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Abstract: The alignment precision of manual brush assembly for a precision conductive slip ring
is critical to its performance of reliability and service lifetime. Currently, the alignment precision
cannot be guaranteed since it largely depends on the operator’s experiences and skill level. In this
paper, a machine vision-aided method is proposed to measure the ring groove positions as the
brush alignment objective, and track the relative brush position deviation during the manual brush
alignment assembly. A vision-aided brush alignment assembly system is also developed to provide
quantitative position deviation for the precise alignment of the brush and the ring groove, ensuring
higher alignment accuracy and efficiency. The experimental results indicate that, with the developed
system, the brush alignment assembly accuracy can be controlled within ±0.02 mm.

Keywords: conductive slip ring; brush alignment assembly; machine vision; image processing

1. Introduction

A precision conductive slip ring is often used in rotating electrical assemblies to make
a continuous electrical connection for power and signal transmission between stationary
and rotating parts. As a key component of various precision equipment, it is widely used in
aerospace, aviation, navigation, nuclear power, wind power, high-speed railway, machine
tools and other industrial areas [1,2]. For example, the precision conductive slip ring acts
as a key single point failure component in solar array drive assembly (SADA), and it is
responsible for the transmission of power and control signals between the solar panel and
the spacecraft during the sun tracking. Once the slip ring fails, the signal cannot be trans-
mitted to the solar cell wing side, and it is even possible that the power supply of the whole
satellite will be abnormal, resulting in the failure of the whole satellite mission. Therefore,
the reliability and service lifetime of precision conductive slip rings are very important for
spacecraft, which puts forward high requirements for its manufacturing quality.

As shown in Figure 1, the conductive slip ring is mainly composed of an insulating
ring, conductive ring, brush, combined support and bearing. The wire type cylindrical
brush contacts with the V-shaped circumferential groove with a certain pressure to ensure
the stable transmission of electrical power and signals. In addition, in the slip ring assembly
process, the alignment accuracy between the brush and the ring groove directly affects
the dynamic contact resistance and further affects the reliability and service lifetime of
conductive slip ring. This is because if the alignment is inaccurate, the friction torque
between the brush and the ring groove will be increased under the influence of the lateral
gradient contact force, resulting in a large change in the dynamic contact resistance, and in
some serious cases, this may lead to short-circuit fault and on-board failure of the slip ring.
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Figure 1. Conductive slip ring: (a) SADA slip ring; (b) Enlarged view of (a); (c) Design model of
slip ring.

Currently, the brush alignment assembly is performed manually by the manual visual
alignment operation with the aid of a magnifier. Thus, the alignment accuracy of the brush
and the ring groove largely depends on the operator’s experience and skill level. This
may lead to the problem that the alignment accuracy cannot be guaranteed, resulting in
low assembly consistency and efficiency for the conductive slip ring. Moreover, the brush
alignment accuracy cannot be quantitively evaluated and, further, recorded digitally.

With the improvements in computer performance and camera resolution, as well
as the image processing algorithms, machine vision has been widely used in industrial
areas [3], such as surface defect inspection [4], part machining [5], package sorting [6]
and product assembly [7]. Compared with manual visual detection, machine vision has
the advantages of being non-contact, high accuracy and having a wide detection range,
which can avoid human mistakes and improve the detection accuracy and efficiency [8].
Therefore, many scholars have conducted related research on how to apply machine vision
into the conductive slip ring, which can be mainly divided into two categories: assembly
position detection [9–11] and brush wire angle measurement [12,13].

