on the surface of the CMOS light-
sensitive material and is received by it, with an offset of x. The beam forms a triangle with 
the central horizontal axis and the line on the focal plane of the plano-convex lens L, which 
can be determined using the following equation: 𝑥 = 𝑓 𝑡𝑎𝑛 2 𝛼 (3)𝑦 = 𝑓 𝑡𝑎𝑛 2 𝛽 (4)

When the alpha and beta are small, the following equation can be used: tan2𝛼 ≈ 2𝛼 (5)tan2𝛽 ≈ 2𝛽 (6)

Then, 𝛼 = 𝑥2𝑓 (7)

𝛽 = 𝑦2𝑓 (8)

Figure 5. The pitch angle in the X direction and yaw angle in the Y direction, which are used to
measure the optical path.

After the light source is collimated by the collimating mirror, it forms a parallel
beam of light, which then becomes incident on the polarization beam-splitter, where the
polarization state is separated. The transmitted light is P-polarized, while the reflected
light is S-polarized. When the P-polarized light beam center is perpendicularly incident on
the center of the semi-transparent half-reflective mirror, the outgoing light travels in the
opposite direction to the incident light and is separated by the polarization beam splitter
to achieve signal isolation. Then, it is focused by the convex lens to the center of the focal
plane. If the semi-transparent half-reflective mirror undergoes a small angle of bending α,
the reflected light will bend by 2α degrees, and the parallel light will be focused by the lens
and converge on the focal plane. Finally, by calculating the change in the focus position of
the image plane, the angle change can be characterized.

As shown in Figure 6, when the target object moves, the angular cone prism RR moves
accordingly, and the angular deflection angle and pitch angle of the angular cone prism
in the x/y direction shift α and β, respectively. The beam is refracted through the plano
convex lens L, and the angle between the beam and the central horizontal axis of the plano
convex lens L is 2α or 2β. A laser is irradiated on the surface of the CMOS light-sensitive
material and is received by it, with an offset of x. The beam forms a triangle with the central
horizontal axis and the line on the focal plane of the plano-convex lens L, which can be
determined using the following equation:

x = f tan 2 α (3)

y = f tan 2 β (4)
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When the alpha and beta are small, the following equation can be used:

tan 2α ≈ 2α (5)

tan 2β ≈ 2β (6)

Then,
α =

x
2 f

(7)

β =
y

2 f
(8)

In sum, as long as the offset of the laser beam on the CMOS is obtained, it can be
divided by the focal length f of the flat convex lens L twice to find the deflection angle α
and pitch angle β.

2.3. Crosstalk Analysis of Measurement Results
2.3.1. Using Two CMOS Detectors for Ranging and Angle Measurement Crosstalk Analysis

The spot displacement x and y, received by the detector measuring displacement,
are determined using the outgoing beam of the corner cone prism. According to the
characteristics of the corner cone prism, the position and angle of the incident beam affect
the position of the outgoing beam. Linear displacement Z and rolling angle do not affect
the incident light spot of the angle cone prism, while the pitch angle and yaw angle will
affect the incident light spot of the angle cone prism beam. The use of two CMOS detectors
can eliminate the influence of the angle of deflection and pitch angle on the range of x/y
direction straightness. A more detailed analysis is provided as follows.

Analysis of Crosstalk of Angle Measurement and Range Using the Traditional Geometric
Method

The influence of pitch angle and deflection angle measurements on horizontal ranging:
When the corner cone prism is rotated around an edge angle of O, take RR2 as an example
for analysis, Hypothesis: Deflection angle α will only cause measurement errors in the x
direction range; deflection angle β will only cause error in the y direction range.

Figure 7 is the coordinate system, the angle in the x direction is the pitch angle (yaw),
and the angle in the y direction is the deflection angle (pitch).
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As shown in Figure 8, assume the ideal case first. The errors of the pitch angle and
deflection angle are α and β respectively, when the cone prism RR rotates around the edge
of angle O, which is the ideal case, and when the right angle radius of the cone prism is
r, as shown in this figure. It can be seen that the influence of the two laser beams I1 and
I2 in the x direction is twice as large as the deviation of the projection in the x direction of
the center P and the P ‘of the right angle radius of RR and RR′ figures before and after the
corner prism δx.

