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Abstract: The ellipticity of the spot caused by laser jitter has a significant effect on the measurement
accuracy of the traditional laser triangulation method. In order to overcome the influence of laser
characteristics on measurement and improve the accuracy of displacement measurement, this paper
proposes a measurement model for a laser displacement sensor based on a cylindrical annular
reflector. A physical prototype is designed through parameter optimization using NSGA-II, and
a two-step detection algorithm is proposed for the imaging ring of the prototype. The algorithm
performs contour thinning after rough positioning of the imaging annular ring, and then performs
precise detection. Through physical experiments, it is verified that the repeatability error of this
method can reach below 0.02%, and the accuracy is significantly improved compared to traditional
laser triangulation displacement sensors. Meanwhile, the measurement results of displacement show
linearity. The optical path design of this sensor is simpler than the previously proposed rotational
symmetrical laser triangulation displacement sensor, which has good application prospects.

Keywords: rotational symmetrical laser triangulation displacement sensor; annular reflection mirror;
parameter optimization; circle fitting algorithm

1. Introduction

With the advancement of science and technology, modern industrial manufactur-
ing has imposed more precise requirements. Precision displacement measurement is
widely used in practical production and processing [1]. The laser triangulation method
is extensively employed in high-precision displacement measurement [2] and pose de-
tection fields [3] due to its simple measurement principle, good measurement stability,
high resolution of results, and non-contact operation [4]. As a monocular visual detection
technology [5], traditional laser triangulation sensing measurement employs scattered light
from the surface of detected objects in a single direction to create a measurement spot. The
displacement of the spot’s center indicates the change in displacement of the measured
object. However, variations in light source characteristics such as directional drift and laser
jitter [6] lead to a non-ideal Gaussian distribution of the measurement spot, resulting in
spot deviation phenomena [7], which can lead to the difficulties of spot positioning and
affect the measurement results. Moreover, the traditional laser triangulation method’s
optical path structure obstructs effective measurement of step surfaces by blocking the
measuring light.

To address these challenges, researchers have focused on enhancing the sensor’s
performance by increasing the amount of scattered light collected from the measured
surface, aiming to utilize the error averaging effect to suppress errors caused by laser
jitter and drift while overcoming occlusion issues in measurement. Several improved
models have been proposed, such as the symmetric triangular measurement model with
two optical paths [8], the model of discrete rotating multi-point symmetric trigonometric
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optical paths [9] and a few models that use optical imaging mirrors for rotational symmetric
laser triangulation. Inspired by this idea, Peter Ott [10,11] proposed the prototype model
named RSTS using two reflector surface and optimized the parameters of the optical
system and aspheric optical mirrors. The RSTS model achieves 4–6-fold higher accuracy
compared to traditional laser triangulation sensors. Building upon Peter’s research, Wang
Lei [12,13] conducted error analysis of this model and made error compensation, with a
focus on the laser speckle phenomenon of the images. Meanwhile, an intelligent signal
processing system is proposed for the annular spot signal obtained under this model by
Wang X.J. [14,15]. To reduce the volume and weight of optical systems, Eckstein J [16,17]
separately designed few rotational symmetric optical layouts using 1 to 4 refracting surfaces,
and one kind of layout with two circular confocal lenses was finally put forward called
RSTS-PRO. The minimum resolution of this sensor can be 0.3 µm, but this structure has
high requirements for the design of refractive surfaces. Zhang H proposed a rotational
symmetric laser triangulation sensor based on object space mirror [18]. A conical reflector
was added to the object side, which can measure the light and image it on the image
plane after passing through a regular lens. A mathematical model was established to
analyze the displacement of the light spot in this system [19] and its impact on the radius
of imaged ring caused by spot deviation. However, these mentioned sensors primarily
focused on addressing occlusion issues of the measurement light when measuring step
surfaces, without placing high demands on measurement accuracy. Furthermore, these
sensors lacked repeatability measurement experiments and the associated repeatability
standard deviation. Moreover, the design parameters of optical lens and mirror in the
aforementioned laser triangulation displacement sensor were relatively stringent, requiring
high machining accuracy and resulting in high processing difficulty and cost. Therefore,
widespread adoption of these designs is less feasible.

