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Abstract

With the development of science and technology, wearable devices, as an emerging field, have been gradually integrated
into our daily lives and are widely used in the tracking of movement effects. In this paper, the data fusion algorithm
combining complementary filtering and extended Kalman filtering and the human posture solving algorithm based on the
D-H method is selected to solve the designed human jumping rope motion joint model, which realizes the construction
of a wearable jumping rope motion capture system. Furthermore, the effect and commercial value of the wearable device
designed in this paper for real-time tracking of jumping rope movement are tested by a single node posture test and a
comparison experiment with posture solving. The experimental results show that the static test error and dynamic test
accuracy of the sensor are 1.4° and 4°, respectively, which indicate that the sensor can accurately recognize the trajectory
of jumping rope movements. The average values of RMSE for pitch angle, roll angle, and yaw angle were 0.37, 0.69, and
1.40, respectively. This indicates that the wearable device and the pose-solving algorithm used in this paper can meet the

standard for commercial applications. This study provides a new approach to studying sports, which has rarely been done
in the field of smart sports.
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1 Introduction

The rapid development of the information age has brought a lot of convenience to people’s lives, and
at the same time, it has a great impact on the traditional industry [1]. The conventional way of exercise
can not satisfy people’s desire for training, intelligence, data, accuracy has been gradually emphasized
by people [2]. Wearable devices came into being. Wearable devices are sensors combined with cell
phone application apps that record and analyze the user’s behavior, location, and changes in physical
and physiological indicators at any time, which can be combined with individual differences to
provide appropriate exercise recommendations [3].

In the traditional classroom teaching of rope skipping, the teacher mostly explains and demonstrates,
the teaching method is single, the process is boring, and the students can only learn by understanding
and imitating the technical movements [4]. The application of intelligent wearable devices, the 3D
simulation function, not only adds interest to the classroom but also promotes the students’ learning
of technical movements from a third-person perspective. In addition to the objective feedback of
teaching data, but also provides teachers with new teaching ideas and methods [5-6]. The application
of wearable devices will bring new development opportunities and challenges to jump rope teaching.

The smart rope-skipping evaluation system is designed and developed with a computer and the
Internet as the carrier, using sensors to collect human data in real-time. After processing, it is
transmitted to the server, which analyzes and processes the data to get the corresponding conclusions.
Finally, it forms a complete evaluation system, which makes it easy for teachers to understand the
training situation of the students in a timely manner and to formulate more suitable training methods
for the students at different levels [7-8]. Not only can students better understand their physical fitness,
but also provide teachers with appropriate guidance. It helps to enhance students’ interest in learning
and inspires students to actively participate in physical exercise with enthusiasm and motivation [9].

The digital and modern development of jump rope physical exercise and teaching in colleges and
universities will certainly lead to the expansion and updating of the specific content of teaching, and
teachers can take the semester as a teaching cycle to develop a new teaching model that is different
from the existing exercise content. Guo, W. verified through the example of jump rope exercise that
aerobic exercise promotes the improvement of brain function and enhances the brain’s ability to learn
and the coordination characteristics of limb control [10]. Ha, A. S. et al. observed 176 girls jumping
rope for two school years and found that jumping rope promoted bone mineral density in girls [11].
David Hortigiiela Alcala et al. concluded, based on questionnaire data from a jump rope teaching
experiment, that differences in motivation affect the level of effort in physical education learning, as
well as the amount of time willing to spend [12]. Johnston, W. et al. reviewed the related literature
and tried to design a step counter verification protocol for wearables and smartphones to improve the
functionality and convenience of wearables [13]. Huang, Y. et al. conceived a wearable behavior
recognition system with an integrated energy utilization model and a multi-objective particle swarm
optimization algorithm as the underlying architecture to balance energy saving, user satisfaction, and
functionality [14]. Sattler, M. C et al. discussed the testing credibility of wearable devices. They
concluded that wearable devices are professionally identified as advanced instruments, and the
measurements they provide are authentic and reliable [15]. Dargazany, A. R. et al. summarized the
current status of research development and future trends in the incorporation of deep learning
algorithms in wearable devices, which provides an important reference for cloud data research and
intelligence research in wearable devices [16]. Wang, Y et al. drew on the Internet of Things (IoT)
technology to explore the development and research and development of digital fitness equipment,
aiming to provide users with professional, intelligent, and safe fitness equipment which can satisfy
users’ fitness needs and at the same time allow users to keep track of their own physical condition
and exercise status [17].
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In this study, the algorithm that combines complementary filtering and extended Kalman filtering is
chosen to incorporate jumping rope exercise data. The human posture-solving algorithm based on the
D-H method is used to solve the jumping rope movement posture on the fused data. The joint model
of jumping rope movement is solved, and a method for tracking the effect of jumping rope movement
using wearable devices is explored. A wearable jumping rope motion capture system was built, and
experiments were conducted from two perspectives, single-node posture, and posture-solving
comparison, to examine the reliability of the designed jumping rope motion effect tracking method.
The wearable device sensors and pose-solving algorithms used are analyzed from two perspectives,
static and dynamic, respectively, during the single-node pose test so as to provide a reference for real-
time tracking of movement effects using wearable devices.