As for assembly position detection, Jiang developed an on-machine vision measure-
ment system for machining the ring grooves of the conductive slip ring [9]. The images
of the conductive slip ring are captured by an industrial camera, the central positions
of the conductive rings are extracted, and the machining code is generated accordingly,
which greatly improves the machining accuracy and efficiency. Dong [10] developed a
micro- groove position detection system for conductive slip rings based on machine vi-
sion. Through preprocessing and edge extraction of the image collected by the camera,
the machining code of CNC machine tool is generated. The automatic processing of the
micro-groove ensures the processing accuracy and improves the processing efficiency.
Guo [11] proposed a method for detecting the precise assembly position of conductive slip
rings based on line structured light, which realized the automatic position detection and
improved the detection efficiency under the premise of ensuring micron-level accuracy.
However, the effectiveness of the 3D position detection and the accuracy of semi-occlusion
detection cannot be guaranteed.

In terms of brush wire angle measurement, Li [12] proposed a method of measuring
and controlling the angle of the conductive ring brush wire based on machine vision.
By establishing the pre-compensation model of brush wire rebound and setting up the
brush angle forming and measuring device, the accurate control of angle output value is
realized. Wang [13] applied machine vision into the brush wire angle measurement and
contact pressure detection. Via the detection algorithm of the brush wire angle, the rebound
angle of brush wire is measured with high accuracy, and the actual contact pressure value
between the brush wire and the slip ring is calculated through the visual detection.

In this paper, we propose an in-situ machine vision method to measure the ring groove
positions and track the relative brush positions, and develop a vision-aided brush alignment
assembly system for precision conductive slip rings. This system can provide quantitative
relative position deviation for the precise alignment of the brush and the ring groove,
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ensuring the high alignment accuracy and efficiency during the brush alignment assembly
process. The rest of this paper is organized as follows: Section 2 describes the design and
the working flow of the brush assembly system. Section 3 details the vision measurement
methods for the ring groove measurement and brush tracking during assembly. Section 4
gives the system calibration method. The system development and some experiments are
presented in Section 5. Lastly, Section 6 concludes this paper.

2. Vision-Aided Brush Assembly System Design
2.1. Optical and Mechanical System Design

As illustrated in Figure 2, the vision-aided brush alignment assembly system for
precision conductive slip rings is mainly composed of an optical and a mechanical sub-
system. The optical sub-system consists of an industrial camera, a macro lens, a line laser
source, as well as an infrared light source. It has two working modes depending on the
different light source projected. The line laser source is used with the camera to capture the
images for further extraction of the ring groove positions, and the infrared light source is
used for the brush position tracking during the brush assembly process.
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Figure 2. Schematic diagram of the vision-aided brush alignment assembly system.

The mechanical sub-system includes a slip ring fixture, a horizontal adjustment mech-
anism, slip ring rotating mechanism, a direct drive linear motor stage and a manual linear
translation stage. When measuring, the precision conductive slip ring is first fixed by two
ring clamps on the fixture. Then the two axes of the horizontal adjustment mechanism are
adjusted until the axis of the slip ring is nearly parallel to the translating direction of the
direct drive linear motor stage. By driving the manual linear translation stage forward, the
slip ring rotating mechanism is connected to the rotary shaft of the slip ring. The optical
sub-system is mounted on the direct drive linear motor stage under the worktable and can
measure all the ring grooves along the translation range. During the measurement process,
the optical sub-system obtains images from the top for analysis, and uses the rotating
mechanism to measure four quadrant positions of the ring groove. The positions of the ring
grooves and the brush pose deviation can be calculated and showed on the display screen
simultaneously, thus can give adjustment guidance to assist the operators to assemble the
brushes more quickly and precisely.

2.2. System Measurement Procedures

The measurement procedures of groove position and brush position for the vision-
aided brush alignment assembly system is described in Figure 3. First of all, the system
is started and its motion axes are reset to accomplish the system initialization. Before the
actual measurement, the conductive slip ring is fixed and adjusts its axial parallelism and
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levelness to make its axis parallel to the translating direction of the linear motor stage. The
system measures the groove and brush positions one by one in a sequential way along the
translating direction of the optical sub-system.
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During one measurement, the optical sub-system mounted on the direct drive linear
motor stage is moved to the theorical position of the specific conductive ring. In order
to measure the groove positions, the line laser is projected onto the ring groove surface,
and the slip ring is rotated by 90◦ four times and the camera captures each corresponding
image, respectively. The image and data processing are then carried out to extract the mean
value of the ring groove position as the target position of the brush alignment assembly.

