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Abstract

Light plane deviation and motion direction deviation of stage systems are the two main sources
of systematic errors in circle-structured light inner surface measurement systems. In this paper,
we propose a new two-step calibration method to compensate these systematic errors. In the first
step, a more accurate initial light plane calibration result is obtained by multi-position
binocular-structured light calibration. Then, in the second step, the initial result is optimized by
measuring the inner radius of a standard ring gauge to obtain the optimal light plane calibration
result. Based on this result, the real motion direction is also calibrated by optimization using the
inner surface scanning measurement data of the standard ring gauge. The proposed method
improves the system calibration accuracy through the second calibration step, making it
convenient to operate without using complex calibration targets or expensive equipment.
Therefore, this calibration method has the potential to be used in actual measurements. The
experimental results show that the mean relative measurement error can reach 0.015% in our
homemade measurement system and validate that the measurement system calibrated by our
proposed method realizes high-precision and high-repeatability measurements for inner
surfaces.

Keywords: circle-structured light measurement, inner surface measurement, system calibration
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1. Introduction other fields [1]. The inner surfaces are designed to contain
grooves, freeform surfaces, holes or other structures to meet
With the progress of manufacturing technology, many parts their usage requirements, and their machining quality directly
with special inner surface structures are manufactured and affects work performance [2-4]. Therefore, it is important to
used in energy engineering, chemical industry, aerospace and  find a reliable and accurate three-dimensional (3D) inner sur-
face measurement method for quality inspection [5, 6]. To
realize inner surface measurement, researchers have proposed
several methods, such as contact measurement [7], the laser
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light measurement is a special kind of structured light meas-
urement method that uses laser triangulation. Compared to
common point- or line-structured light measurement methods
[14, 15], it can directly form a 360° projection light stripe on
an inner surface and measure the whole inner surface with high
efficiency and without complicated operations or using a com-
plex system structure [16]. However, the measurement accur-
acy of the circle-structured light system is mainly affected
by two sources of systematic error: light plane deviation and
motion direction deviation of the stage system. Therefore,
these systematic errors need to be calibrated and compensated
for to ensure measurement accuracy.

The light plane deviation caused by assembly errors in the
structured light generator mainly leads to low measurement
accuracy, so there are many reports on circle-structured light
calibration methods to compensate for this systematic error.
These methods can be divided into three categories. Firstly,
the calibration method based on vision measurement principle
by Wang et al [17] used a concentric circle coplanar reference
object to calibrate the circle-structured light plane based on the
cross-ratio invariance. This method requires a high-precision
stage to move the reference object along the axis of the circle-
structured light. Zhu et al [18, 19] proposed the binocular-
structured light calibration method. The camera in the sys-
tem and another auxiliary camera form a binocular system to
obtain the coordinates of light stripes formed by a blank planar
board intersecting the structured light to fit the light plane para-
meters. This method has a low demand on instruments and is
easy to operate. However, in [19], the binocular observation
range of the structured light plane during calibration is limited
by the system structure, leading to a relatively low measure-
ment repeatability. Secondly, the calibration method using cal-
ibration targets from Zhuang et al [20] calibrates the system
by measuring a standard ring gauge and comparing the res-
ult with its reference radius. This method requires strict par-
allel between the main axis of the measurement system and
the axis of the ring gauge, which is difficult to implement.
Buschinelli er al [21, 22] calibrated their system to meas-
ure an inner stepped cylindrical gauge with 28 different dia-
meter regions to obtain a polynomial relation between the pixel
radius of ring light stripes and the real radius. The inner sur-
face is calculated according to this relation. This method relies
on a high-precision calibration target with a complex struc-
ture and its operation is intricate. Thirdly, a method utilizing
other measurement equipment by Zhang et al [23, 24] used two
electric theodolites to measure the coordinates of light spots
formed by intersecting a thin thread with structured light to
fit the light plane. This method has relatively high calibration
accuracy but requires expensive instruments. Existing meth-
ods have defects such as complicated calibration operations,
reliance on special equipment and relatively low calibration
accuracy, making these methods difficult to use in industrial
applications while maintaining measurement precision. Thus,
it is necessary to find a low-cost and convenient structured
light calibration method for high-precision measurements.