2 Wearable device-based motion capture model for jumping rope

2.1 Human pose solution based on the D-H method

The D-H (Denavit-Hartenberg) method is a method for kinematic modeling of robotic arms, which is
mainly used for describing the kinematic properties of robotic arms and solving kinematic problems
of robotic arms. In this paper, the D-H method is used to solve the collected data of human jump rope
movements and to simulate the motion. First, the position and orientation of each joint in the human
motion model, as well as the parent-child relationship between each linkage, are determined. The
transformation matrices that contain the relative position and orientation information between each
joint are calculated after that. The actual coordinates of the determined joints are obtained by
multiplying the transformation matrices of every joint, and the kinematic model is obtained and
solved to determine the actual motion attitude. Finally, the kinematic characteristics of each joint at
different positions are derived through model solving to simulate jumping rope movement.

In this paper, the wearable device collects human jump rope data using the quaternion type data type.
Quaternion is a quaternion that represents the real and imaginary parts of the three-dimensional vector
and real numbers, respectively. Its advantage over other mathematical tools, such as matrices and
Euler angles, is that the result is a complex result, which allows for the direct representation of
rotations in three-dimensional space without the need for multi-step operations.

The quaternion representation is as follows:
g=wW+Xi+yj+zk (1)

Where w, X, y, z are real numbers and i, j, k are imaginary units. In the quaternion, w
represents the real part of the rotation and x, y and z represent the direction of the rotation axis.
The quaternion can also be expressed by equation (2):

q:cos§+sin§(xi+yj+zk) (2)

Where @ is the rotation angle and (X, Y, Z) is the direction vector of the rotation axis. The position
is solved by the D-H method, O,,, is the reference coordinate system Q,, is the follower
coordinate system, and the follower coordinates system Q,, moves according to the motion of the

reference coordinate system O,,, . Assuming that a point P in space is fixed in the follower
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coordinate system, the coordinates of the end under the reference and follower coordinate systems
are shown in equation (3):

Poe =[P Py P | Pu=[Pu P P] 3)

The point is expressed in quadratic form as:
P,=0+p,i+p,j+pk )
Py =0+p,i+p,Jj+p.k (5)

P is the vector representation of point P in the reference coordinate system and R, is the vector

representation of point P in the follower coordinate system. When the follower coordinate system
is rotated along either axis, the two coordinates are converted as shown in equation (6):

P(J:Q_1®PQ®Q (6)
It can also be expressed as:
P, =RP, )
Substituting the follower coordinate system expressed as Q =0, +( into the above equation yields:
P, =[ (¢ -Q"Q)1 +2QQ" -24,Q* |R, (8)
I is the unit matrix, QX is the antisymmetric matrix, and the expansion is:

Pl |d+0a7-0a5-0a5 2(q0,—-G%)  2(00,+90,) | P,
Py |= 2(q1q2 +qoq3) Q§ _Q12 + q22 _q32 2(q2q3 _qoch) Py 9
P, | |2(00;—%9,)  2(09,0,+0%) e~ —d; +05 || P,

