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On ZigBee location technology in
football training

Lu Huang1,3, Rong Huang2

Abstract. ZigBee location technology was applied to football training system to achieve
a practical wireless sensor training system with low cost. The studied football training system
was mainly made up of mobile node, reference node, coordinate and monitoring software of upper
computer, and their installation methods and functions were elaborated. Node hardware, based
on CC2430 and CC2431 chips which integrated radio frequency (RF) and 8051 controller, was an
interacting platform for RF module, debugging module, functional module and indication circuit.
Specific algorithm was developed based on ZStack protocol stack and specific methods to achieve
functions of various nodes were provided. Finally, test was made accordingly and data relevant to
football training were recorded, such as total running distance, start reaction and movements of all
football players and their intentions to execute coach’s strategies. Besides, the studied system met
requirements of low cost and high performance.

Key words. ZigBee technology, wireless location system, football training, movements, node
.

1. Introduction

With the rising competitiveness level, requirement of coach for players were more
strict than used to be, which means that physical states and capabilities of all ath-
letes should be measured [1]. In recent years, wireless communication technology
and sensor technology were developed, which can be used to measure physical states
and capabilities of all athletes. Generally, wireless sensor network (WSN) was made
up of small sensor nodes with functions of data calculating and communication.
Those nodes are communicating and collaborating with radio wave formed an in-
terconnected network system which was used to upload data to PC terminal server.
Thus, it is easier to process and fed back data of surroundings and tested object.
ZigBee network technique was used to build hardware platform for new WSN which
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was used to collect and transmit information within the monitored range in football
field continuously and stably.

2. Literature review

ZigBee WSN, which is a wireless data transmission network, is designed based
on IEEE802.15.4 technical standard and ZigBee network protocol [2, 3]. Zigbee
technology, featuring low cost, high efficiency, low power consumption and position
function, is more and more widely used in fields such as smart home, industrial
control and medical care because more and more people need the relative position of
specific object in some specific situations. In other word, more and more people are
eager to have access to ZigBee WSN with real time position technology and tracking
technique [4]. Thus, monitoring system for football running position is researched
and developed based on Zigbee technique.

Compared with other wireless communication technology, terminal of Zigbee
wireless sensor network technology can be represented by an ad hoc network that
is launched by coordinator and with which special requirements of WiFi to fields is
avoided. Because transmission distance of traditional Bluetooth technology is within
10m and football players run on field randomly and their distance cannot be limited
by 10m, Zigbee wireless sensor network technology with transmission distance of
100m is more suitable. Thus, location technique of Zigbee wireless sensor network
is applied to monitoring system of football positioning and its location performance
is studied.

3. Research method

3.1. Overall design

Football players should not only have a good physical fitness but also have a
well understand of tactic running position. ZigBee locating technology applied in
football training was to be studied and running positions of players were selected
as main objects of study. Each parts of system will be analyzed briefly. Figure 1
represents the principal simulation for whole system.

It is obvious from Fig. 1 that the system is mainly made up of controlling host
PC, reference node, mobile node and coordinator. Controlling host PC is also called
upper computer. Relevant control and monitoring software were built in the upper
computer for coach to observe players’ running position and evaluate players’ un-
derstanding of tactics. CC2430 was used as coordinator to build ZigBee network,
which was used to transmit coordinate of location node (mobile node) and parame-
ters of external environment to controlling host PC during communication. Besides,
CC2430 was also used as reference node in order to serve as a router [5] and provide
coordinate of mobile node and RSSI average value because each player needs to be
located. Moreover, coordinate of reference node was fixed by users. CC2431 was
used as mobile coordinate because CC2431 was internal integrated location engine
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while CC2430 was not. CC2431 can be used to provide reference coordinate and
average value of RSSI of reference node. Thus, relative position coordinates of a
mobile node compared with the reference node can be calculated. Then, wireless
network was used to transmit node identity and coordinate to coordinator.