A circle-structured light system usually needs to be driven
by a linear stage to scan the inner surface. In most stud-
ies, reconstructing the scanned and measured inner surface is

under the default assumption that the motion direction of the
stage is parallel to the main axis of the measurement system.
Therefore, the systematic error in the deviation between two
directions is ignored, which affects measurement accuracy.
Fang et al [25] found that systematic errors in the motion shaft
system of the structured light scanning measurement system
cause the adjacent scanning data to appear as spatial displace-
ment. However, the calibration method for this systematic
error has not been well studied yet in for circle-structured light
measurement systems, and this problem needs to be solved to
ensure the scanning measurement accuracy.

In this paper, we researched high-precision inner surface
measurement using a circle-structured light system and a
circle-structured light system was built to meet the actual
measurement applications. To realize high-precision measure-
ments, we propose a new two-step system calibration method
for the circle-structured light system to compensate for the
systematic errors from the two sources mentioned above. In
the first step, multi-position binocular-structured light calibra-
tion is conducted to obtain a more accurate initial calibration
result based on a larger observation range of the light plane.
Then, in the second step, the system measures the standard
ring gauge to further improve the system calibration accuracy.
The initial light plane calibration result is optimized using the
radius measurement results of the ring gauge placed at differ-
ent random positions and orientations to obtain the optimal
calibration result. Using this result, the motion direction is
calibrated by optimization using the inner surface scanning
measurement data of the ring gauge to compensate for the sys-
tematic errors in reconstructing the scanned surface. In this
new method, the optimization process using the standard ring
gauge measurement data in the second step can reduce the
influence of the binocular measurement error on structured
light calibration in the first step to ensure system calibration
accuracy. Meanwhile, this method can be implemented easily
without using complex calibration targets or expensive equip-
ment. Therefore, the proposed calibration method can help
measurement systems achieve high-precision measurements
in industrial applications. The experiments were carried out on
our homemade measurement system, and the results demon-
strate that the new calibration method can ensure system meas-
urement accuracy in real measurement applications.

2. Model of the measurement system

A model of the circle-structured light measurement system
is shown in figure 1, O.-x.y.z. is the camera coordinate sys-
tem, which is taken as the measurement coordinate system.
Z. 1s the main axis of the system and the axis of the struc-
tured light generator is aligned with it. The beam emitted
by the laser is reflected by the conical reflector to generate
circle-structured light, and it intersects with the inner sur-
face to form a ring light stripe that is captured by the cam-
era. The light stripe image is processed by the upper sys-
tem to obtain the surface measurement result by the laser
triangulation algorithm. The whole system is mounted on a
linear stage.
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Figure 1. Construction model of the circle-structured light inner surface measurement system.

As shown in figure 1, P is a point on the position where
the structured light intersects the inner surface. In the system
model, the camera uses a pinhole model to describe the pro-
jection relationship between object points and image points. It
is assumed that the coordinates of P are (x,),z)7 in the camera
coordinate system, and that the homogeneous coordinates of
the image point P’ is (u,v,1)”. The relationship between P and
P’ can be expressed as follows:

pP' = AP (1)
fi a w

A= 0 f w 2)
0 0 1

In equation (1), p is a scale coefficient and A is the intrinsic
matrix of the camera. The matrix elements are shown in
equation (2). fx and fy are the principal distances of the
camera in X-axis and Y-axis directions, and (uy, vy) are the
coordinates of the principal point. « is the camera skew para-
meter. The equation of the circle-structured light plane in the
camera coordinate system can be expressed as follows:

{AmH®+&+D:O
2., g2 (2 3
A"+ B +C =1

In equation (3), (A B C D) are parameters of the struc-
tured light plane and [A, B, C]” is the unit vector of plane
normal. Based on equations (1) and (3), the laser triangu-
lation algorithm under ideal conditions can be obtained as
shown in equation (4). If the parameters are determined, the
coordinates of P can be obtained by solving the equation set in
equation (4):

fx+ay+(u—up)z=0
fiy+(v—v9)z=0
Ax+By+ Cz+D=0.