Rewrite the rotation matrix as follows:

Py P,
p, [=R| B, (10)
p, Pu

Combining equations (9) and (10) yields the rotation matrix R:

o +0 —0; —0; 2(0,0,— %)  2(0,0; +0,0,)
R=|2(00,+0,0;) G5 —0f +0; —0; 2(0,0;—00) (11)
2(0,0; - G%,)  2(0,0:+0G%)  Go—0 —0; +0s

In describing the spatial location of specific joints, chi-square coordinates are often used, which are
taken to be 4-dimensional, with the 4th component being the scale factor. If the coordinate of a point
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.
P in space is PZ[pX, Py, pz] , the corresponding 4-dimensional chi-square coordinate is

equivalentto P = [kpX kp,, kp,, kT , and the value of k is not unique. Usually, the value of k can

be taken as 1, and the matrix form of the joint can be written as the following square matrix form:
T= "R 12
“lo 1 (12)
where R is the rotation matrix of the follower coordinate system along the original coordinate

system, and P, is the vector of the follower coordinate system relative to the origin of the original

coordinate system.

The PN3 data transceiver is selected to be defined as the origin of the coordinate system, the hip joint
is selected to be defined as the root node, the base coordinate system is regarded as rod 0, and the
root node coordinate system is viewed as rod 1. The kinematic chain is established according to the
human body segments. For the process of solving the collected data, the local coordinate system needs
to be established first. Then, the chi-square matrix °T, is constructed in accordance with the order

of connection of each joint, as follows:

, °R °P
T =TT, T :{ OI 1'} (13)

Where °R; is the rotation matrix in the ind coordinate system and °P is the vector coordinate.
The final calculation yields the position of joint i :

P =TP, (14)

Through the positive kinematics solution, the simulation trajectory is calculated to visualize the
jumping rope movement, which provides support for the subsequent analysis of the intrinsic
mechanism of human jumping rope movement.

2.2 Data fusion algorithms for wearable devices

The data fusion algorithm used in this paper is a combination of complementary filtering and extended
Kalman filtering to fuse the data results measured by the sensors to obtain the required data content.
The accelerometer and magnetometer are used to calculate the initial attitude angle, the gyroscope is
used to construct the state equation of the system, and the Extended Kalman Filter is used to update
the state equation of the system to obtain the optimal estimate. The flowchart of the data fusion
algorithm in this paper is shown in Fig. 1.
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Three-axis acceleration

Triaxial Magnetometer Initial Attitude Angle
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Initial quaternion

Update error covariance
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Equation
Triaxial Gyroscope Extended Kalman filter
WX,WYy,Wz

Optimal estimation

Figure 1. Flow chart of the proposed data fusion algorithm

In this paper, two coordinate systems are selected as the methods for attitude display. The geographic
coordinate system and carrier coordinate system are selected as the inertial coordinate system. The
rotation mode is defined as Z-Y-X, and its initial rotation quaternion is defined as q(q,,d,,0,,0;) -

The data read by the nine-axis inertial sensor MPU9250 will generate cumulative errors, so we use
the mean filtering method to preprocess the newly read data to eliminate the cumulative errors.

Define the initial pitch angle as:

@ =arcsin (&J (15)
g
The initial tumble angle is:
_ 9y
6 = arctan| == (16)
9y
The initial heading angle is:
m, cos & —m, sin &
w = arctan —— : 17)
m, COs @ +m, sin@sin 6+ m, sin ¢ cos &

The initial quaternion is obtained by converting the Euler angles to quaternions according to Eq. (18):
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qo:cosfcosgcosﬂﬂinQsingsinZ
2 2 2 2 2 2

g, =sin %cos%cos%—cos%sin gsin ¥
(18)

q, = cos Zsin Qcos£+sin 2cosgsin —
2 2 2 2 2

<N

0, = cosﬂcosgsinﬂﬂin @ sin gcos
2 2 2 2 2

NS

The gyroscope establishes the state space equations of the system, and the data obtained from the
gyroscope measurements can update the quaternions of the system, which can be obtained based on
the attitude update theory in the inertial navigation system:

49_1, 0q
da 2 (19)

O = exp(a)At)* Qi

Thus, the state space parameters of the system can be derived:

At At At ]
1 —o— -o,— -0,—
2 2 2
At At At
COX ? l COZ ? —a)y ?
A=l a At At (20)
w,— —0,— 1 . —
) 2 2
At At At
w, — — -0, — 1
L Y2 2 J

The observation vectors of the system are established by means of accelerometers and magnetometers:

0 20,9, + 20,0,
f=cl|l|=|05—0 —a; -5 (21)
0 2q2q3 - 2qoq1

Calculate the observation matrix of the system:

of 20, 29, 29, 2q,
H=—= 2q0 _2q1 _2q2 _2q3 (22)
_2q1 _Zqo 2q3 2q2

The initial quaternion and the above parameters are brought into the extended Kalman filtering
algorithm, and the final quaternion is calculated:
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1 2( 040, +00:)
p=tg" ——2 2232 »e(0°360°
1-2(q} +93) ( )
6 =-sin™ 2(q1Q3 000> ) 0 (_900’ 900) (23)
_ 2(q2q3+q0ql)
y—tgt Nk TS (e 300
1-2(q? +0;) ( )

The quaternions are converted to Euler angles according to Eq. (23) to be recorded as the attitude
angles of their kinematic systems. Finally, these processed attitude angles are transmitted to the host
computer for display.

2.3 Modeling the joints of rope skipping

After the data fusion algorithm completes the processing of the posture angle, it is necessary to restore
the posture angle to the human body motion model, so it is essential to carry out the joint model
design. The hardware device designed in this paper is worn to the back of the hand at a distance of
about 3cm from the wrist joints, and the movement of the wrist joints can be measured through the
movement of the hand motion posture information. When the wrist is placed horizontally to indicate
its initial moment, the geographic coordinate system is noted as O—XYZ , the human body

coordinate system at the wrist joint is displayed as O, —X,Y,Z_, the hardware device is used as a

carrier. The carrier coordinate system is noted as O, — X,Y,Z, . The joint model design is shown in
Figure 2.

A 7a A 7b

Figure 2. Joint model design

When the system is in the initial state, (, is noted as the number of quaternions represented by the

human body coordinate system and (, represents the number of quaternions obtained by the carrier
coordinate system through data acquisition and data processing:

an = qu ® qs (24)
Equation (24), (,, represents the quadratic value of the human body coordinate system at the initial
V2 2

moment, which is usually noted as ( ,—, 0, OJ , 0, represents the quadratic value of the carrier

coordinate system at the initial moment obtained by measurement, and (, represents the quadratic
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number of the initial deviation between the carrier coordinate system and the geographic coordinate
system. The initial deviation quaternion can be calculated from equation (22):

Oy = Oy ® G (25)

When the joints start to move, 0,; represents the quadratic value of the human body at the joints

during the movement, and 0, represents the quadratic value of the current moment obtained by the

sensor measurement, and the quadratic value of the human body at the joints at the current moment
can be found out by Eq. (25).

From Fig. 2, it can be seen that the origin Ol remains unchanged when the movement of the wrist

occurs, so the length of the hand can be measured as |_ 5, . Therefore, the coordinates of the point

O2 can be expressed as (0,0,1y,,), and the vector 0102 is denoted as (0,0,0,15,,) using the

quaternion method:
0102' =g, ®0102®q_" (26)

From Eq. (26), the coordinates in the space of the final geographic coordinate system are obtained by
calculating the vector 0102 with the quaternion (,, so that the angle between the wrist movement
and the O102-axis is:

0 =arctan?2(2(cygs + a0, ). 1-2((6:)" +(a))) (27)

The 0,,G;,0,,0; in Eq. (27) denotes the quaternion at Q,,, from which the human body’s jumping
rope movement posture can be restored by the posture angle.

3 Wearable jump rope motion capture system design

3.1 General program design of the system

The main functions of the wearable rope skipping motion capture system designed in this paper
include data acquisition and processing, data transmission, and calculation and rendering of human
whole body posture. The sensor and processor mainly do the data acquisition and calculation, the WI-
FI module mainly does the data transmission, and the calculation and animation rendering of the
whole body posture is realized primarily by the PC and animation rendering software.