This paper proposes a novel rotational symmetric laser triangulation displacement
senser utilizing annular reflectors as a crucial component. The cylindrical annular reflector
enables reflection of the measurement light in all directions scattered from the measured
object onto the camera lens for imaging on a CCD film. The radius of the imaging ring spot
exhibits a linear relationship with the movement of the measured object, thereby indicating
changes in the displacement of the measured object. This method effectively mitigates
measurement errors caused by the laser jitter effectively and is also suitable for measuring
the step surfaces. To ensure single-point repeatability in the sensor, an image processing
algorithm employing a two-step detection approach, combining coarse and fine detection, is
proposed. Comparatively, this algorithm yields significantly lower repeatability of results,
achieving accuracy below 0.02%.

This sensor demonstrates exceptional measurement linearity and repeatability. In addi-
tion, the cylindrical annular reflector is easier to be manufactured than those sophisticated
optical reflectors and aspheric optical mirrors. As a result, it holds promising application
prospects and can be widely adopted in the market.

2. The Measurement Model of a Laser Triangulation Displacement Sensor Based on a
Cylindrical Annular Reflector
2.1. The Measurement Principle and the Mathematical Model

The Figure 1 illustrates the measurement principle of the laser triangulation displace-
ment sensor based on a cylindrical annular reflector. In this setup, a laser beam is emitted
onto the surface of the measured object, generating a measurement spot A that scatters in all
directions within space. Utilizing a metal annular reflector with an inner surface reflectivity
exceeding 92%, the scattered light from all directions is directed towards the camera lens,
forming the measurement imaging ring on the CCD plane. The measurement optical path,
formed through anisotropic scattered light, is symmetrically distributed around the laser’s
output optical axis, and each measurement optical path is a deformation of a traditional
laser triangulation measurement optical path, which meets the Scheimpflug condition. As
the measured target moves forward and backward along the optical axis perpendicular to
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the laser beam, the measurement spot A also moves accordingly, causing the diameter of
the circular ring spot to change. Specifically, the closer the object is, the larger the imaging
ring diameter, while the farther the object is, the smaller the diameter of the imaging ring.
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Figure 1. The measurement principle.

The size of the annular reflector plays a crucial role in determining the displacement
range that the sensor can measure. There are three variables associated with the annular
reflector’s size: the center radius of gyration (ro), the length (l), and the angle between the
reflection surface on the inner wall of the reflector and the horizontal plane (α). When the
angle (α) is equal to 90◦, the reflector can be a cylindrical annular reflector. These three
variables establish mathematical relationships with the far and near ends of measurement.
The Figure 2 illustrates one possible light path for measurement.

The focal length of the camera is f . Additionally, it is necessary to ensure that the
scattered light from the near and far ends of the measurement is reflected by the reflector
and passes through the optical center C of the lens before forming a clear image on the
image plane. The upper and lower ends of the circular reflector are denoted as point B and
P, respectively, and the inner diameter of the reflector at point B is ro. The laser emitter
is positioned at the center of rotation of the circular reflector. Let Q be an arbitrary point
along the line segment BP, and the angle between BP and the horizontal plane is denoted
as α. Point H and G correspond to the near and far ends of the measurement, respectively.
The camera’s shortest working distance is denoted as |CA|, assumed to be do, while the
length of segment |BQ| is denoted as q.

tan θ =
rmax

f
=

AB
AC

=
ro

do
(1)

The radius of the imaging ring formed by point H is rmax = f · ro

do
.