In order to track the relative brush position with respect to the groove, the infrared light
is projected onto the slip ring from the side. Then, the camera captures the corresponding
brush image, and image and data processing are adopted to calculate the deviation between
the current brush position and the reference groove position. Based on this, the brush can
be adjusted to its proper position and then is fixed by glue dispensing to finish the brush
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assembly at its current position. The optical sub-system then can be moved to the other
groove positions to complete the entire brush assembly.

3. Vision Measurement Methods
3.1. Vision Measurement of Groove Position

As represented in Figure 4a, the line laser is projected onto the surface of the slip
ring groove, and the camera captures the corresponding image. Due to the reflection of
the smooth metal surface of the groove side walls, two beams of crossed laser lines are
formed in the captured image, as shown in Figure 4b, and the intersection of the formed
two crossed laser lines can be considered as the bottom position of the slip ring groove. As
shown in Figure 4c, through the processes of region of interest setting, image smoothing,
sub-pixel stripe center extraction, contour selection and connection, straight line fitting and
intersection, the intersection of the crossed laser lines can be obtained to accomplish the
accurate measurement of the slip ring groove.
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Figure 4. Measurement of the slip ring groove position: (a) Line laser projected onto the groove
surface; (b) Captured laser line image on the groove side walls; (c) Flow diagram of the image
processing to measure the groove position.

3.1.1. Setting of the Region of Interest

When the line laser is projected onto the surface of the slip ring groove, the captured
image, as illustrated in Figure 4b, has a large resolution and covers a larger field of view
than is necessary to determine the current groove position. Therefore, it is necessary to
set a region of interest in the groove image to improve the image processing efficiency. In
addition, the system measures the groove and brush positions of each conductive ring
individually. For each measurement, only the conductive ring on the image, which the
camera is directly pointing to, is considered for further processing. Normally it is the most
central groove in the image. Thus, the region of interest can be set to the image’s central
area only containing the most central groove. Furthermore, this region of interest is a fixed
area for all of the measurements in the developed system.

In order to set the region of interest, an initial region of interest is obtained by thresh-
olding the gray value in the slip ring groove image, then the image dilation process is
applied to retain the valid pixels which define the proper region of interest.

The purpose of image thresholding is to filter the pixels within the specified gray value
range in the image I into the region S to obtain the valid pixels, which can be defined as
the following mathematical expression [14]:

S =
{
(x, y) ∈ I

∣∣gmin ≤ Fx,y ≤ gmax
}

(1)

where gmin is the minimum gray value, and gmax is the maximum gray value.
After image thresholding, it is necessary to extract the connected component based on

conditional dilation to obtain the laser stripe information in the region of interest. Dilation
operation can be simply understood as the “coarsening” operation of the image, which is a
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collective operation expressed by operator ⊕, and its mathematical expression is described
as follows:

I ⊕ ST = {t|I ∩ St 6= Φ} (2)

where the region ST is the mirror region of the region S with regard to the origin (0, 0), and
the region St is the translation region of the region S with regard to the vector t.

ST = {−p|p ∈ S}
St = {p|(p− t) ∈ S} (3)

Figure 5a is an example of the obtained region of interest for one captured image. It’s
used is for better illustration of the image processing procedures.
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3.1.2. Image Smoothing

The image smoothing preprocessing can be realized by convoluting the above region of
interest with the Gaussian filter, as shown in Figure 5b. The two-dimensional Gaussian filter
is applied to smooth the region of interest, and its expression is defined as the following
formula [15]:

Gθ(u, v) =
1√

2πσu
exp

(
−1

2
u2

σ2
u

)
⊗ 1√

2πσv
exp

(
−1

2
v2

σ2
v

)
(4)

where ⊗ represents the convolution operator, the u axis is along the θ direction, and the v
axis is perpendicular to the θ direction.