δx = 2r(1 − cos α) (9)
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Similarly, the influence in the y direction of by deflection angle β is δy

δy = 2r(1 − cos β) (10)

The corner cone prism is rotated around the non-edge O point (Figure 9).
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Further considering the actual situation, assuming that RR1 and RR2 rotate around 0,
as shown in the figure. In the actual model, the angular prism rotates around the non-edge
O point. δx, which is the deviation of laser beams I1 and I2, is still twice as large as the
influence of the deviation of the center P and the P ‘of the right-angle radius of the RR and
RR′ figures at the front and back of the angular prism in the x direction, in addition to S.
The projected distance from the lower edge point of the corner cone prism to the rotation
point O in the x direction is L, the vertical distance from the rotation point O to the right
angle side of RR is R, and S is twice as big as the projection of L on the right angle side of
RR′; that is, S is 2Rsinα:

δx1 = 2[(r + R)(1 − cos α) + L sin α] (11)

Similarly, the influence of deviation in the y direction caused by deflection angle β
is δy:

δy1 = 2[(r + R)(1 − cos β) + L sin β] (12)

The pitch angle α and the deflection angle β are around 200, so cosα and cosβ are
approximately 1; therefore, the sum can be simplified to δx and δy:

δ′x1 = 2L sin α (13)

δ′y1 = 2L sin β (14)

As the angular cone prism will double the straightness ranging result, the actual result
is δx and δy:

δ′′x1 = L sin α (15)

δ′′y1 = L sin β (16)

As the light is on the lower half of RR1, and the light on RR2 is on the upper half, the
influence of pitch angle on the straightness range is the opposite to that of the deflection
angle, which is δx and δy. The conclusion of RR1 is as follows:

δ′′x2 = −L sin α (17)

δ′′y2 = −L sin β (18)

Therefore, as long as the position changes in CMOS1 and CMOS2, which are the rang-
ing results, are added, the joint effects of deflection angle and pitch angle can be eliminated.

∆X =
∆CMOS1 + ∆CMOS3

4
(19)
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∆Y =
∆CMOS1 + ∆CMOS3

4
(20)

3. Error Analysis
3.1. Analysis of Installation Error (Abbe Error) Using the Homogeneous Transformation Matrix
Method

A. The homogeneous transformation matrix method was used for the installation error
(Abbe error) analysis.

The central coordinate point O0O1 of O-X1Y1Z1 should be perpendicular to the
O0 × 0Y0 and O1X1Y1 planes, and the axes of the moving-end coordinate system and the
fixed-end coordinate system O0-X0Y0Z0 should be parallel to one another. However, as
Figure 10 illustrates, there will be a misalignment between the fixed-end coordinate system
O0-X0Y0Z0 and the moving-end coordinate system O-X1Y1Z1. This misalignment can be
measured using six indicators and is referred to as an installation error (Abe error). That
is, the position error is ∆X, ∆Y, and ∆Z in the three directions of the XYZ axis of the two
coordinate systems; the Angle error is α, β, and γ in the three directions of the XYZ axis.
This misaligned state can be represented by the homogeneous coordinate matrix H. The
homogeneous matrix H contains all six of these indicators, which are ∆X, ∆Y, ∆Z, α, β
and γ.

H =


1 α −β ∆X
−α 1 γ ∆Y
β −γ 1 ∆Z
0 0 0 1

 (21)
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B. Establishment of a straightness error model under the homogeneous transformation
matrix method.

The straightness error, which does not consider the installation error, can be repre-
sented by matrix PCMOS10 :

PCMOS11 = HPCMOS10 =


1 α −β ∆X
−α 1 γ ∆Y
β −γ 1 ∆Z
0 0 0 1

[2δX 2δY 0 1
]T
=


2δX + 2αδY + ∆X
2δY − 2αδY + ∆Y
2βδX − 2γδY + ∆Z

1

 (22)

Therefore, the straightness error in the x direction is 2δX + 2αδY + ∆X , and the straight-
ness error in the y direction is 2δY − 2αδX + ∆Y
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i.e., equality:

δ′X = δX + αδY +
∆X
2

(23)

δ′Y = δY − αδX +
∆Y
2

(24)

∆X
2 / ∆Y

2 represents the translation errors due to CMOS1 installation, which have the
same effect on each measuring point. This effect can be eliminated using differential
operations between the measuring point and the initial point. αδX/αδY is the straightness
distance crosstalk between two straightness errors; α can be determined via calibration.
δX/δY is the original ideal straightness distance in the X and Y directions.

C. Establishment of the error model of pitch angle and deflection angle under the homo-
geneous transformation matrix method.