The geometric relationships among the points are as follows:
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KC = KA + AC = l · sin α + do

PK = AB + BP · cos α = ro + l · cos α

tan∠PCK =
PK
KC

=
ro + l · cos α

l · sin α + do
=

rmin

f

(2)Photonics 2023, 10, x FOR PEER REVIEW 4 of 18 
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Then, the radius of the imaging ring formed by the far ends of the measurement G is:

rmin = f · ro + l · cos α

l · sin α + do
(3)

As for the an arbitrary point on the reflector (Q), its coordinates can be expressed by

[
Qx
Qy

]
=

 ro + q · cos α

l
2
· sin α− q · sin α

, 0 ≤ q ≤ l (4)

tan∠QCO =
Qx

Q′C
=

ro + q · cos α

do + q · sin α
(5)

rQ = f · tan∠QCO = f · ro + q · cos α

do + q · sin α
(6)

Among these aforementioned formulas, point B receives scattered light from the near
end of the measurement, while point P receives scattered light from the far end. By applying
the law of reflection i = r, it is possible to determine the distances between point BP and
the origin of coordinates O. Let assume



Photonics 2023, 10, 1139 5 of 18

∠QCO = γ = arctan
rQ

f
(7)

Then

∠NQQ′ = ∠CQN = ∠CQM +∠MQN = (90◦ −∠QCO) + (90◦ − α) = 180◦ − (α + γ) (8)

∠MQQ′ = ∠MQN +∠NQQ′ = (90◦ − α) + [180◦ − (α + γ)] = 270◦ − (2α + γ) (9)

tan∠MQQ′ =
MQ′

QM
(10)

MQ′ = (ro + q · cos α) · cot(2α + γ) (11)

dQ′ = OQ′ =
(ro + q · cos α)

tan(2α + γ)
+ (q− l

2
) · sin α, γ = arctan(

rQ

f
) and α > 90◦ − γ

2
(12)

The variable dQ′ represents the measured point that corresponds to an arbitrary point
Q on the inner side of the annular reflector. The maximum value of rQ is determined by the
short edge of image plane (ld). Specifically, the maximum value of rQ can be equal to half

of ld, and their relationship can be expressed as
∣∣rQ
∣∣
max =

ld
2

Additionally, rQ can be calculated according to

rQ = f · tan

(
arctan

ro + q cos α

dQ′ − (q− l
2 ) sin α

− 2α

)
(13)

When q = 0 or q = l, we can derive the formulas of the near or far ends of measurement,
which can be expressed as dB and dP, and these formulas can be expressed as:

(0, dB) = (0,
ro

tan(2α + arctan
rmax

f
)
− l

2
· sin α) (14)

(0, dP) =
ro + l · cos α

tan(2α + arctan
rmin

f
)
+

l
2
· sin α (15)

Thus, the range of displacement measurement is

|dp − dB| =
(ro + l · cos α)

tan(2α + arctan
rmin

f
)
− ro

tan(2α + arctan
rmax

f
)
+ l · sin α (16)

In this formula, rmin is the radius of the imaging ring formed by point P, which can also
be expressed as rP, while rmax is the one formed by point B, which can also be expressed as
rB. It can be seen that the range of displacement measurement by this method is determined
by the size of the annular reflector and the focal length of the lens. When the range of
displacement measurement is projected, the subsequent step is to determine the size of the
annular reflector (l, ro, α), and this work is variables optimization that will be discussed
later in the paper.

2.2. Optical Simulation

The mathematical model established above is founded on the principles of geometrical
optics. In order to ascertain the feasibility of the measurement principle, it is impera-
tive to conduct a simulation of this measurement model using Zemax software (Zemax
OpticStudio 18.9). Randomly selected circular reflectors of various sizes are utilized to
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examine the consistency of the imaging ring radius in relation to the movement of the
object being measured within the Zemax simulation. The size and position parameters
of these reflectors are displayed in the Table 1. Moreover, when the size of the reflector is
altered, it is necessary to adjust the distance between the center of the camera lens and the
origin point of the measurement system (denoted as O) to achieve clear imaging.

