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Abstract: To improve the measurement accuracy of three-dimensional rotation angle of the spherical joint, a
novel approach is proposed in this study, which combines the magnetic detection by Hall sensor and surface
feature identification by eddy current sensor. Firstly, a permanent magnet is embedded in the ball head of
spherical joint, and Hall sensors are set and distributed in the ball socket to measure the variation of magnetic
flux density when spherical joint rotating, which are related to 3D rotation angle. In order to further improve
measurement accuracy and robustness, we also set grooves on the ball head and use eddy current sensors to
synchronously identify the rotation angle of the ball head. After the combination of two signals is adopted, a
measurement model is established using the RBF neural network by training, and realized real-time
measurement of the 3D rotation angle of spherical joint. The feasibility and superiority of this method are
validated through experiments. The experimental results indicated that the measurement accuracy is promoted
substantially compared to the preliminary measurement scheme based on spherical coding, the average
measurement error of single axis is reduced by 9'9". The root mean square errors for the measurement of 3D
rotation angles in this proposed method are as follows: the pitch angle a has an error of 1'8", the yaw angle 3
has an error of 2'15", and the roll angle y has an error of 29'6".

Keywords: spherical joint; 3D rotation angle; RBF neural network

1. Introduction

The spherical joint is a mechanism that can achieve three rotary degrees of freedom [1]. It is
compact in structure and flexible in motion, and is widely used in parallel mechanisms, machine
tools, measuring instruments, medical devices, optical devices, and various other equipment [2-3].
As a purely passive component, it is unable to determine its rotation orientation and angle [4]. If an
embedded precise measurement method for its rotation angle can be found, the spherical joint will
become an intelligent device with broader application prospects, which is beneficial for improving
the motion accuracy and facilitating control of equipment which the spherical joints are employed in.
[5-6]

Over the past several decades, the identification of spherical rotation direction and angle
measurement techniques have been researched and developed. Several measurement methods based
on different principles have emerged, mainly include optical [7-8], magnetic field [9], and inertial
field [10-11]. For example, Min Li from Minnesota State University, USA, utilized embedded sensors
to simultaneously measure the magnetic flux density and back electromotive force of a spherical
motor. The data from these sensors were input into a sensor fusion system based on Kalman filtering
to estimate the three degrees of freedom of angular displacement and angle in real-time.
Experimental results showed that within a certain measurement range, the average measurement
error of the system in a single axis was 0.08° [12]. Korean scholars, Jae-Hyeok Kim et al. proposed
using a precision mechanical sensor called Attitude and Heading Reference System (AHRS),
comprising of a gyroscope, accelerometer, and magnetometer, to measure the tilt angle of a spherical
motor [13]. The measurement accuracy of the two axes was 0.27° and 0.83° respectively, but this
method cannot measure the self-rotation angle of the motor, and the accuracy still needs
improvement. Wang et al. team also proposed a sensorless rotor attitude detection method based on
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the mutual inductance voltage of the stator coil. In the online detection process of rotor position, the
three-dimensional position angle of the rotor is inversely calculated based on the real-time collected
mutual inductance voltage information, using an intelligent optimization algorithm, combined with
the distribution law of mutual inductance voltage and the constraints of the rotor structure. This
detection method has a good online detection effect, with a standard deviation of the group within
1.8° [14], but the accuracy is not high. S. Yang et al. from the Chinese Academy of Sciences proposed
a 2-degree-of-freedom angle displacement measurement method using a spherical capacitive sensor
to measure the spherical pair [15]. The capacitance sensor proposed in this method has a four-
quadrant differential electrode configuration. Compared with other angle measurement detection
methods, it has an integrated structure, occupies a small space, and is convenient to integrate into the
sphere. However, this method is unable to achieve measurements around the rotation axis.

Under the support of the National Natural Science Foundation of China, our team has proposed
a measurement scheme for three-dimensional rotational angles in the spherical joint space based on
eddy current sensors and pseudo-random coding. As shown in Fig.1(a), a sensor array is formed by
multiple sensors to recognize the spherical coding. An artificial neural network is employed to
establish a measurement model between the output voltage of the eddy current sensors and the
spatial three-dimensional(3D) rotational angles. Consequently, the measurement of 3D rotational
angles in the spherical joint space is realized [16-17]. In this scheme, the pitch angle o and the twist
angle 3 are within the range of -10° to 10°, with root mean square errors of 22'32" and 25'58",
respectively. The rotational angle y of the spherical joint along the axis of the spherical joint rod is
within the range of 0° to 120°, with a root mean square error of 30'17". Figure.1(b) presents another
scheme proposed by our team for measuring the 2D rotational angle of the ball hinge. In this scheme,
a cylindrical permanent magnet is embedded in the bottom of the ball head, and a Hall sensor
installed in the ball socket is used to measure the rotational angle of the ball head in any direction in
space. Finally, the measurement value is decomposed into the rotational angle components a and 3
around the X and Y axes. The maximum accuracy of single-axis angle measurement in this scheme
can reach 4' [18].