“

Driven by the linear stage, the measurement system can
measure the entire inner surface of the measured parts, and
the 3D profile of the measured inner surface is reconstruc-
ted along the motion direction of the stage. The parameters

in equation (1) are obtained through Zhang’s camera calibra-
tion method [26], and the structured light parameters and the
motion direction are calibrated by our proposed method, as
explained in the next section.

3. The two-step system calibration method

In this paper, we assume that the measurement accuracy is
mainly influenced by the light plane deviation caused by
assembly errors in the structured light generator and the
motion direction deviation of the linear stage. In order to
improve the measurement accuracy, we propose a new two-
step system calibration method to calibrate the light plane
parameters and the motion direction of the stage to compensate
for these systematic errors. The process of the new method
is shown in figure 2. The initial light plane parameters are
obtained in the first step and then optimized in the second step
to improve the calibration accuracy. Based on the optimized
light plane calibration result, the motion direction is also calib-
rated in the second step. In order to better demonstrate our cal-
ibration method, this section will introduce the structured light
and the motion direction calibration process, respectively.

3.1. The circle-structured light calibration

For the structured light calibration, the initial calibration res-
ult is obtained by the multi-position binocular-structured light
calibration to acquire a more accurate initial result in the first
calibration step. First, the camera parameters of the system
camera and the auxiliary camera are calibrated by Zhang’s
method [26]. During the multi-position binocular-structured
light calibration, keeping the measurement system stationary,
the auxiliary camera is moved to K different positions (K > 2).
The binocular-structured light calibration is carried out at each
position to avoid the interference of the system structure, to
observe a larger range of the light plane and to acquire more
calibration points. First, the binocular relation between the
system camera and the auxiliary camera is acquired through
stereo calibration at each position. A blank planar board is
placed to intersect the light plane forming a line light stripe
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Figure 2. The flow chart of the two-step calibration method.

on it. Two cameras capture images of the light stripe simultan-
eously; then, the board is moved to another random position.
This step is repeated M times (about 10-15 times). The cent-
ral points of the light stripes are extracted as calibration points
and their spatial coordinates are calculated by the binocular
intersection algorithm. Then, the coordinates of the calibra-
tion points from K experiment positions are unified into the
measurement coordinate system and used to fit the structured
light plane parameters.

The mathematical model of the calibration experiment in
one position is shown in figure 3. P represents the circle-
structured light plane and B represents the planar board placed
in different orientations and positions, such as B;. Op-x;yrz;,
and Og-xgyrzg are the system camera and the auxiliary cam-
era coordinate system. Op-x;y;z; is also the measurement
coordinate system. L, and R, are the image planes of the two
cameras. z;, and zg are the optical axes of the two cameras.
O;-upv; and O,-u,v, represent the image coordinate systems
of the two cameras. The structured light plane intersects the
board placed in position B; and the light stripe L; is formed on
it. Assuming that P;. is a central point on L;, the light stripe
is projected onto the image planes of the two cameras and p.;
and p., are the projection points of P;..

Computing the rectified images of the two cameras,
Or-x'1y'171 and Og-x'gry'rz'g represent the two camera
coordinate systems after epipolar rectification. It is assumed
that the camera intrinsic matrix used in rectification is A, and
pa and p,., are transformed to p and p’, in the rectification
process. T represents the translation vector of a binocular vis-
ion system. The coordinates of P;. in Op-x';y' 171 can be cal-
culated by equation (5):

Ay,
||A71p/cl _Ailp/crH

Pic &)

The coordinates of the calibration points are located in the
respective coordinate system O, -x';y';7/; after epipolar rec-
tification at the K calibration positions, so the coordinates
need to be unified into the measurement coordinate system
Op-xryrzr. Equation (6) represents the unified method. Pk, are
the coordinate of P;. in the measurement coordinate system,
and R¥;, represents the epipolar rectify matrix of the system
camera in the kth binocular-structured light calibration:

Pf'(c = (Rll(,r)_lPiC' (6)

Assuming that the coordinates of P¥;. are (x%;, y*;, Z5))7, the
least squares method is applied to calculate the structured light
plane parameters, as shown in equation (7):

k
E:

=1 i=1
3 (A¥ +BYs + C D). %
K M

However, this calibration result is not accurate enough to
satisfy the requirements of high-precision 3D profile measure-
ment of the circle-structured light system because the binocu-
lar measurement error will influence the calibration accuracy.
Therefore, in the second calibration step, the system is used to
measure the inner radius of a standard ring gauge to obtain the
optimal light plane calibration result.

The inner surface of the standard ring gauge can be con-
sidered as an ideal cylindrical surface, and the intersection line
of the light plane and the inner surface is an ellipse on the light
plane, whose minor axis length is the inner radius measure-
ment result [27]. However, the minor axis length of the ellipse
generated by the intersection of any structured light plane and
the standard ring gauge is fixed, so the ring gauge must be
measured in N (N is about 10-15) different random positions
and especially at different random orientations to ensure the
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Figure 3. Mathematical model of the binocular-structured light calibration method.
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Figure 4. Moving the ring gauge to different positions with
different orientations in measurement.

uniqueness and correctness of the parameter optimization res-
ult in the calibration, as shown in figure 4. At each measure-
ment position, the system captures the image of the ring light
stripe formed by the light plane intersecting the inner surface.
The central points of the light stripes are extracted to obtain
their pixel coordinates set p; (i = 1, 2, ... N) in each image. The
calibration result from the first step is optimized to improve
the calibration accuracy using the inner radius measurement
results and the reference radius R of the ring gauge using the
Levenberg—Marquardt (LM) method [28]. The object function
used in optimizing structured light plane parameters is repres-
ented in equation (8):

i=1
E= Z(solve(pi,AL,A,B, C,D) —R)>. (8)
N

In this function, (A B C D) are parameters of the light plane
parameters waiting for optimization using the pixel coordin-
ate sets p; and the intrinsic matrix A; of the system cam-
era. We used solve (p;, AL, A, B, C, D) to represent the pro-
cess of calculating the inner radius measurement result. In
this process, the spatial coordinate set P; of the central points
is calculated firstly using pixel coordinates set p; and the

intrinsic matrix Ay by laser triangulation. Then, P; is used
to fit the ellipse equation by the least squares ellipse-fitting
method [29], and the inner radius measurement results R;
can be calculated by using ellipse equation parameters. The
deviation between R; and the reference radius R of the ring
gauge is used as the object function to optimize the parameters
(ABCD,).

The structured light calibration in our method only uses
an auxiliary camera, a blank planar board and a standard ring
gauge without using specially designed calibration targets and
expensive equipment. The calibration operation is conveni-
ent and efficient to realize high-precision calibration. There
is no requirement to know the position and orientation of the
board and the ring gauge exactly during the calibration pro-
cess, and no need for the measurement system to maintain a
specific position relationship with the ring gauge during calib-
ration. Therefore, this method is suitable for actual measure-
ment applications.

3.2. Stage motion direction calibration

Using the optimized structured light parameters, the real
motion direction is also calibrated in the second calibration
step by optimization process using the inner surface scanning
measurement data of a standard ring gauge. In real measure-
ments, the inner surface is reconstructed along this direction
to ensure the scanning measurement accuracy and compensate
for the systematic error.

In most studies, when reconstructing the inner surface by
scanning measurement, the movement direction of the lin-
ear stage is parallel to the main axis of the measurement
coordinate system. The measured surface is reconstructed by
adding the measured data obtained in each step and its meas-
urement position along the main axis direction. However, in
practice, there is a deviation between the motion direction
of the stage and the main axis direction caused by assembly
errors between the system and the linear stage. Thus, the sur-
face scanning measurement accuracy will inevitably decrease
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under the influence of this systematic error. A mathematical
model of the inner surface scanning measurement process
including this systematic error is shown in figure 5.