Table 1. The variables of randomly chosen reflectors.

Number The Inner Diameter
of Reflector (ro)

The Length of the
Reflector (l)

The Angle of Inner
Mirror Wall (α)

The Focal Lens of
Camera’s Lens (f)

The Distance between
the Lens Center and O

1© 30 mm 40 mm 84◦ 5 mm 60 mm

2© 30 mm 20 mm 80◦ 5 mm 40 mm

3© 40 mm 20 mm 70◦ 5 mm 40 mm

4© 40 mm 20 mm 90◦ 5 mm 90 mm

The non-sequential mode of Zemax is commonly employed in the design of lighting
systems and performs stray light analysis on the imaging system, as well as for conducting
stray light analysis on imaging systems. Additionally, a detective viewer is the most
important analysis tool in this mode, which can show the results of the lighting trace. In
this mode, light rays can be traced based on the principles of physical optics to determine
whether they will arrive at some surfaces or objects. Additionally, a single light ray can also
undergo reflection, and refraction scattering to split into multiple subrays that can also be
traced simultaneously, which explains why there exists some scatter points on the imaging
plane of the detective viewer. The following results of simulation in Figure 3 using four
different reflectors, respectively, show the consistent variation in the change in the imaging
ring’s diameter as the measured object moves.
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It is evident that the diameter of the imaging ring exhibits a decreasing trend as the
measured object moves from the near end to the far end within the measurement range.
When α = 90◦, the formula for calculating rQ can be simplified as

rQ = f · ro

dQ′ − q +
l
2

(17)

If the numerical values of ro, l, and f are determined, the relationship between rQ
and dQ′ can be approximated as an inverse proportional function. Furthermore, if the
parameters of the reflector’s size are chosen properly, the relationship between rQ and dQ′

can be liner.

2.3. Optimization of Optical Path Parameters Depending on Measurement Sensitivity

The sensitivity of the sensor is a crucial index to evaluate its measurement accuracy. It
refers to the relationship between the corresponding change in output quantity and the
change in input quantity when the sensor operates in a normal and stable measurement
environment. In general, sensors with higher sensitivity exhibit greater responsiveness
to variations in input signals, enabling more precise measurements. According to the
Formula (11), the radius of the imaging ring is closely related with the parameters of the
reflector’s size (l, r, α). Thus, optimization of the parameters of the reflector’s size is not
only crucial for establishing an effective measurement system, but also for maximizing the
sensor’s sensitivity, ultimately maximizing the target function K.

K =
|rmax − rmin|
|dP − dB|

(18)

The influence of reflector size on measurement sensitivity is investigated using the
control variates method. In the condition that the distance between camera and reflector
is certain. When the reflector’s ro and l is determined, the sensitivity K will increase by
the increase in the reflector’s inner angle α. However, if the numerical values of ro and l
are the same, the measurement may be invalid as the near ends of the measurement are
enclosed within the reflector cavity. Hence, the inner diameter of the reflector must exceed
the length of the reflector. Moreover, when l is maintained as a constant, the sensitivity
K will be higher with the increase in ro, while maintaining the same value of ro, K will be
lower as the increase in l. The three curves in Figure 4 illustrate these trends respectively.
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The Genetic Algorithm (GA), inspired by Darwin’s Evolutionary Model, simulates
the target question as a biological evolution process. Initially, the GA assumes the initial
population as the set of hypothetical solutions to the problem. It then performs selection,
crossover and mutation operations on individuals sequentially, while calculating fitness
based on the selection principle of fitness. The algorithm continues until the termination
criterion is met, at which point the individual is outputted, yielding a set of local optimal
solutions. Over time, these solutions evolve into individuals with higher fitness function
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values, ultimately reaching the optimal solution for the objective function. This algo-
rithm is commonly employed to solve a set of parameters in multi-objective optimization
problems, achieving the optimal design index under a series of related constraints. The
Non-dominated Sorting Genetic Algorithm (NSGA), introduced in 1995, is a variant of the
GA that uses Pareto Optimality. Before the selection operator is executed, NSGA performs
a layering process based on the dominance relationship between individuals. Subsequent
operations, such as selection, are then performed. However, the NSGA-II algorithm [20]
incorporates an elite strategy on this basis, which involves all individuals of parents and
children before conducting non-dominated sorting. NSGA-II is commonly used for solving
multivariate optimization problems, and the process is as shown in following Figure 5:
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Due to the complexity of the Formula (17), it is difficult to solve the numerical value
according to its monotonicity. Therefore, to obtain the suitable numerical values of the
reflector’s l, ro, α that decide measurement sensitivity K, it is helpful to use the NSGA-II
algorithm combined with boundary conditions to obtain the set of optimal solutions of the
reflector’s size, and then take integer results [21–23].