Permanent
magnets

/
/
/ B
(] Y Hall sensors

Eddy current sensors
(a) (b)

Figure 1. Two measurement schemes for the rotation angle of a spherical joint.

The accuracy level of the measurement scheme based on eddy current sensors and pseudo-
random coding of the three-dimensional slewing angle in spherical joint space is not yet able to meet
the needs of the precision engineering field. So in this paper, based on the magnetic effect method
and spherical coding method researched by the group in the previous period, we combine the
advantages of the two method to construct a new combined measurement scheme.
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2. Measurement Plan Design

This scheme embeds a permanent magnet into the bottom of the ball head and uses three Hall
sensors to detect the magnetism of the ball head. When the spherical joint rotates, the Hall sensors
perceive the 3D rotation angle of the ball hinge through the change in the magnetic field. However,
this scheme has low measurement accuracy for the roll angle y. Therefore, a one-dimensional groove
is machined on the surface of the metal ball head to improve the measurement accuracy of the self-
rotation angle vy using the distance measuring principle of eddy current sensors, and also to enhance
the measurement accuracy of the pitch angle a and the yaw angle (3. The overall design is shown in
Figure 2.

Ball head

Eddy current

; Spherical groove

(a) (b)

Figure 2. Schematic diagram of measurement scheme.

2.1. Sensor Placement Location

Place three Hall sensors horizontally into the bottom of the ball socket. Use the sensor position
fixator inside the ball socket to secure the three Hall sensors in the same plane. Two different sensor
placement schemes are used here for comparison. Scheme 1: as shown in Fig.3(a), sensor S1 is located
on the X-axis and senses the magnetic field in the X-axis direction, sensor S2 is located on the Y-axis
and senses the magnetic field in the Y-axis direction, and sensor S3 is located on the axis that is
135°counterclockwise from the Y-axis, sensing the magnetic field in the axial direction. Scheme 2: as
shown in Figure.3(b), rotate sensors S1 and S2 by 90°respectively. S1 measures the magnetic field
component in the Y-axis direction, and S2 measures the magnetic field component in the X-axis
direction. The position of S3 remains unchanged.

The simulation of the two schemes using COMSOL and MATLAB, the error results of a and 3
angles after fitting with RBF neural network are shown in Figure.4. It can be seen that scheme 2 has
higher measurement accuracy for a and {3 angles, so scheme 2 is adapted to place the Hall sensor.
The design of the ball socket is shown in Figure.5. Based on the previously described spherical coding
scheme, it is of positive significance to improve the accuracy of measuring the three-dimensional
rotation angle of the spherical joint by arbitrarily selecting four asymmetric positions for installing
the eddy current sensor on the spherical socket surface.
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Figure 3. Hall sensor placement angle design.
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Figure 4. The a and {3 angle errors of neural network fitting
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Figure 5. The design scheme of ball socket
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2.2. Spherical groove design

Using the AD/DC module of the COMSOL physics field simulation tool, a 3D finite element
model was established. By simulating and analyzing grooves with different parameters on a metal
block, the parameter settings of the grooves on the surface of the spherical head were determined.
Based on the previous research results of our team on the output characteristics of eddy current
sensors [19], it is known that the inductance of the sensor will undergo significant changes when
scanning grooves with different parameters, especially when the sensor is located at the center of the
groove, the difference value is maximum. For grooves with the same width, the larger the groove
depth, the greater the change in inductance; for grooves with the same depth, the larger the groove
width, the greater the change in inductance. Additionally, the sensor is more sensitive to groove
depth than groove width.

Therefore, in this study, only the parameter setting of groove depth is modified. Finally, through
a large number of combination schemes, the optimal solution is determined as follows: the spherical
head is divided into 24 groups, with each group consisting of a 15° interval, and the groove width
occupies 7°l (where 1 is the arc length when the central angle of the equatorial plane of the sphere is
1°). Among these groups, 12 groups have groove depths starting from 0.lmm and increasing by
0.1mm each time, while the other 12 groups have groove depths starting from 1.25mm and decreasing
by 0.1mm each time. Based on the design scheme described above, The physical structures of the ball
head and the ball socket are shown in Fig.6. The ball head is made of aluminum alloy, and the ball
socket is manufactured using 3D printing with nylon material, which does not affect sensor
measurements.