In order to capture the jumping rope movement, it is necessary to place the data acquisition module
in the key position of the target’s whole body. The data acquisition module needs to collect the human
body jumping rope movement information data calculate the three-dimensional spatial posture, and
then send the data to the display rendering program of the computer through wireless transmission to
drive the three-dimensional model movement. Since the position of the node sensors on the human
body cannot be fixed every time, it is necessary to calibrate the multi-node sensors together before
use. The requirements analysis dictates that the paper’s design must meet the following points:

1) Hardware part: 15 sensor nodes consisting of MEMS sensors and WI-FI modules, a router,
and a computer.
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2) Software part: single-node 3D spatial posture calculation algorithm based on accelerometer,
gyroscope, and magnetometer, hierarchical 3D model of the human body, and multi-node
posture fusion algorithm of the human body.

In summary, the ultimate purpose of this paper is to design and fabricate a motion-tracking system
that can track the effects of jumping rope movements. The system is mainly composed of a data
acquisition module and a human body model attitude reconstruction part, in which the data acquisition
module is primarily responsible for collecting data, solving the spatial 3D attitude of a single node,
and transmitting the data to the host computer, which receives the data of each node, adds constraints,
and fuses the data of all nodes’ postures to compute the whole body attitude data of the human body,
which is synchronized to the 3D model. The system’s overall structural design can be seen in Figure

3.

Collection of data

Router The host computer receives the data
and synchronizes it to the 3D model

Figure 3. General architecture block diagram of the system
3.2 Hardware Acquisition Node Design

3.2.1 System Hardware Program Design

In order to realize the capture and tracking of human jumping rope movement, it is necessary to bind
the posture measurement equipment to the middle of each important skeletal segment of the human
body, real-time acquisition of the movement parameters of the human body during the jumping rope
movement, and then substitute the acquired parameters into the data fusion and posture solving
algorithm, in order to calculate the jumping rope movement of the human virtual model.

The data acquisition module needs to fulfill three functions: data acquisition, attitude solving, and
data transmission. The node unit will collect real-time jumping rope movement attitude data at a fixed
frequency, calculate the attitude information of the current single node according to the data, and
transmit the attitude data to the host computer in real-time through wireless transmission. The
hardware acquisition system’s framework is depicted in Fig. 4.
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IMU sensors Controller Wireless communication module

Wireless\v
transmission

Accelerometers I1C Interface PC Receiver

Program

Communication
Module

I1C Interface Processor

program

USB Interface PC-side debugging

Magnetometer I1C Interface

3.3V Regulated Power Supply

5V 950mA charger 3.7V Lithium Battery

Power Module

Figure 4. Frame diagram of the hardware acquisition system

3.2.2 Sensor selection

The inertial sensor unit is the data acquisition module for each node of the human body, which is
mainly composed of a power module, a data acquisition module, and a wireless communication
module. Its main role is to continuously collect motion data information of the carrier through the
sensors, calculate the 3D attitude angle of individual nodes, and send it to the host computer for
processing.

With the continuous deep research of sensor technology and the rapid and stable development of the
manufacturing process, the current market has a variety of models of inertial sensors for us to choose
from, with different sizes, accuracy, and other parameters. Not only are there separate gyroscopes,
accelerometers, and magnetometers. There are also a variety of sensors combined in a module, such
as MPU6050, MPU9250, and so on. The composition module has two kinds of six-axis sensor and
nine-axis sensor, of which the nine-axis sensor has more magnetometer than the six-axis sensor. In
attitude angle solving, compared with the nine-axis sensor six-axis sensor solving algorithm is
relatively simpler. The calculation amount is small, but there is the phenomenon of heading angle
drift, which will greatly affect the accuracy of the long-time use.