00’ is the axis of the measured inner surface. O.-x.y.z,
is the measurement coordinate system and z. is the main axis
of the measurement system. Vector M is the motion direction
of the linear stage, and the measurement system moves along
M which represents that the stage drives the system to scan-
ning measure the inner surface. z. is not parallel to vector M
in this model representing this systematic error. In the model,
the measurement system moves from position 1 to position 2
in step interval H, and measures the inner surface in two pos-
itions. L; and L, are intersecting lines of the light plane and
the surface in two positions. It is assumed that the coordin-
ates of one point on L, are (x2, y», z2)7, and the unit vector of
motion direction M is [m, n, #]7 in the measurement coordin-
ate system. As shown in the model, if the inner surface is to be
reconstructed precisely, the motion direction should be known.
The coordinates of P after reconstruction are calculated by the
following equation:

P’ =P+ hM. )

In the second calibration step, the inner surface of the stand-
ard ring gauge is regarded as an ideal cylinder surface, and
the measurement system is controlled by the stage to move
forward to scanning measure the inner surface of a standard
ring gauge in N steps with the step interval H. The ring gauge
only needs to be scanning measured once, and can be placed
at random positions and orientations during calibration. The
motion direction is obtained by the LM method using the scan-
ning measurement data and the reference radius R of the ring
gauge, and equation (10) is the object function in the optimiz-
ation. In this function, M is the motion direction that needs to
be optimized, and the scanning measurement data are used to
reconstruct the inner surface along the direction M by equation
(9). ny is the point number of the measured data set at each

(@)

Metal case

N\ System camera

Generator mounting N .
Acrylic
board

Circle structured
light generator

Camera lens

Measurement system

mounting
Acrylic

~ board

Figure 6. (a) The design diagram of the measurement system;
(b) the physical map of the measurement system.

measurement position, and py; represents the coordinates of the
measurement point. W represents the axis of the inner cylinder
surface and S is a point on W. Because the spatial equation of
the measured cylinder inner surface is unknown, W and S will
also be calculated in the optimization process with the motion
direction. The deviation value calculated by the object func-
tion will be used in the optimization calculation to acquire the
calibrated motion direction M. The dot product result between
the calibrated direction M and the positive direction of the
main axis of the measurement system is >0:

k
E=

> i+ (k= 1HM = 5)" (1— WW7)

N

2
% (pui + (k— 1)HM — ) —RZ} .

In our proposed calibration method, the motion direction
calibration operation is simple and it is not necessary to know
the position and orientation of the ring gauge during calibra-
tion. Meanwhile, the method is highly efficient and it only
takes a short time to complete the motion direction calib-
ration. This method can be applied conveniently in actual
measurements.

(10)

4. Experiment

4.1. Stage motion direction calibration

Figure 6 shows the design model and physical map. As illus-
trated, the light generator is composed of a 632 nm wavelength
laser diode and a 90° conical reflector, which is fixed on a
transparent optical grade acrylic board with 5 mm thickness
through connector parts. A monochrome 10 M pixel CCD
camera with a 16 mm camera lens is installed in the system as
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Table 1. The simulation experiment results of structured light plane parameter optimization.

Initial structured light
plane parameters

Optimization results from the
first group simulation experiment

Optimization results
from the second group
simulation experiment

1 [0.0440, —0.0440, 0.9980, 300.0000] [0.0506, —0.0507, 0.9974, 301.8465] [0.0498, —0.0499, 0.9975, 301.9996]
2 [—0.0500, 0.0500, 0.9975, 300.0000] [0.0494, —0.0493, 0.9975, 302.0198] [0.0499, —0.0498, 0.9976, 302.0006]
3 [—0.0500, 0.0500, 0.9975, 305.0000] [0.0496, —0.0493, 0.9976, 301.9881] [0.0499, —0.0499, 0.9975, 301.9997]
4 [0.1000, —0.1000, 0.9899, 305.0000] [0.0502, —0.0503, 0.9975, 302.0108] [0.0499, —0.0499, 0.9975, 301.9994
5 [0.0000, 0.0000, 1.0000, 295.0000] [0.0504, —0.0506, 0.9974, 302.0137] [0.0499, —0.0499, 0.9975, 302.0004]
Table 2. The simulation experiment results of motion direction optimization.