Fig. 1. System principle simulation

Inference for core algorithm of locating: given transmitted power of transmitting
module was Pf ; receiving power of receiving module was Ps; straight-line distance
between those two modules was L and propagation factor was n. According to
RSSI ranging principle that strength of transmitting signal decreases regularly with
the increase of distance, the relations between transmitted power and receiving can
be shown as Ps = Pf/Ln. Long-distance Path Loss Model was adopted and the
logarithm was taken as 10 lgPs = 10 lgPf − 10n lgL. Transmitted power Pf of
transmitting module was given as A because it is a constant; thus 10 lgPs = A −
10n lgL. Received signal strength was RSSI, thus, it can be interference that RSSI
= A−10n lgL (units: dBm). Through equivalent variation of mathematical formula,
the range formula can be shown as L = 10(A− RSSI)/(10n).

3.2. Hardware platform design and implementation

Hardware circuit was mainly made up of two modules, wireless communication
interface module and function module. Wireless communication interface module
can receive and send information data among modules, which was the core com-
ponent of the hardware platform. Function module was mainly made up of power
circuit, serial circuit, indicating circuit and keying circuit.

3.2.1. CPU module: An enhanced 8051 CPU kernel of 8 bytes was integrated
by CC2430, whose instruction execution speed was faster than that of standard
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8051. There was a wireless module in CC2430. Position module was involved, for
which Received Signal Strength Indicator (RSSI) of inserted CC2430 was intensively
studied. Value of RSSI was a signed binary complement of 8 bytes, which can be
read in registers such as RSSIL and RSSI_VAL. Within 8 symbol periods of 128 us,
expected values equals to value of RSSI. Gain P of RSSI register value such as RSSIL
and RSSI_VAL in RF can be calculated using the formula

P = RSSI_VAL + RSSI_OFFSET [dbm] (1)

RSSI_OFFSET was estimated value of pre-gain based on practical situation dur-
ing system developments. Generally, RSSI_OFFSET was approximate to -45. Given
RSSI register was read as -20. Then, actual input power of RF was approximate to
-65 dBm. Figure 2 shows a typical relation graph of input power and RSSI_VAL.
Thus, linear performance of RSSI value read in CC2430 was well and its dynamic
range was about 100 dB.

Fig. 2. Relation between RSSI value and input power

3.2.2. Design of backstepping controller: A two-line interface was provided by
debugging interface of CC2430 to system on chip debugging. Through this debugging
interface, on-chip Flash can be programmed and memorizer and register can be read
[6]. In the debugging mode, Pin P2_1 of I/O was changed into debugging data
cable and P2_2 was changed into clock line of debugging. Figure 3 shows sequence
diagram of debugging interface.

Fig. 3. Sequence diagram of debugging interface

It can be seen from Fig. 3 that SPI of two-line interface was used by debugging in-
terface and data was driven onto pin of two-way debugging data in order to sampling
on positive and negative edge of debugging clock. Debugging time was determined
by debug command sent by external PC which command was made up of 1 to 4
input bytes (includes command byte) and an optional input byte read by host PC.
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The first byte of debug command was command byte whose coding scheme is:
1. 7–3 bytes were instruction code;
2. 2–1 bytes were return input bytes to host PC;
3. 1–0 bytes were number of bytes of command bytes of host PC.
Debugging interface would be limited under certain circumstance though it can

operate under all power modes. Under certain power mode, power consumption
would be much higher than expected value because system was operating under
normal mode with digital voltage regulator in operation. When debugging power
mode was in 2 and 3 states, chip would stop operation when the system awoke.
Thus, command of HALT and RESUME was need to make sure software would work
continuously. When chip was awaken in power mode 1, system will continuously to
work.

3.2.3. CC2430 peripheral equipment:
1) Power management clock
Power management controller (PMC) of CC2430 was studied. Power module was

closed to avoid static power loss and achieve Ultra lower power run (VLPR). In the
other hand, the lowest dynamic consumption can be achieved by clock gating and
closed oscillator. Table 1 can be used to analysis influence of power mode to system
operation and relations between power conditioner and oscillator.