(a) Ball head (b) Ball socket

Figure 6. Physical diagram of the Ball head and Ball socket

3. RBF Neural Network

Based on the team's previous experience of using neural network modeling [20-21], establishing
a measurement model for the rotational angle of the spherical joint space based on artificial neural
networks can simplify the algorithm model, eliminate the complex and lengthy model derivation
process, and the high robustness of the neural network can also compensate for the defects in
prototype structural parameters, installation errors, and gap errors during ball head movement.
Among them, the RBF neural network can approximate any nonlinear function with arbitrary
precision and has good generalization ability. When the network parameters are determined, the
output of the network is the linear weighted sum of the hidden layer node outputs, so various linear
optimization algorithms can be used to solve the network weights, speed up the learning speed, and
avoid local minimum value problems [22].
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The RBF neural network structure, as shown in Fig.7, is composed of the input layer, hidden
layer, and output layer. The transformation from the input layer space to the hidden layer space is
non-linear, while the transformation from the hidden layer space to the output layer space is linear.

Hikn
Tyer

Figure 7. Structure diagram of RBF neural network

The network input is the output of the Hall sensor and the eddy current sensor, denoted as X=
[x1,x2, ..., x7] T. The network output is the predicted values of three rotational angles, denoted as Y=
[ v1, y2, y3] T. The expression of the output layer of the RBF network is:

y(x) = Z%=1 w;4;(x) 1)

2
h(x) = exp (— M),i =1,2,..,1 (2)

o2

where ® is the output weight vector, | is the number of nodes in the hidden layer; £(x) is the
activation function, and the Gaussian function is the most commonly used radial basis function; c;
represents the center parameter of the kernel function for the i hidden layer neuron, while o; is the
expansion constant for the i hidden node.

Due to the fact that the center points selection of the RBF algorithm uses the K-means algorithm,
the training process adjusts the weights of the network using either gradient descent or least squares
method, which often leads to overfitting and reduces the model's generalization ability. While the
RBF neural network optimizes the centers of the hidden layer, expansion constants, and output
weights as particles in the particle swarm algorithm, this approach effectively avoids overfitting and
other problems that may arise during model training [23]. Therefore, this paper uses the PSO
algorithm to optimize the RBF neural network, improve its robustness and generalization ability, and
enhance the accuracy of the measurement system.

The optimization goal of the PSO algorithm is to minimize the error function value between the
actual output and the expected output of the RBF neural network. The fitness function is set as the
objective:

F=XL X — o) 3)

where, N represents the number of samples, n represents the number of outputs of the neural
network, d;; represents the j expected output of the i sample of the RBF neural network, and
o;; represents the j actual output of the i sample of the RBF neural network.

4. Experiment

4.1. Experimental Equipment

The three-dimensional diagram of the experimental setup, as shown in Fig.8, includes three
calibrated rotary stages for rotation around the X, Y, and Z axes, namely the RPL LS, and PI stages,
with respective accuracies of 1", +4”, and +2". The ball head is made of aluminum alloy material with
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a diameter of 50mm. The permanent magnet used is a cylindrical sintered neodymium iron boron
magnet, with a residual magnetic parameter of 1.2mT and magnetization direction along the axis,
with a diameter of 15mm and height of 5mm. The Hall sensor has a measurement range of 0~3T and
a resolution of 10-5mT. The eddy current sensor has a measurement range of 1.5mm and a resolution
of 0.15um.

LS turntable

LS turntabl

Base board

» & e Base board
RPI turntable Side board 8 : F .

— S 4RPI turntable

7\ 48

(a) 3D diagram of calibration device

(b) Vertical view of the experimental platform

Figure 8. Experimental installation.

4.2. Experimental Data Analysis

21*21*181 sets of data were collected in the experiment, with a measurement range of "-10°<"
a<10°,"-10°<" p<10°,"-90°<" y<90°,and a sampling interval of 1°. Due to the amount of data, inputting
all the data into the network resulted in excessively long training time, so the data was partitioned.
Based on vy, each 20° was taken as an independent region, with a total of 9 regions. Table 1 shows the
test results for each region, ME represents mean error, and RMSE represents root mean square error.
it can be seen that the results between regions are not significantly different.

By integrating the measurement results from nine regions, the RMSE of the rotation angles o, 3,
and vy are found to be 1'8", 215", and 29'6", respectively. The test results of all regions are shown in
Fig.9, where the color represents the magnitude of the error. Due to the large number of test points,
only points with significant errors are retained in this figure.
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Table 1. Comparison of test results across all regions.