Preset motion direction Optimized motion direction Direction deviation
Group 1 [0.0200, 0.0499, 0.9986] [0.0199, 0.0498, 0.9986] 0.0081°
Group 2 [—0.0500, 0.0500, 0.9975] [—0.0499, 0.0499, 0.9975] 0.0080°
Group 3 [0.0500, —0.0500, 0.9975] [0.0498, —0.0499, 0.9975] 0.0128°
Group 4 [0.1000, —0.1000, 0.9899] [0.0999, —0.0998, 0.9900] 0.0135°
Group 5 [0.0000, 0.1000, 0.9950] [—0.0001, 0.0998, 0.9950] 0.0126°

Position 2

{Planar
/ Board

Position 1

! Planar
I Board

R R R (a)

----------- (b)

Figure 7. (a) Structured light calibration experiments in two position: auxiliary camera on left (Position 1) and auxiliary camera on right
(Position 2); (b) one image of the line light stripe and the central point extraction result.

the system camera. The entire measurement system is mounted
on a linear stage whose travel range is 300 mm with a step-
per motor. Its minimum step interval is 1 pm. The captured
images are transferred to the PC via a USB 3.0 cable and then
processed in Matlab. A motion control card is used to control
the stepper motor and read the motion position feedback.

4.2. Simulation experiment

Before the actual calibration experiment, the effect of the para-
meter optimization on the calibration described in section 3.1
needs to be verified by the simulation experiment. The circle-
structured light measurement system model is established
based on the design model of the real system. In the design
model, the circle-structured light parameters are [0.0000,
—0.0000, 1.0000, 300.0000], so the light plane parameters
(A B C D) are set to [0.0499, —0.0499, 0.9975, 302.0000] by
adding the deviation representing the assembly error to the
model in the simulation.

The simulation experiment is divided into two groups. In
the first group experiment, the system measures the inner
radius of an 80 mm radius ring gauge placed at 10 different
random positions with the same orientation. In the second

group experiment, the system measures the same ring gauge
placed at 10 different random positions with different ran-
dom orientations. The coordinates of the intersecting points
between the light plane and the inner surface are calculated,
and the image pixel coordinates are calculated by the pinhole
model of the system camera built according to the camera type
and camera lens type in real system. Gaussian noise with 0.1
variance is added to the pixel coordinates to simulate the cal-
culation error in extracting the central points of the ring light
stripes.

Five initial structured light parameters to be respectively
optimized using the simulation data of the two experimental
groups are randomly preset to represent the results of the para-
meters obtained from the multi-position binocular-structured
light calibration. The optimization results of two simulation
experiment groups are shown in table 1. It can be seen that the
optimization results of the second experiment group are obvi-
ously close to the true value, which proves the reliability of the
optimization process. However, the results of the first exper-
imental group are not close to the true value from different
initial parameters because the minor axis length of the ellipse
generated by the intersection of any structured light plane and
the standard ring gauge is fixed. A comparison of the results
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Figure 9. (a) The measurement of the ring gauge; (b) images
captured in the experiment and the central point extraction result.

of the two experimental groupsindicates that the optimization
cannot guarantee the uniqueness and correctness of the optim-
ized light plane parameters if the ring gauge does not change
its orientation during the calibration process. Therefore, the
ring gauge must be measured in different orientations in real
calibrations.