Table 1. Power modes

Power mode High-frequency oscilla-
tor

Low-frequency oscilla-
tor

Digital
power regu-
lator

Configuration A: NO, B:32MHz crys-
tal oscillator, C:16MHz
RC oscillator

A:no, B:32.753kHz RC
oscillator, C:32.768kHz
crystal oscillator

NO

PM0 B,C B or C Open

PM1 A B or C Open

PM2 A B or C Closed

PM3 A A Closed

2) CC2430 Reset
There are four reset reasons for CC2430, including entry pin RESET_N into low

level forcibly, power-on reset, Brown-out restoration, watchdog reset [7]. There are
4 initial states after restoration:

• Set I/O pin as input and pull up.
• Counter of CPU program was set as 0x0000 at which position program starts

operation.
• All peripheral registers were initialized as restoration value.
• Watchdog timer was forbidden to work.
When equipment is on, there is a power on reset (POR) providing properly ini-
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tialization in CC2430. In the meanwhile, Brown-out detection (BOD) working with
adjusting 1.8V digital power supply can ensure memorizer was integrated though
changing supply voltage would cause adjusting 1.8V power lower than that of Flash
memorizer and the lowest level regulated by SRAM [8]. For CC2430, before starting
power-on initialization, power-on reset and brown-out detection will keep equip-
ment in reset state until supply voltage was higher than that of power on reset and
brown-out detection.

In Fig. 4, working state of POR/BOD of typical 1.8V adjusting power supply
voltage with positive reset signal BOD_RESET and BOD_RESET can be observed.
Reset cause for system’s last can be read in register SLEEP.RST.

Fig. 4. Relations between power-on reset and brown-out detection

3) Others
There are 21 digital I/O pin, which can be configured as GPIO interface or

used as external I/O signal to connect peripherals such as ADC, UART or timer by
configuring register.

Direct memorizer access (DMA) controller was inserted in CC2430, with which
CPU was basically not involved in data processing such as transmit data from ADC
and RF to peripheral. DMA controller had to coordinate all DMA data transfer task
to ensure DMA request and CPU access were working according to priority sequence.
Data of memorizer was transferred by programming DMA path with software under
DMA control. Actually, DMA controller also controlled other data transfer besides
data in external data memory space.

There are two serial communication interfaces (SCI) in CC2430, T0 and US-
ART1. Those two interfaces have two modes with some same functions, one was
asynchronous serial mode and the other was synchronous serial peripheral interface.

There are two low voltage stabilizers those mainly for providing 1.8V voltage and
using as analog and digital power source. Besides, voltage stabilizers should not be
used to supply power to external circuit because capacitance of power supply was
limited and voltage stabilizers would produce noise which would influence stability
of electric circuit.

3.2.4. Design of circuit schematic diagram: Figure 5 shows specific circuit schematic
diagram.
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Fig. 5. Design of typical circuit schematic diagram

However, for the layout of PCB, size of decoupling capacitor of power supply,
circuit layout and filtering of power supply should be well designed in order to
achieve well performance. Decoupling capacitor should be close to pin for power
supply and via hole should be designed separately for connecting ground plane of
PCB panel. When designing external digital facilities of high speed, it should avoid
disturbing RF circuit. Figure 6 shows specific PDB graph.

Fig. 6. PCB graph of CC2430
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3.3. Software design

Software development platform IAR of ZigBee and ZStack protocol stack were
used to develop software. OSAL was used to allocate tasks, which will form a simple
and practical multi-task operating system through certain ways. In original state,
OSAL will initialize system software and system resources. Objects of study have
to be located, thus detailed analysis and study about it to be made. Code of ZigBee
wireless position was based on Profile document that involves three parts, reference
node, location node and coordinator. Those three parts represents three equipments
and certain application range and serial ID function for equipments were identified.