Here are the boundary conditions of these targets:

1. Meet the target displacement measurement range—|dP − dB| ≥ target displacement
measurement range.

2. The difference between the radius of the imaging rings formed by the near and far ends
of measurement needs to be less than the half of the imaging plane’s short edge (ld).

3. Imaging angle γ is less than the camera’s minimum field of view angle.
4. The near end of the measurement cannot be inside the cavity of the reflector in order

to measure successfully,
∣∣dB
∣∣ ≥ l

2
· cos α.
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Through the iterative calculation of the NAGA-II algorithm, a solution set related to
the three target values can be obtained, and then the parameters in the solution set are
actually brought into the measurement model for calculation and simulation verification
one by one to determine the unique solution.

3. Preparation of the Experiment and Design of Image Processing
3.1. The Model of Pixel-Measurement Depth

Combined with the research objectives of this paper, the parameters can be chosen
based on the analysis of how the reflector’s size influences the measurement sensitivity
and the algorithm of optimizing numerical values of the reflector’s size. The table below
represents the parameter values, with the CMOS resolution set at 2592 × 1944 and a
minimum pixel size of 2.2 µm.

The relationship equation between the depth of the measured object point Q′ and the
radius of the imaging ring is as follows using these data

dQ′ =
(52 + q)

tan(
rQ

5
)
+ (q− 5.5), 0 ≤ q ≤ 11 (19)

3.2. Optical Path and Imaging Characteristics

To determine whether the measure system can work using the aforementioned pa-
rameters, an optical simulation should be conducted before the experiment. In Zemax
OpticStudio, a Gaussian light source with a wavelength of 650 nm is selected as the laser
light source. The light source includes 500 array rays and 5 × 105 analysis rays. The
measured object is modeled as a Lambert surface, capable of ideal diffuse reflection (with
a Lambert scattering coefficient of 1). The optical lens has a focal length and diameter of
5 mm. The detective viewer in Zemax serves as the imaging plane, set at a resolution of
2592 × 1944. A cylindrical annular reflector with an inner diameter of 52 mm, length of
11 mm, and an inclination angle of 90◦ between the inner wall and the horizontal plane is
designed in Solidworks and then imported into Zemax. The inner wall of the reflector is
constructed using MIRROR material. By inputting these system parameters into Zemax,
a simulation optical path is established. The resulting simulation system, depicted in the
Figure 6a, demonstrates different colored lines representing light following distinct paths.
The laser beam interacts with the surface of the measured object, generating scattered light
rays in all directions of space. Then, scattered rays enter the inner wall of the reflector and
undergo reflection. A portion of the light is then captured on the detector viewer through
the optical lens, resulting in the formation of the imaging ring on detective viewer.
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Figure 6b displays the imaging on the imaging plane of detective viewer (in pseudo
color) and depicts the light intensity distribution within the image. It can be seen that a
circular ring spot is formed, which corresponds to the circular spot associated with the
Q′ point in the pixel depth model. Additionally, scattered light from the surface of the
measured object generates some scattering spots in the image. However, these spots can be
filtered out without impacting the detection of the imaging ring spot. The imaging ring
spot corresponds with the near end of the measurement, with a root mean square (RMS)
spot radius of 1.59763180 mm and a maximum incoherent irradiance of 2.2530 W/cm2.