The direction vector of the laser beam in the O0-X0Y0Z0 coordinate system and the
direction vector after being reflected by plane mirror M can be represented as follows:

→
n =

[
0 0 1

]→
n1 =

[
2α 2β −1

]
(25)

As shown in Figure 11, according to the ABCD matrix, in the coordinate system O0-
X0Y0Z0, in the X-axis direction, the laser beam matrix that considers the distance to the
planar convex lens can be expressed as L MX :

MX =

[
1 L
0 1

][
0

2α

]
=

[
2Lα
2α

]
(26)
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In the coordinate system O0-X0Y0Z0, in the Y-axis direction, the laser beam matrix
that considers the distance to the planar convex lens can be expressed as L MY:

MY =

[
1 L
0 1

][
0

2β

]
=

[
2Lβ
2β

]
(27)

For L, after the distance, the offset distance of the laser beam in the X-axis direction is
2Lα and the angle offset is 2α, while the offset distance in the Y-axis direction is 2Lβ and
the angle offset is 2β.

As shown in the figure, when using plane convex lens L, the laser beam matrix in the
X direction can be expressed as follows:

MX1 =

[
1 0
− f 1

][
2Lα
2α

]
=

[
2Lα

2(1 − L f )α

]
(28)
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As shown in the figure, after passing through planar convex lens L, the laser beam
matrix in the Y direction can be expressed as follows:

MY1 =

[
1 0
− f 1

][
2Lβ
2β

]
=

[
2Lβ

2(1 − L f )β

]
(29)

For L, after the distance and after the plane convex lens L refraction, the offset distance
of the laser beam in the X-axis direction is 2Lα and the angle offset is 2(1 − L f )α, while the
offset distance in the Y-axis direction is 2Lβ and the angle offset is 2(1 − L f )β.

Then, the laser beam matrix in the direction of O1-X1Y1Z1 is calculated as follows:

PCMOS21 = HPCMOS20 =


1 α −β ∆X
−α 1 γ ∆Y
β −γ 1 ∆Z
0 0 0 1




2Lα
2(1 − L f )α

2Lβ
2(1 − L f )β


=


2Lα + 2(1 − L f )α2 − 2Lβ2 + 2(1 − L f )β∆X
−2Lα2 + 2(1 − L f )α + Lβγ + 2(1 − L f )β∆Y
2Lαβ−2(1 − L f )αγ + 2Lβ+ 2(1 − L f )β∆Z

2(1 − L f )β


(30)

The pitch angle error in the X direction is 2Lα + 2(1 − L f )α2 − 2Lβ2 + 2(1 − L f )β△X ;
the yaw angle error in the Y direction is −2Lα2 + 2(1 − L f )α + Lβγ + 2(1 − L f )β∆Y

α′ = 2Lα + 2(1 − L f )α2 − 2Lβ2 + 2(1 − L f )β∆X (31)

β′ = −2Lα2 + 2(1 − L f )α + Lβγ + 2(1 − L f )β△Y (32)

Due to the complexity of error compensation after error analysis, this paper is limited in
terms of space and cannot go into detail. The relevant content regarding error compensation
will not be discussed in future work.

3.2. BP Neural Network Error Compensation Model
3.2.1. BP Neural Working Principle

As shown in the Figure 12, X is the input signal of the BP neural network and W is the
weight parameter from the input layer to the hidden layer. Each input signal corresponds to
a weight parameter, and the input signal and the weight parameter are multiplied in pairs
then summed together. The threshold value is compared with the calculated cumulative
sum; if it is greater, then the output signal Oj is generated by the activation function f. On
the contrary, the neuron does not generate an output signal.
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MATLAB R2022a toolbox processing was used to obtain six indicators of the temper-
ature change and to predict the difference, followed by compensation. The six indicators 
were no longer affected by temperature; the base value was basically maintained at 20 °C 
for the calibration factor and the fluctuations showed a bias value of zero. Therefore, the 
stability of the output was greatly improved. 

4. Experiment and Results 
To verify the reliability and validity of the method, an experimental setup was estab-

lished according to the schematic diagram shown in Figure 1, as shown in Figure 14. 
CMOS uses Hikvision’s MV-CS050-10GM with a resolution of 2048 × 2448, an imaging 
area of 8.8 mm × 6.6 mm (H × V), and a pixel size of 3.45 µm × 3.45 µm. The laser uses 
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Optoelectronics’ RFCAG-3.9-PC, and the theoretical spot diameter is 3.9 mm. The distance 
between the light source and the moving unit is 500 mm. Distance and focal length do not 
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ments were carried out under laboratory conditions. 