XY-RSSI request: a response message will be triggered after sending serial ID
0x0011. Accepting equipment would return this XY-RSSI response message after
receiving it. Location node would send this respond to reference node. Expected
value calculated using collected signal strength and coordinate of X and Y will be
sent by reference node to location node.

XY-RSSI response: serial ID 0x0012 was used to answer request of XY RSSI.
RSSI of request information was included in expected value of RSSI. Those receipt
response signal that made up of 5 bits would be stored for calculating coordinate,
see Table 2 below.

Table 2. XY-RSSI information

Bit Function

0, 1 X coordinate of reference node

2, 3 Y coordinate of reference node

4 Broadcast average value of RSSI value to itself of all reference
nodes

Discovery request of location node: serial ID 0x0013 was used to locate with
location node forcibly. When sending this ID, few of irrelevant content should be
included. This ID can be read at location node and then coordinate of location
node was achieved with a calculation. Answer to location node discovery: serial ID
0x0014. Table 3 shows ID information.

Table 3. Discovery requests of location node

Bit Function Value Bit Function Value

0 State 0or1 6,7 Short URL of recent refer-
ence node

NO

1, 2 X coordinate calculated by
location node

NO 8, 9 X coordinate of recent ref-
erence node

NO

3, 4 Y coordinate calculated by
location node

NO 10,
11

Y coordinate of recent ref-
erence node

NO

5 Number of reference nodes 0∼8 12 RSSI value of recent refer-
ence node

NO
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Unicast of reference node configuration: serial ID 0x0015 was sent to reference
node configuration and answer request of reference node configuration. This infor-
mation was obtained from PC. After this step, coordinate of reference nodes X and
Y were set. Table 4 shows the configuration information.

Table 4. Configuration information of reference node

Bit Function

0,1 X coordinate of reference node

2,3 Y coordinate of reference node

Unicast of location node configuration: serial ID 0x0016 can be used to configure
location node which include A-parameter, A-parameter, running mode, informa-
tion collecting time and cycle length. This information was gained from PC upper
computer. Table 5 shows specific configuration information.

Table 5. Configuration information of mobile node

Bit Function Remark

0 A-parameter of
mobile node

Intensity of electrical signal within the circumstance of 1m
around emission node was sampled

1 N -parameter
of mobile node

Intensity of electrical signal within the circumstance of 1m
around emission node was sampled

2 Running mode 0: Waiting for discovery or response of information re-
quest; 1: Discover information or response automatically

3, 4 Waiting time
before collec-
tion

Waiting time (ms) after sending request information

5, 6 Period Time for one discovery under Automatic mode

7, 8 Short URL Destination address of automatic mode to location node
response. In contrast, request address.

9 Ref.end NO

10 The minimum
number of ref-
erence node

The minimum node involved in calculation

Reference node request configuration broadcast: serial ID 0x0017 was sent to
the reference node to be configured. Through this command, all configuration in-
formation about position in reference node can be got and configuration broadcast
of request in location node can be known whose main content was about serial ID
0x0018 which can be sent to mobile node to request node configuration informa-
tion. Thus, all parameters about location node were obtained. Serial ID 0x0019
was sent several times to reference node within a given distance. Expected level of
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RSSI information can be obtained with reference node. After configuring location
information, software was built through hardware platform.

4. Result and analysis

A test area of 16×16 was set in basketball court (see Figs. 7 and 8) in which 6
reference nodes were set. Coordinates of these 6 reference nodes are A(0,4), B(0,8),
C(0,12), D(4,0), E(8,0) and F(12,0). Three mobile nodes (a, b, c) were moving
randomly in the test area and upper computer monitoring software was used to
locating, tracking and analyzing theses three mobile nodes. Meanwhile, estimated
positions were shown in software and marked as a1, b1 and c1.