As the measured object moves from the near end to the far end within the measurement
range, the radius of the imaging ring undergoes a transition from large to small. The series
of figures presented in Figure 7 show the imaging on the detective viewer at various
positions of the measured object, specifically at coordinates (0,70), (0,75), (0,80) and (0,86).
These figures serve to validate the correlation between the radius of the imaging ring and
the distance of the measured object from the origin point, as denoted by Formula (16).
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3.3. Algorithm of Image Processing

The algorithm flow for extracting the radius of the imaging ring spot obtained from
this experiment is shown as in Figure 8a. This algorithm incorporates two rounds of coarse
and fine detection to enhance result accuracy, which can reach the sub-pixel-level precision.
After undergoing pre-processing steps such as grayscale binarization, filtering and edge
extraction using a canny operator, the image is subjected to coarse detection through least
squares fitting of a circle. This step provides an estimation of the imaging ring’s general
position, including the coarse radius and center coordinates. Subsequently, a circular mask
is created based on the numerical value of the coarse radius to eliminate interference within
the ring, isolating the outer contour of the ring. The outer contour is then subjected to
image thinning to generate its skeleton, which mitigates the potential errors caused by
stray pixels. Finally, the processed outer contour is again subjected to least squares fitting
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to obtain precise measurements of the radius and center coordinates of the ring. And this
process is illustrated in Figure 8b using a simplified schematic diagram.
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The image thinning process for the outer contour is a mathematical morphology
operation [24]. This algorithm shrinks objects to lines by removing pixels from their
boundaries. The specific algorithm is as follows: 1. In the first subiteration, the pixel p is
deleted only when all conditions G1, G2, and G3 are met. 2. In the second subiteration,
pixel p is deleted only if all conditions, G1, G2, and G3, are met.

Condition 1 : XH(p) = 1

where XH(p) =
4

∑
i=1

bi

bi =

{
1, i f x2i−1 = 0 and (x2i = 1 or x2i+1 = 1)
0, otherwise

}
(20)

x1, x2,. . ., x8 are the values of the eight adjacent points of p, numbered counterclockwise
starting from the adjacent points on the east side.

Condition 2 : 2 ≤ min{n1(p), n2(p)} ≤ 3
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Where
n1(p) =

4
∑
k=1

x2k−1 ∨ x2k

n2(p) =
4
∑

k=1
x2k ∨ x2k+1

(21)

Condition 3 : (x2 ∨ x3 ∨ x8) ∧ x1 = 0 (22)

Condition 4 : (x6 ∨ x7 ∨ x4) ∧ x5 = 0 (23)

These two subiterations together form one iteration of the simplification algorithm.
When an infinite number of iterations (n = Inf) are specified, the iteration will continue
until the image no longer changes. This algorithm can refine the circle within the ROI into
a line, and then we perform least squares circle fitting on it, shortening the iteration points
for circle fitting while improving detection accuracy.

4. Experiment
4.1. Setting of the Experiment Platform and Prototype

The validity of the measurement methodology and system is verified through a
mathematical model and Zemax simulation. In order to conduct experimental testing, a
physical optical path model is established by optimizing the variables involved. During
this experiment phase, the imaging lens chosen is the Computar H0514-MP2 (Japan), which
possesses a focal length of 5 mm. Additionally, the Daheng-Imavision MER-500-7UM
camera is utilized, equipped with a 1/2.5-inch CMOS sensor chip for image capture. The
cylindrical annular reflector is made of metal aluminum, with an inner wall reflectivity of
over 94%, details of its shape parameters can be found in Table 2. To serve as the output
laser generator, a 650 nm–5 mw laser module with a working voltage range of 3.5–5 v is
selected and positioned at the center of the cylindrical annular reflector. The measured
object, capable of Lambert scattering on its surface, consists of an alumina ceramics layer
affixed to an XYZ 3-axis guided fine-tuning rail, enabling vertical movement along the
path of the laser. Each component is mounted on the optical support to form the complete
system, as depicted in Figure 9.