Next, the motion direction calibration process described in
section 3.2 is verified by a simulation experiment. The motion
direction of the stage is preset with the direction deviation from
0° to 15° representing the systematic error of the motion dir-
ection deviation of the linear stage. The simulation scanning
measurement data of the inner surface of an 80 mm radius ring
gauge in 0.1 mm step is calculated and Gaussian noise with
0.1 variance is added to the data. The motion direction of the
stage is obtained through an optimization process using simu-
lation data, and the correctness of the optimization algorithm
is verified by comparing it with the preset and the optimized
directions. Five simulation experiments are carried out, and
different motion directions are preset in them. The main axis
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0.2 F —e— Qur new calibration method
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Figure 10. The measurement error of radius using different
calibration methods.

direction of the measurement system [0, 0, 1]7 is as the initial
value in optimization, and the optimization results are shown
in table 2. The deviation between the optimized motion dir-
ection and the preset direction is about 0.01°, which indicates
that this calibration method can accurately acquire the actual
motion direction.

4.3. Calibration experiment

After the simulation experiments, an actual experiment is car-
ried out to verify the effectiveness of our two-step calibra-
tion method. As shown in figure 7(a), an auxiliary camera of
the same type as the system camera is used in the first cal-
ibration step. The planar board is made by coating alumina
on a normal glass board and its roughness is about 5 pm.
According to the calibration process described in section 3.1,
the multi-position binocular-structured light calibration is car-
ried out on the left side (position 1) and the right side (pos-
ition 2) of the system. The light stripe images taken during
calibration and the central points of the light stripe extraction
results are shown in figure 7(b). The coordinates of the cal-
ibration points in two positions are unified into the measure-
ment coordinate system, and light plane parameters are fitted.
The fitting results are shown in figure 8. The initial calibration
result is [0.0342, 0.0210, 0.9992, 303.10], and the root-mean-
square error of fitting is 0.0586 mm.

Then, the inner radius of the standard ring gauge with the
reference radius 79.998 mm is measured by the system to
optimize this initial result in the second calibration step, as
shown in figure 9(a). It is mounted on a rotation stage that
is used to change the position and orientation of the ring
gauge. The system is used to measure the inner radius of
the ring gauge placed in 10 random different positions and
orientations, and the initial results are optimized to improve
the calibration accuracy. Figure 9(b) shows some captured
images in the experiment and the extracted central points of
light stripes. The optimal calibration result is [0.0354, 0.0183,
0.9992, 303.09].
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Table 3. The inner radius measurement results (unit: mm).

Recover along the
default direction

Radius masurement deviation

Recover along the

calibrated direction Radius measurement deviation

Group 1 80.0196 0.0221
Group 2 79.9096 —0.0879
Group 3 79.9660 —0.0315
Group 4 80.0089 0.0114
Group 5 79.9135 —0.0840

79.9994 0.0019
79.9886 —0.0089
79.9891 —0.0084
79.9968 —0.0007
79.9803 —0.0172

In order to verify the correctness of the result, we measured
the inner radius of this ring gauge placed in another 10 random
different positions with different orientations that ranged from
—10° to 10°. The measurement results are respectively calcu-
lated using the structured light plane parameters obtained by
the binocular-structured light calibration [19] in positions 1
and 2, respectively, by the multi-position binocular-structured
light calibration and by our new calibration method. The errors
of the measurement results are shown in figure 10. It can
be seen that there are fewer measurement errors using para-
meters obtained by the multi-position binocular-structured
light calibration than those using parameters obtained by the
binocular-structured light calibration method, which validates
that the multi-position binocular-structured light calibration
can improve the calibration accuracy due to the larger observa-
tion range of the structured light plane. The mean error of the
radius measurement results using parameters obtained by our
calibration method is 11.5 wm with 6.8 pum standard deviation,
and the average relative error is 0.015%. Compared with the
results obtained by other methods, the measurement accuracy
and repeatability have been improved by the new calibration
method in our homemade system.

After the structured light calibration, the motion direction
of the stage is calibrated in the second calibration step. In the
experiment, the stage drives the system to measure the 10 mm
inner surface in 0.5 mm step intervals of the same standard ring
gauge, and its motion direction is acquired through the optim-
ization process introduced in section 3.2. The calibration res-
ult is M = [0.0566, —0.0080, 0.9984]7. To verify the correct-
ness of this result, the 10 mm inner surface of the ring gauge
placed in five random different positions and orientations is
measured in 0.5 mm step intervals. Five groups of measured
data are respectively recovered along the main axis direction
of the system and the calibrated motion direction M, and the
inner radius measurement results are calculated by the cylin-
der fitting [30]. The results are shown in table 3, and demon-
strate that the radius measurement results are more accurate
using the calibrated motion direction to reconstruct the inner
surface.