Fig. 7. Practical distribution map of mobile node at time T

Practical and estimated distribution maps of mobile node were shown in Figs. 7
and 8. Table 6 shows comparison of nodes’ practical and estimated coordinates. For
test result, precision analysis on location error was made, whose equation is

error =
√
(x− x1)2 + (y − y1)2 , (2)

where x, y are the practical coordinates and x1, y1 are the location coordinates of
a point.

Table 6. Comparison between nodes’ practical and estimated coordinates at time T

Type A B C

Practical coordi-
nate (m)

(6.00,12.00) (4.00,6.00) (8.00,5.00)

Location coordi-
nate (m)

(6.18,11.78) (4.13,6.35) (8.23,4.88)

Location error (m) 0.284 0.373 0.259
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Fig. 8. Estimated distribution map of mobile node at time T

In practical, short URL of two nodes sometimes would be the same, which was
tackled through repeated experiments. To sum up, method studied was proved to
be feasible and effective by experimental testing.

5. Result and analysis

After analyzing existing wireless location technology, some classic location tech-
niques of wireless local area network and specific functions provided by ZigBee tech-
nique, design scheme was put forwarded whose hardware was based on core chip of
CC2430 and CC2431 and software was using Z-Stack protocol stack. Running posi-
tion of football players on court were objects for study location technology based on
ZigBee network. Study method that used was proved to be feasible and effective by
experimental testing. There are many obstacles in this study, some of which were
tackled by repeated experiments while some need further improvement.
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Physiological indexes collection system
for multifunctional gyms based on FFT

and photoelectric sensor

Xiao Yang1

Abstract. Pulse oximetry is a continuous and noninvasive instrument that is convenient to
detect arterial oxygen saturation. Because of its defects in system design and signal processing,
there is a need for us to discuss and improve its measurement accuracy, repeatability and stability.
In this paper, we propose a kind of multifunctional fitness monitor based on FFT and photoelectric
sensor. It can analyze the blood oxygen saturation and heart rate of human body by adapting pulse
noninvasive oxygen saturation detection method. Through collecting finger absorbed dose for red
and infrared light, and amplifying it by controllable gain amplifier, then we can get the amplitude
and frequency of AC electrical signal by the FFT. Firstly, we can complete the function of signal
acquisition and automatic gain judgments as well as signal processing by using PIC24FJ128GA010.
Finally, we need to demarcate the result by pulse blood oxygen simulator. In addition, the system
also introduces the pedometer function based on acceleration sensor MMA7260 in order to enhance
the practicability of fitness monitor. At the same time, the system also can obtain the dynamic
physiological signs during the fitness process.

Key words. Fourier analysis, oxygen saturation, signal processing.

1. Introduction

Pulse oximetry has been widely used in clinical practice and becomes an indis-
pensable clinical diagnostic device [1]. Its convenient operation and non-intrusive
real-time measurements have essentially replaced the traditional blood measurement
in vitro. Pulse oximetry can be used for continuous oxygenation estimation, espe-
cially in the operation of critical patients. It can quickly provide blood oxygen
information and avoid the potential risk with arterial jacking method. In the emer-
gency room, if the oxygen saturation can be continuously monitored by oximeter,
then the ventilation can be conducted safely and alternately. In the treatment of
patients requiring continuously adjuvant oxygen therapy, the pulse oximeter is often
used to determine the oxygen requirement [2]. For patients with chronic obstructive

1Shaanxi University of Science and Technology, Shaanxi, 710021, China; E-mail:
xxiaoyangsxust@163.com

http://journal.it.cas.cz

xxiaoyangsxust@163.com
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tracheal disease, due to sleep apnea syndrome or nocturnal hypoxia saturation, they
often require oxygen oximetry for sleep oxygen saturation study [3]. It is very dif-
ficult to collect neonatal blood, so no-damage blood oxygen meter is useful for the
neonatal monitoring. It can avoid the damage to brain, lung and eye by adjusting
oxygen therapy. Currently, most of the fitness products on the market are only used
to detect the specific physiological parameters of the body or just have completed the
detection of sports data. It did not combine the two projects, so it cannot achieve
a reasonable fitness effect.