According to the requirements of this paper, several sensor units are designed and fabricated to be
placed at the head, back, waist, left and right upper arms, and left and right lower arms. Right hands,
left and right thighs, left and right calves, and left and right feet, respectively. In this paper, the nine-
axis sensor module MPU9250 is chosen as the data acquisition sensor of the node. MPU9250 consists
of two parts, one of which is the accelerometer and gyroscope chip integrated, and the other one is
the three-axis magnetic intensity sensor. Compared with other nine-axis sensors, MPU9250 has the
advantages of small size and light weight, which fully meets the accuracy requirements of this system.
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Moreover, MPU9250 comes with an IIC transmission interface, and the sampling rate of the sensor
meets the usage requirements. The module package can be seen in Figure 5.

4
o o S
2 2 > >
S 3 8 3 %8 8
3 8 € I &
<t o N — o o
N N N N N —

RESV| 1 18 | GND
NC| 2 17 | NC
NC| 3 16 | NC
NC| 4 15 | NC
NC| 5 14 | NC
NC| 6 13 | vDD

~ [} o S ! o

| (@) (@) = (@] -

O = A > =z =z
I o o > =

X o = [O) wn

) > Q w Lo

< 9( @

Figure 5. MPU9250 module packaging diagram

3.2.3 Sensor Node Software Design

The main function of the sensor node is to read and analyze real-time attitude data and solve the
current azimuth information of the sensor. The software part of the sensor node consists of two main
parts: the first part is the data reading, processing, and sending program based on the Arduino
development environment, and the second part is the Arduino IDE, the program development
environment in the computer.

The sensor uses JSON format to send data. JSON (JavaScript Object Notation) is a new type of text
exchange format, which adopts a text format completely independent of the programming language,
which is easy for people to use and understand, as well as easy for the program to be parsed and
produced, so it is widely used. Figure 6 displays the software flowchart for the sensor node.
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Figure 6. Software flowchart of sensor nodes
4  Experimental analysis of the tracking effect of rope skipping
4.1 Single Node Attitude Test

4.1.1 Static tests

The sensor is fixed on a bracket, controlled around another bracket parked at different angles through
the static, fixed attitude comparison of the solved attitude information and the real rotation angle. In
order to assess the performance of the fixed attitude solving accuracy, the experiments randomly
selected a few fixed rotation angles, and each angle experiments 30 times to take the average value
of the statistics. The statistical results are shown in Table 1.

From Table 1, it can be seen that by comparing the fixed rotation angle and the sensor pose-solving
angle, the error is controlled within 1.4°, and the result of data solving is basically correct, which can
output the pose information of the jump rope node well.

Table 1. Statistical results

True Angle of rotation/® Angle of resolution/® Deviation/®
25 26.4 14
40 39.3 -0.7
55 55.5 0.5
70 71.3 1.3
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4.1.2 Dynamic testing

By transforming the placement direction of the sensor and controlling the running speed of the motor,
the full attitude information of the simulated joint motion is achieved by controlling the rotation of
the bracket. The motor rotation speed is controlled between 20°/s and 270°/s, and the range of rotation
is from 0° to 90°, and the controlled rotation speed of the motor and the solved information of the
sensor are compared. The dynamic angle comparison results are shown in Fig. 7.

From Fig. 7, it can be seen that in the motion state, the dynamic accuracy of the solving based on the
attitude information of the inertial sensor is about 4°. The direction of the solving curve and the real
curve are basically the same as that of the real curve on the whole, so the inertial sensor
responsiveness is the same as the actual action. However, when the action speed changes drastically,
the solving result will have a small fluctuation, which is due to the inconsistency of each sensor node
when working together, leading to the misjudgment of the wrong data in the data transmission
judgment.

2

80 -
70 |

Angle of rotation/°
-
S
T

Angle of resolution
— True Angle of view

_10 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60

Time/s

Figure 7. Comparison of dynamic angle

4.2 Comparative Experiments on Jump Rope Posture Solving

Design the human right-hand motion experiment by aligning and stacking the sensor nodes of this
paper with the coordinate system of commercial nine-axis motion sensors for jumping rope motion
and comparing the attitude solution results of this paper based on the data fusion algorithm and D-H
method with the attitude solution results realized by the nine-axis motion sensor device. The test
results for attitude solving are shown in Fig. 8, (a) ~ (c) are the pitch angle, flip angle, and yaw angle,
respectively.