The measurement results of the third group are selected to
register with the model of the ring gauge to analyze the meas-
urement error distribution. The error distribution of the recon-
structed surfaces along the default direction and the calibra-
tion direction is shown in figure 11. From the results, it can
be seen that motion direction calibration can ensure surface
reconstruction accuracy in scanning measurement and effect-
ively compensate the systematic errors.
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Figure 11. The error distribution of the recovered surface before
and after compensation.

After calibration, the system is used to scanning meas-
ure the inner surface of the ring gauge fixed at a random
position five times to verify the measurement repeatabil-
ity. The error distribution of these five measurement res-
ults is shown in figure 12. It can be seen that the error dis-
tribution and measurement deviation are similar in the five
results, proving the high measurement repeatability of the
system.

4.4. Measurement application

In the calibration experiments, the results proved that the sys-
tem can realize high-precision and high-repeatability measure-
ments after using the proposed calibration method. For actual
measurement applications in industry, the calibrated system
is used to inspect the machining quality of a self-lubricating
bearing sleeve sample without graphite columns installed on
it. As shown in figure 13(a), the reference machining preci-
sion of this sleeve is 0.05 mm and its reference inner dia-
meter is 155 mm and it has 28 x 12 mm diameter holes in
it. In the measurement, the system is moved to capture 840
images during 84 mm in 0.1 mm step to measure the inner sur-
face of this sleeve. The measurement result consists of 557 508
points, and the error distribution of the measurement result is
shown in figure 13(b). The measurement result of the inner
diameter is 155.019 mm and the diameter measurement res-
ults obtained by a cylinder fitting algorithm using the meas-
ured data near holes of the 28 holes on the sleeve have 7.9 um
mean error and 8.8 wm standard deviation, as is shown in
figure 13(c). The experiment result further demonstrates that
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Figure 12. The error distribution of five measurement results of the ring gauge inner surface.
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Figure 13. (a) The model of the measured self-lubricating bearing sleeve sample with hole number and the measurement of the ring gauge;
(b) the error distribution of the measurement results of the sample; (c) the measurement error of hole diameter.

the circle-structured light measurement system calibrated by
our proposed calibration method can satisfy high-precision
measurement requirements in actual applications, such as in
industrial fields.

5. Conclusion

This paper proposes a new two-step system calibration method
for the circle-structured light inner surface measurement
system to compensate the systematic errors of the light plane

deviation and the motion direction deviation. In the first step,
multi-position binocular-structured light calibration is con-
ducted to obtain a more accurate initial calibration result
based on a larger observation range of the light plane without
interference by the system structure. Then, in the second
step, it is optimized using the radius measurement results of
a standard ring gauge placed in different random positions
and orientations to improve the calibration accuracy. Using
this optimized result, the motion direction is also calibrated
by optimization using inner surface scanning measurement
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data of a standard ring gauge to make a further improve-
ment on the scanning measurement accuracy. In this method,
the system calibration accuracy is improved by an optim-
ization process using the standard ring gauge measurement
data in the second step to reduce the influence of the bin-
ocular measurement error in the first calibration step. Mean-
while, the proposed method is easy to implement in actual
applications to realize high-accuracy measurements without
intricate calibration operations. In addition, this method only
needs another camera, a blank planar board and a standard
ring gauge. It does not require complex calibration targets
or other expensive equipment. In our homemade system, the
experimental results show that the mean relative measure-
ment error can reach 0.015%, which validates that the sys-
tem can realize high-precision and high-repeatability inner
surface measurement via the proposed two-step calibration
method in actual measurement applications. The new calib-
ration method means that circle-structured light systems can
potentially meet industrial measurement demands with high
accuracy.
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