Based on this background, this article designed a multi-functional fitness monitor
to guide the user’s fitness by a scientific way. This monitor takes the oxyhemoglobin
saturation and heart rate of human as the fitness index by calculating user’s physical
activity.

The hardware is a oxygen saturation detecting system composed of photoelectric
sensor and corresponding conditioning circuit and the micro-controller PIC24FJ128G
A010. There is a good development in the aspects of pass-filter and the controllable
gain to obtain physiological signals by transmission-type pulse method. We can
obtain the physiological information of body’s blood oxygen saturation and heart
rate using the built-in high-speed A/D of PIC24FJ128GA010 SCM to collect signals
and adopt micro-controller signal sampling, and using FFT algorithm to analyze the
obtained data.

In addition, the system also implements the pedometer function. The speed
sensor MMA726 gets the acceleration characteristics during exercise, then it will
gain some fitness information such as the step number, time and distance through
software calculation.

2. Theoretical basis and algorithm of blood oxygen saturation
measurement

2.1. Lambert-Beer’s law

Lambert-Beer’s Law reflects the optical absorption law, it means that material
absorbance is proportional to its concentration at a certain wavelengths [4]. The
meaning of Lambert-Beer’s Law is that only we choose a appropriate wavelength
and measure its absorbance, then we can figure out the concentration of solution.
According to Lambert-Beer’s law, formula (1) shows the relationship between the
incident light intensity and the absorption layer thickness as well as the concentration
of the absorbent

I = I0e
−acl . (1)

In the above formula, IO is the input intensity, I is the transmitting intensity,
a is absorptivity of absorptiometic matter, c is the concentration of absorptiometic
matter, and l is the trans-missive distance (optical path) of absorptiometic matter.
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2.2. The measurement principle of oxygen saturation

When the incident light passes through a certain uniform and non-scattering
solution, its light absorption characteristics follow the Lambert-beer law. It can be
described by formula

A = − lg
I

I0
= 2.303acl , (2)

where A is the absorbance.

3. Design for measuring oxygen saturation

3.1. Hardware structure for measuring oxygen saturation

The hardware part is mainly composed of microprocessor, lighting drive, fingertip
photoelectric sensor, amplifier, baseline adjustment circuit, high-speed A/D, D/A
conversion and display. Pulse oximetry hardware principle diagram is shown in
Fig. 1.

Fig. 1. Oxygen saturation detection block diagram

It will appear a driving signal with 660 nm and 940 nm infrared light through
D/A conversion to the light source drive circuit. The light source drive circuit
amplifies the signal and sends it to the red and infrared light emitting diodes placed
side by side on the upper arm, sending optical pulse. The photoelectric detector on
lower arm will transform it into electrical signals through the red light and infrared
light on finger artery vessel. The intensity of the photoelectric signal detected by
the photodetector is related to the size of the degree of absorption which the light
signals penetrates the finger portion and is absorbed by the tissue, bone and blood.

Because the concentration of HbO2 and Hb in blood changes cyclically with the
pulse of the blood, so their absorption for light is also changing, thereby the output
signal intensity of the photodetector also change with the concentration of HbO2

and Hb in the blood. The light absorption curve of HbO2 and Hb is shown in Fig. 2.
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Fig. 2. Light absorption curve of HbO2 and Hb

3.2. Software design

The system’s software includes control software of non-invasive pulse oximeter
microprocessor and analysis software achieved intelligent monitoring for oxygen sat-
uration on PC. Here is no longer discussed in detail about the former.

The development of portable medical equipment and PC interface software can
not only expand its function, but also achieve desktop or composite functions com-
bined with PC. The system uses the powerful function of VC6.0 to develop and design
the interface software of PC and oximeter and the data analysis software based on
PC. It has the functions of data communication, intelligent analysis, storage, display
and print result report [6].