3.1.3. Stripe Center Sub-Pixel Extraction

As shown in Figure 5c, Steger’s method, based on the Hessian matrix, is used to
extract the sub-pixel laser stripe center [16]. Specifically, the normal direction of the stripe
is calculated based on the Hessian matrix, and the sub-pixel position of the stripe center is
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solved by Taylor expansion in its normal direction. Assuming that the coordinate of one
point is (x, y), the Hessian matrix expression of the above point is described as follows:

H(x, y) =

 ∂2G(x,y)
∂2x ⊗O(x, y) ∂2G(x,y)

∂x∂y ⊗O(x, y)
∂2G(x,y)

∂x∂y ⊗O(x, y) ∂2G(x,y)
∂2y ⊗O(x, y)

 =

[
Oxx Oxy
Oxy Oyy

]
(5)

where G(x, y) represents the two-dimensional Gaussian convolution function, O(x, y) is
an image matrix with the coordinate point (x, y) as the center and the size equal to the
two-dimensional Gaussian convolution function. After the Hessian matrix is obtained, the
normal direction of the stripe is the direction where the absolute value of the second-order
directional derivative of the above image matrix takes the maximum value, which can be
determined by calculating the eigenvectors and eigenvalues of the Hessian matrix [17].

It is assumed that the coordinate point (x0, y0) is the reference point and the unit
vector

(
nx, ny

)
is the normal direction of the stripe. Derived from the analysis, the sub-pixel

coordinate of the stripe center is defined as follows.(
Px, Py

)
=
(

x0 + τnx, y0 + τny
)

(6)

where τ is expressed as the following formula.

τ = −
nxOx + nyOy

n2
xOxx + 2nxnyOxy + n2

yOyy
(7)

Ox and Oy are the convolution results between the first-order derivative of the above
two-dimensional Gaussian convolution function and the above image matrix, which are
described as follows, respectively.

Ox = ∂G(x,y)
∂x ⊗O(x, y)

Oy = ∂G(x,y)
∂y ⊗O(x, y)

(8)

3.1.4. Contour Selection and Connection

According to the characteristics of the contour area and length, the previously extracted
sub-pixel contours are selected, as shown in Figure 5d,e. Using the similarity between
edge points and adjacent edge points (the difference between gradient and direction is
less than the threshold), the adjacent contour lines are connected to obtain the laser stripe
center information.

3.1.5. Straight Line Fitting and Intersection

The weighted least square method is adopted to fit the above stripe center. The least
square method takes the minimum residual sum of squares as the linear fitting criterion.
The weighted least square method introduces a weight coefficient ωi before each residual to
balance the proportion of each item in the sum of squares, whose mathematical expression
is shown in the following formula [18]:

εω =
n

∑
i=1

ωi

(
yi −

∧
yi

)2
=

n

∑
i=1

ωi(yi − bxi − a)2 (9)

Based on the single-optical line laser principle, the laser is projected onto the surface
of the slip ring groove, and the camera captures the corresponding image. As illustrated
in Figure 5f, the intersection of two crossed line lasers is obtained to ensure the accurate
position measurement of the slip ring groove via the region of interest setting, image
smoothing, sub-pixel stripe center extraction, contour selection and connection, straight
line fitting and intersection.
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3.2. Vision Tracking of the Brush Position

Due to the V-shaped circumferential groove characteristics on the smooth metal side
wall surface of the slip ring, if the forward projection lighting mode is adopted during
projection, the identification of the ring groove is not accurate enough in the image domain,
which brings large errors in the extraction of the ring groove. Therefore, the groove
position was set as the brush wire assembly benchmark. During the brush alignment, as
shown in Figure 6a, the bar light is projected to the slip ring from the side and the camera
captures the corresponding brush image, as shown in Figure 6b, the brush is imaged as the
highlighted identifiable area in the image domain, from which the position deviation can
be accurately extracted.
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Figure 6. Vision tracking of brush position: (a) Light projection; (b) Brush image; (c) Flow diagram of
the image processing to track the brushes.