@ B Y
ME RMSE ME RMSE ME RMSE

Q1 504" 17228" 1'19.2" 2'9.6" 22'15.6" 2844.4"
Q2 612" 1'19.2" 122.8" 27204" 23'31.2" 29'38.4"
Q3 504" 184" 1'26.4" 2'34.8" 2324" 29'49.2"
Q4 46.8" 148" 1264" 2'31.2" 2334.8" 29'52.8"
Q5 46.8" 112" 1264" 224" 23'384" 307.2"
Q6 432" 57.6" 1'19.2" 27204" 22'444" 28'37.2"
Q7 54" 112" 1'15.6" 1'48"  23'13.2"  29'24"
Q8 54" 1'8.4" 1'84" 1'40.8" 21'46.8" 27'32.4"
Q9 54" 1'12"  1'15.6" 1'58.8" 2226.4" 28'8.4"

Error of rotation angle a (" )

|
005

-5

-0.1
-0.2

-0.3

~0.4

< -5
J -0 <10 -

Figure 9. Three rotation angle error plots for the test set in all areas

5. Analysis of Uncertainty

From the perspective of research progress and experimental experience, the main error factors
affecting the measurement accuracy of the three-dimensional rotation of the spherical joint include
the error of the permanent magnet structure parameters and magnetic field eccentricity, the
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eccentricity error of the ball head, the rotational error of the turntable, the error of repeated
measurements, the stability error of the sensor, and the fitting calculation error of the neural network
model [24]. Based on these sources of error, it can be understood that several types of uncertainty
sources can currently be observed and verified through calculations.

5.1. Uncertainty Introduced by Sensor MEASUREMENT repeatability

Under the same experimental conditions, measurements were repeated 10 times at the same
spherical position (5°, 5°, 5°). Based on the results of the 10 repeated measurements, the uncertainty
components introduced by the measurement repeatability error were evaluated, as shown in Table

2.
Standard uncertainty calculation formula for repetitive errors:
_ E?:l(ai_a)z 4
Ur = 10x9 @

where a; is the respective angular values for the [ measurement, and a is the average value of the
angles. The calculation results are shown in Table 3.

Table 2. Repeatability measurement data of (5°, 5°, 5°).

1 2 3 4 5 6 7 8 9 10
o/ 49264 49364 49344 49264 49625 49731 49311 4.9645 49564 4.9820
B/° 49689 49785 49805 4.9689 4.9536 4.9566 4.9720 4.9431 4.9513 4.9852
y/° 43970 4.5035 45538 4.3970 4.557 4.6025 4.4078 4.5124 4.6031 4.3395

Table 3. Standard uncertainty components introduced by repeatability.

Rotation angle al® ugl® Vg
a 494932 0.006549 9
B 4.96586  0.004435
Y 4.48736  0.030254

5.2. Uncertainty Introduced by Drift

With the continuous changes in the experimental environment (temperature, vibration, etc.), the
measurement system experiences drift in the parameters of its components or mechanisms during
operation, which affects the accuracy of the measurement results. To assess the uncertainty
introduced by drift in the system, the measurement system is kept stationary in a constant
temperature laboratory for a while, and the system's output values are recorded in real-time. The
uncertainty is then evaluated by calculating the range difference of the drift data during this period.

Under the assumption that the drift error follows a uniform distribution, the formula for
calculating the standard uncertainty is as follows:

Up =

©)

where a is the maximum value of the error of the measured value. The probability that the
measurement error falls within the interval (x — a, x + a) is 1. The calculation and results are shown
in Table 4.

Gile

Table 4. Standard uncertainty components introduced by drift.

Rotation angle  a/° up/° vp
a 0.0038 0.00219 5305
B 0.0133  0.00768
Y 0.0394 0.02275

Due to the fact that the two uncertainties are caused by different errors, it can be considered that
they are independent of each other. Therefore, the formula for the combined standard uncertainty is:
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uc =/ (Ui +ud) (6)
The synthesis freedom is:
ut

Uk, ¥b @)
VR VD

Ve =

The combined uncertainty results are shown in Table 5.

Table 5. Combined uncertainty.

Rotation angle uc/° V¢
o 0.006905 11
B 0.008868 141
Y 0.037853 22

Take the confidence probability P=0.95, determine the inclusion factor k by checking the t-
distribution table through the degrees of freedom, and calculate the spreading uncertainty, the results
are:

(@, B, V) = (4.94932,4.96586,4.48796) = (0.015191,0.017381,0.078356) (8)

6. Conclusion

This article presents a new method for precise measurement of 3D rotation angles of spherical
joint based on Hall sensors and Eddy current sensors. The spatial position matching of the permanent
magnet and Hall sensor is optimized. The relationship between the output of the eddy current sensor
and groove parameters is explored to determine the appropriate groove scheme for the ball head. A
measurement model is established using the PSO-RBF neural network algorithm, and the feasibility
of the method is verified through experiments. The three-dimensional rotation angles of the spherical
joint are measured, with the root mean square errors of rotation angles «, 3, and vy being 1'8", 2'15",
and 29'6", respectively, and the mean errors being 51", 120", and 22'57". Compared with the spherical
encoding three-dimensional rotation angle measurement scheme with root mean square errors of
22'32",25'58", and 30'17", the accuracy has been significantly improved.
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