From (a) graph in Fig. 8, it can be seen that the pitch angle solved in this paper deviates slightly from
the commercial nine-axis sensor when the number of sample points is at [31,66], while the other parts
are basically consistent. From (b) figure, when the number of sample points is [168,174], the flip
angle solved in this paper is slightly smaller than that of the commercial nine-axis sensor, while the
other parts are almost completely coincident. From the (c) figure, it can be seen that the deviation of
the yaw angle curve between this paper’s solution and the commercial nine-axis sensor is slightly
larger than that of the pitch angle and the flip angle. Still, the curve direction is basically the same,
and the deviation is small. The performance of the algorithm in this paper is very similar to the attitude
solution of the commercial nine-axis motion sensor.
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Figure 8. The test results of attitude solving

Taking the real reference values of the attitude values solved by the commercial nine-axis motion
sensors, the root mean square error (RMSE) values of the three attitude angles for the attitude solving
of the data fusion algorithm of this paper are calculated, where the RMSE values are computed as in
equation (28):

Z in=1 ( xsolved - X ref )2 (28)

n

RMSE =

Where n is the number of sampling points, X, is the attitude angle value solved by the data
fusion algorithm in this paper, and X, is the attitude angle value measured by the corresponding

commercial nine-axis motion sensor. The results of the root mean square error values for the three
attitude angle values are shown in Table 2.

As can be seen from Table 2, the RMSE values of pitch angle, roll angle, and yaw angle range from
[0.24,0.46], [0.26,0.92], and [1.17,1.66], respectively, and the average values of RMSE are 0.37,0.71,
and 1.40, respectively. The values of RMSE are all small, which indicates that the attitude-solving
results of this paper’s algorithms are very close to the solving results of the commercial nine-axis
motion sensors. Thus, it shows that the wearable device used in this paper and the attitude-solving
algorithm based on the data fusion algorithm and the D-H method can reach the standard of
commercial nine-axis motion sensors, and real-time tracking of jumping rope movement can be
carried out.

Table 2. Table of RMSE values of attitude angles

Number of experiments 1 2 3 4 5 6 7
Angle of pitch 0.35 0.24 0.43 0.46 0.38 0.38 0.34
Angle of roll 0.82 0.75 0.92 0.26 0.78 0.71 0.70
Angle of yaw 1.29 1.25 1.56 1.27 1.17 1.57 1.66
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5 Conclusion

The design of a wearable rope-skipping motion capture system is based on the acquisition, processing,
transmission, calculation, and animation rendering of human whole body posture. The sensor and the
processor mainly do the data acquisition and calculation, the WI-FI module mainly does the data
transmission, and the calculation and animation rendering of the human body’s whole-body posture
are realized primarily by the PC and the animation rendering software. The hardware part of the
system includes sensor nodes composed of MEMS sensors and WI-FI modules, a router, and a PC.
In contrast, the software part consists of a single-node 3D spatial posture calculation algorithm, a
hierarchical 3D model of the human body, and a multi-node posture fusion algorithm of the human
body. The focus of this paper is on the experimental analysis of the sensors used and the pose-solving
algorithm.

The experimental results of the single-node attitude test show that the static test error of the sensor is
controlled within 1.4°, and the results of data solving are basically correct, which can output the
attitude information of the node well. The inertial sensor’s attitude information in the motion state is
4° dynamically accurate, and responsiveness is basically consistent with the actual action. The sensor
nodes will be inconsistent when working together when the jumping rope action changes drastically,
leading to incorrect data transmission judgments.

In addition, in order to verify its commercial value, the comparison test with the commercial nine-
axis motion sensor shows that the yaw angle curve deviation is slightly larger than the pitch and roll
angles. Still, the curve direction is basically the same, and the deviation is small. The RMSE of pitch
angle, roll angle, and yaw angle take values in the ranges of [0.24,0.46], [0.26,0.92] and [1.17,1.66],
respectively, and the average values of the RMSE are 0.37, 0.69, and 1.40, respectively. It can be seen
that the wearable device and the attitude-solving algorithms used in this paper are able to meet the
standard of commercial application.
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