Table 2. The values of parameters chosen.

Parameters Value Parameters Value

Reflector’s inner
diameter ro/(mm) 52 Coordinates of near

end of measurement (0, 64)

Reflector’s length
l/(mm) 11 Coordinates of far

end of measurement (0, 86)

The angle between
reflector’s inner wall
and horizonal plane

α/(◦)

90
Imaging ring’s

maximum
radius/(mm)

1.8705035971

Focal length of
camera f/(mm) 5

Imaging ring’s
minimum

radius/(mm)
1.6149068323

The distance between
camera’s center and
laser emitter/(mm)

75 Measurement
sensitivity K 0.01161803476
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Figure 9. The system of verification experiment.

The validation device is used for experiments and a large number of experimental
images are collected. Among these images, the regularity of the radius of the imaging ring is
consistent to the results of methodology and simulation. The radius of the imaging ring will
gradually decrease as the measured object moves from the near end of the measurement to
the far end of the measurement. There are some experiment images shown in Figure 10.
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Figure 10. Part of the imaging rings on CCD plane, respectively shot at distances of 15 mm, 20 mm,
25 mm, 30 mm, 35 mm and 40 mm from the end face of the reflector closest to the measured object.

Despite the hardware design constraints, such as the presence of small gaps in the ring,
the observation of changes in the size of the imaging ring remains uninhibited. Moreover,
due to the unknown optical center position of the lens, there may be some discrepancies
in the relative positions between various components in actual experiments compared to
simulation experiments. Additionally, the edge of the spot may be somewhat rough due to
the scattering light because of the lack of optical filter in this system. However, according
to the verification experiment, it is possible to identify the optimized positions of each
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component to design an integrated experimental prototype that can stabilize their positions,
thereby enhancing measurement accuracy.

The sketch of prototype is presented in the Figure 11. To ensure alignment, the
prototype utilizes the rotatability of body holes to ensure that the centers of the installed
components are situated along the same horizontal and straight line. It also employs
the positioning surface within the holes to maintain the relative positions between the
components. To secure the reflector and laser emitter, a rotating mirror frame is designed,
which can be placed within the prototype’s cavity. The lens and camera can also be securely
fixed inside the cavity. Furthermore, screw holes are provided at the laser output end to
facilitate the installation of optical filters. A filter with a bandwidth of 650 ± 15 nm is
selected to eliminate stray light from the environment and minimize the impact of ambient
light on the experimental results.
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The prototype is securely mounted on the optical breadboard, while the alumina
ceramics is affixed to the three-axis precision sliding table. Repetitive experiments are
performed by manipulating the movement of the measured object along the direction of
the laser output using the x-axis sliding table. This enables displacement changes in the
measured object, as illustrated in the figure above.

4.2. Single-Point Repeatability Measurement Experiment

Repeatability is an important indicator for measuring the static properties of a sensor,
which refers to the degree to which the output characteristics of the sensor are inconsistent
when multiple measurements are made in the same direction within the entire measurement
range. The repeatability index can be calculated using standard deviation.

δR = ± (2 ∼ 3)σmax

YFS
× 100% (24)

where (2 ∼ 3) represents the confidence interval and σmax is the maximum standard
deviation of each point. The standard deviation of each point can be obtained using the
Bessel formula.