Figure 12. Neuronal structural model.
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3.2.2. Error Compensation Model Based on BP Neural Network

The approximation object of the neural network model used in this section is the
straightness and angle at 20 ◦C, i.e., the values of the six mounting error indicators, which
are corrected to 20 ◦C at different temperatures, while the inputs are the values of the origi-
nal temperature and the mounting error indicators, i.e., the schematic diagram of the neural
network model shown in the Figure 13. The neural network model contains two input
nodes; T is the original temperature; ∆X/∆Y/∆Z/α/β /γ represent the mounting error
indicators; ∆′

X/∆′
Y/∆′

Z/α′/β′/γ′ represent the training collected from the full-temperature
experiment; ∆′′

X/∆′′
Y/∆′′

Z/α′′/β′′/γ′′ represent the prediction sample.
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Figure 13. BP neural network temperature compensation model’s structure.

MATLAB R2022a toolbox processing was used to obtain six indicators of the tempera-
ture change and to predict the difference, followed by compensation. The six indicators
were no longer affected by temperature; the base value was basically maintained at 20 ◦C
for the calibration factor and the fluctuations showed a bias value of zero. Therefore, the
stability of the output was greatly improved.

4. Experiment and Results

To verify the reliability and validity of the method, an experimental setup was es-
tablished according to the schematic diagram shown in Figure 1, as shown in Figure 14.
CMOS uses Hikvision’s MV-CS050-10GM with a resolution of 2048 × 2448, an imaging
area of 8.8 mm × 6.6 mm (H × V), and a pixel size of 3.45 µm × 3.45 µm. The laser uses
Sorebo’s LP633-SF50 with a laser center wavelength of 633 nm, the collimator uses Lubang
Optoelectronics’ RFCAG-3.9-PC, and the theoretical spot diameter is 3.9 mm. The distance
between the light source and the moving unit is 500 mm. Distance and focal length do not
affect the measurement accuracy, only the measurement resolution. A series of experiments
were carried out under laboratory conditions.

4.1. Calibration Test

According to the above measurement principles, the linear distance change and change
in angle theory have a linear relationship with the measured value of the detector. Therefore,
the measurement errors in the system can be obtained using a calibration test.

As shown in Figure 15, the test calibration uses the H-825 displacement platform of the
PI company: the load capacity is 30 kg, the minimum moving distance and displacement
are 0.1 µm, the angle is 0.0001◦, the self-locking n stroke range is ± 27.5 mm, the rotation
range is ±19, the n minimum incremental motion ranges up to 0.25 µm in X, Y, and Z, and
n repeatability is ±0.1 µm/±2 µrad for the BLDC motor and absolute encoder.

The calibration curves of XY straightness and angle around XY are shown in Figure 16.
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4.2. Stability Test

The stability of the system was tested under laboratory conditions. The ambient
temperature range at the time of measurement was 20 ± 0.5 ◦C. The experiment lasted
for 30 min, and the data were collected every 10 s. The experimental results are shown in
Figure 17. The standard deviations of horizontal and vertical straightness were 1.11 µm
and 0.94 µm, respectively. The standard deviations of yaw angle and pitch angle were
0.91 arcsec and 0.90 arcsec, respectively. From the above data, it can be seen that the
proposed system has good stability.
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5. Technical Approach in the Article

The paper first carried out a theoretical calculation of resolution and range, divided
into x/y straightness and x/y direction angle to determine the optical path design and
electronic circuit design, respectively. Then, the system test optical path was built, before
optical path debugging was carried out, preliminary tests were conducted, and laser spot
images were collected. Then, the algorithm was determined and test data were collected.
Thirdly, an error analysis was conducted. Then, further calibration and stability tests were
conducted, before the results were finally analyzed (Figure 18).
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6. Conclusions

The 4-DOF measuring system in this paper uses the laser collimation method, which
has the characteristics of miniaturization, a low cost, and high precision. Three CMOS were
used, which can reduce the crosstalk caused by the results of the distance measurement and
angle measurement. According to the system design scheme, an engineering prototype was
built to carry out experiments with a target measured distance of 500 mm. The measuring
range in the X direction was ±2.0 mm, the measuring range in the Y direction was ±1.6 mm,
the linearity in the X direction was better than 0.99997, and the linearity in Y direction was
better than 0.99999. The stability of the distance measurements in the X direction reached
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1.11 µm and the stability in the Y direction reached 0.94 µm. The pitch angle measuring
range in the X direction was ±1.9◦; the yaw angle measuring range in the Y direction was
±1.4◦; the linearity of the pitch angle in the X direction was better than 0.99987; the linearity
of the yaw angle in the Y direction was better than 0.99998; the stability of the pitch angle
in the X direction was 0.91 arcsec; the stability of the yaw angle in the Y direction was
0.90 arcsec. At present, the index meets the requirements of the optical load ground test.

The system has good reference value for machine tool precision measurements and
other industrial fields, and is also suitable for high-altitude space precision measurements
of optical load.
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