Using the side lighting method, the surface curvature of the ring groove and the
brush wire is different, and the corresponding light reflection results are different as well,
resulting in different gray values in the image. As shown in Figures 6c and 7, by setting the
region of interest, sub-pixel brush center extraction, contour connection, and straight-line
fitting, the actual brush position, as well as its angle, can be obtained accurately.
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stripe center extraction; (c) Contour selection and connection; (d) Straight line fitting.

4. Calibration of the Optical Imaging System

As presented in Figure 8, the calibration of the optical imaging system is to establish
the coordinate conversion relationship from the spatial point Pw represented in the world
coordinate system (xw − yw − zw) to the corresponding projection point p represented in
the pixel coordinate system (u− v). There are enough known spatial points in the world
coordinate system as well as their corresponding projection points in the pixel coordinate
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system to establish the coordinate conversion relationship, and further to calculate the
internal and external parameters of the camera [19].

Machines 2022, 10, x FOR PEER REVIEW 9 of 14 
 

 

    
(a) (b) (c) (d) 

Figure 7. Image processing for vision tracking of brush position: (a) Region of interest; (b) Sub-pixel 
stripe center extraction; (c) Contour selection and connection; (d) Straight line fitting. 

4. Calibration of the Optical Imaging System 
As presented in Figure 8, the calibration of the optical imaging system is to establish 

the coordinate conversion relationship from the spatial point wP  represented in the world 
coordinate system ( )w w wx y z− −  to the corresponding projection point p  represented 

in the pixel coordinate system ( )u v− . There are enough known spatial points in the 
world coordinate system as well as their corresponding projection points in the pixel 
coordinate system to establish the coordinate conversion relationship, and further to 
calculate the internal and external parameters of the camera [19]. 

xc

yc

zc

xw yw

zw

Pw

f
cx

cy

x

y

v

u

u0

v0

p

 
Figure 8. Calibration projection relation of optical imaging system. 

The calibration model of the optical imaging system is based on the pinhole model, 
and its mathematical expression is represented as follows [20]: 

0

0

0 0 0 0
0 0 0 0

1
1 0 0 1 0 0 1 0

1

w
x

w
c y

w

x
u c u f

y
z v c v f

z

 
               =                      

 

R T
0

 (10) 

where [ ]w w wx y z  is the spatial point represented in the world coordinate system; R  
and T represent the rotation matrix and translation vector from the world coordinate 
system to the camera coordinate system, respectively; cz  is the corresponding Z-axis 
coordinate represented in the camera coordinate system; f  represents the focal length; 
[ ]0 0u v  is the origin of the image coordinate system represented in the pixel coordinate 

Figure 8. Calibration projection relation of optical imaging system.

The calibration model of the optical imaging system is based on the pinhole model,
and its mathematical expression is represented as follows [20]:
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v
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where
[

xw yw zw
]

is the spatial point represented in the world coordinate system; R
and T represent the rotation matrix and translation vector from the world coordinate system
to the camera coordinate system, respectively; zc is the corresponding Z-axis coordinate
represented in the camera coordinate system; f represents the focal length;

[
u0 v0

]
is the origin of the image coordinate system represented in the pixel coordinate system;[

u v
]

is the corresponding projection point represented in the pixel coordinate system;
fx and fy are the numbers of pixels per unit distance represented in the image coordinate
system, cx = fx/ f , cy = fy/ f .