σ =

√√√√√ n
∑

i=1
(yi − y)2

n− 1
(25)

Additionally, n means the number of measurements.
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The measurement range of the prototype is the front end face, spanning from 10 mm
to 29 mm. At each location, a set of 20 image frames is captured at 1 mm intervals to serve
as the data. The experimental data are recorded by repeating the process 4–6 times, starting
from the near end and moving towards the far end using the x-axis guide rail. The images
presented in Figure 12 are a selection of imaging ring samples.
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Afterwards, image processing is conducted on each figure to fit a circular ring and
determine its radius. The average value of the 20 figures is considered as the result for
a specific position, along with the calculation of the uncertainty associated with the spot
radius. A selection of these results is displayed in the Figure 13.
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The figures show that there is a linear relationship between the radius of the imaging
ring and the displacement of the measured object. The two-step detection algorithm of
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imaging processing proposed in 3.3 achieves a repeatability of below 0.02% for the results.
In particular, when compared to the results obtained using least squares fitting once, the
repeatability is significantly improved, which confirms that the algorithm proposed in this
paper is effective and can achieve good results.

5. Discussion

In juxtaposition with earlier iconic studies, there has been a marked improvement in
measurement repeatability. Taking Gao’s measurement model [25] as an example, they
delineated a measurement range of 16 mm, and impressively managed to achieve an
uncertainty (standard deviation) of less than 1 um. Furthermore, the repeatability they
reported was below 0.01875%. Intriguingly, the measurement model elucidated in this
study stands out as being more streamlined and pragmatic to operationalize, yet without
compromising on the commendable level of measurement accuracy. On the other hand,
Zhang’s exploration [19] ventured into using two measurement systems, each tailored
for displacement ranges of 4.7 mm and 5.1 mm, respectively. The recorded standard
deviations for his two systems were less than 0.018 and 0.015 pixels, respectively, leading
to the associated uncertainties of less than 1.7 µm and 1.6 µm. As a direct upshot, the
repeatability anchored by his findings hovered below 0.1085% and 0.0941%. Evidently, and
quite noteworthy, is the fact that the repeatability stemming from our results decidedly
eclipses that of Zhang’s findings.

6. Conclusions

In this paper, a scheme of an ultra-precision laser displacement sensor is proposed.
Employing a metal cylindrical annular mirror, this sensor notably mitigates the impact
of laser direction jitter on measurement outcomes. The measurement accuracy of the
sensor is thoroughly investigated through the establishment of mathematical measurement
models, verification of measurement principles by simulation experiments, and repeated
physical experiments. Subsequent to parameter optimization, a prototype encompassing a
measurement range of 20 mm is meticulously designed.

Distinctly, when compared to prior rotationally symmetric laser displacement sensors,
the sensor structure in this paper boasts a more streamlined architecture. This is because
the annular reflector employed is not only elementary in its design but also facile to
manufacture, positioning it as an appealing candidate for broad-scale deployment. In terms
of image processing, the two-step detection algorithm proposed in this paper effectively
overcomes the influence of speckle and noise by coarsely and finely detecting the imaging
ring, resulting in sub-pixel-level detection results. In comparison to the traditional method
that solely relies on least squares fitting, this algorithm remarkably reduces the repeatability
error of the results. It maintains the repeatability error below 0.02% at all positions within
the measurement range, thereby greatly improving measurement accuracy. Furthermore,
it is necessary to conduct further research on the displacement measurement accuracy
performance of the sensor for different surfaces in order to enhance its applicability.

In conclusion, the experiments conducted in this study primarily investigate the po-
tential linear relationship between the imaging of the sensor and the displacement of the
measured object, while we further evaluate the repeatability of the sensor’s functionality,
aiming to gauge its prowess in ascertaining displacement with unwavering stability, reli-
ability, and accuracy. In our subsequent work, a detailed analysis of the sources of error
for this sensor beckons, focusing specifically on the impact of component misalignment on
measurements. Accordingly, we aspire to propose methods for error compensation.
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