As shown in Figure 9, the calibration of the optical imaging system can be completed by
using a high-precision circular calibration board. Firstly, capture the images of the circular
calibration board; Secondly, extract the internal area of the calibration board by image
segmentation; Thirdly, extract the edge of each circular marker point of the calibration
board to fit the corresponding ellipse area; Fourthly, extract the minimum circumscribed
quadrilateral belonging to each ellipse area and calculate the corresponding relationship
between each circular marker point and each projection point; Finally, calculate the camera
parameters to accomplish the calibration.
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5. System Development and Experiments
5.1. System Development

Based on the above research, a vision-aided brush alignment assembly system was
developed as shown in Figure 10. The industrial camera is Balser acA1600-60gm with
2048 pixels × 1088 pixels resolution and 60 fps frame rate. The macro lens is Computar
MLM-3X-MP zoom lens with the focal length of 90 mm. The field of view of the optical
sub-system is 8 mm × 6 mm at 120 mm working distance. The laser is Thorlabs’ DL3148-
025 type red laser diode and LJ1227L2 type plano-convex cylindrical mirror with a laser
wavelength of 635 nm. The direct drive linear motor stage adopts the Misumi high-precision
displacement platform KUH1505-520-100-A1 model, its translation range is 320 mm, and
the positioning accuracy is 0.01 mm.
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Figure 10. Developed vision-aided brush alignment assembly system.

The developed software is shown in Figure 11. It includes the project management
module, hardware communication module, parameter calibration, visual measurement
module, data processing module and human–computer interaction module. The software
interface design and development are realized using Visual Studio and QT, and the core
image processing algorithm development is based on MVTec Halcon.
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Figure 11. Software developed for vision-aided brush alignment assembly system.

Based on the development of hardware and software of the vision-aided brush align-
ment assembly system, the measured data is intuitively fed back in real time to support the
quantitative evaluation of the alignment status between the brush position and the groove
position, and can provide the in-situ assembly guidance to the operators, which improves
the assembly accuracy and efficiency during the brush assembly process.

5.2. System Calibration

In order to accurately obtain the camera parameters, calibration needs to be carried
out based on multiple board images from different perspectives. As seen in Figure 12, a
high-precision circular calibration board is placed on the worktable, and the placement
position and pose of the calibration board is adjusted to obtain the calibration results.
The circular calibration board (accuracy of 0.1 µm) has an array of 7 × 7 circular marker
points and the diameter of each circular marker point is 1.5 mm. After capturing enough
calibration photos for calibration, the calibrated pixel conversion ratio is 0.00685 mm/pixel.
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5.3. System Measurement

A SADA precision conductive slip ring is used to evaluate the performance of the
developed vision-aided brush alignment assembly system. It has 57 conductive rings,
each of which has a V-shaped slip groove. The groove positions are measured using
the developed system and the groove position deviation with respect to their designed
position value is shown in Figure 13a. The groove position deviation is 0.0520± 0.0234 mm,
which, in some sense, indicates that the groove position error due to the groove machining
process cannot be neglected. The brush alignment assembly is further carried out and the
final brush position deviation with respect to the measured groove positions is obtained,
as shown in Figure 13b. It shows that with the developed system, the brush alignment
assembly accuracy can be controlled within ±0.02 mm. Through the field experiment, eight
conductive rings are aligned precisely between the brush and the ring groove per minute,
which proves the high alignment efficiency of the system.
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6. Conclusions

In this paper, a vison-aided brush alignment assembly method is proposed based on 2D
image measurement and image processing technologies. By analysis and processing of the
ring groove and brush images, the alignment status of the ring groove and brush center is
extracted and quantitatively evaluated. The quantitative feedback of the measured data can
realize the in-situ guidance of the assembly operation and improve the alignment accuracy
of the ring groove and brush in the assembly process. The measurement hardware system
is developed via the design of system optical path, mechanical structure and the selection
of core components. The measurement software system is developed with the modules of
image processing, precision control, measurement process, image feature extraction and
data visualization. The experiments verified the performance of the developed vision-aided
brush alignment assembly system.
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