4. Realization of blood oxygen saturation with Fourier
analysis algorithm

The blood oxygen saturation algorithm proposed in this paper is mainly com-
posed of three parts: signal acquisition, automatic gain judgment and Fourier signal
analysis.

1. Signal acquisition: signal acquisition is mainly responsible for the LED tube
drive and signal acquisition and conversion, in which the signal acquisition and con-
version use the 10-bit high-speed A/D converter in microcontroller PIC24FJ128GA010.
We can get the AC and DC signals with oxyhemoglobin saturation and heart beat
through the A/D conversion [7].

2. Automatic gain judgment: because the degree of attenuation of the specific
light through the fingertips varies from person to person, in order to enhance the
versatility, the system uses the controllable gain amplifier to amplify the AC signal.
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The system dynamically adjusts the gain of the controllable gain amplifier by judging
the difference between the maximum value of the AC signal and the reference positive
level (V cc) of the A/D converter, and then makes sure the final data accounting for
more than 2/3 of the V cc to improve the system accuracy [5].

3. Results calibration: According to Lambert-Beer’s law, when it is thought
that the change of the attenuation of the light at the fingertip is mainly caused by
hemoglobin, its transmitted light intensity can be expressed by the following the
formula

I = I0 × e−K0L0C0 × e−KHbO2
LCHbO2 × e−KHbLCHb . (3)

The attenuation of light is caused by other tissues on the optical path. The
absorbance of this part of the tissue does not change with the pulse. Symbols K0,
C0 and L0 denote the total absorption coefficient, material concentration of light
absorption and the optical path length.

5. Results and discussion

In this paper, we use pulse-type non-invasive blood oxygen saturation detection
method to collect the absorption of red light and infrared light through photoelectric
sensor, and then we can get the digital information about oxygen saturation and
heart rate through hardware filter, amplification and Fourier analysis algorithm of
software. The step-by-step circuit system composed of acceleration sensor have
achieved the pedometer function. The detection signals of blood oxygen saturation
and heart rate information is shown in Figs. 3 and 4.

Fig. 3. Overlay chart after the filter

The sensor module generates a current signal with a degree of light attenuation,
and converts the D/A into a voltage signal to form an AC/DC superimposed signal
as shown in Fig. 3. After sampling for this signal, we can get the DC value corre-
sponding to red (infrared) through a software filter. Through the bandpass filter,
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Fig. 4. Non-amplified AC signal chart after separation

superimposed signal forms a waveform shown in Fig. 4.

6. Conclusion

The multifunctional fitness monitor designed in this paper is mainly composed of
two parts: the oxygen saturation, the heart rate acquisition and processing module
and the step-by-step control analysis module based on the acceleration sensor. Using
the photoelectric sensor, the acceleration sensor MMA7260 and the 16-bit microcon-
trollers PIC24FJ128GA010, etc., constitute the hardware system of this design that
can analyze human signals through FFT analysis, adaptive step algorithm and digi-
tal filtering. Physical test results show that oxygen saturation accuracy proposed in
this paper reach to more than 95%, heart rate reach to 0.01Hz. In this paper, the
design of multi-functional fitness monitor has achieved the combination of physiolog-
ical indicators and sports information and has provided a guiding basis for scientific
movement.
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Portable muscle fatigue analysis
system for sports training

Yuefeng Liu1, Xiaodi Cai1, 3, Yu Fu2

Abstract. Portable muscle fatigue analysis system for sports training is to be studied. The
portable muscle fatigue analysis system consists of hardware and software. Hardware system is
made up of three modules: signal collection and wireless transmission module, data processing
module and result display and data storage module. Software and its corresponding hardware
module were used to code corresponding function modules. Then, system is detected by muscle
fatigue analysis experiment on dumbbell lateral raise. Test results shows that there is the same
variation tendency for parameters of bicipital muscle of arm and degree of muscle fatigue when
doing dumbbell lateral raise. However, there are significant individual differences for muscle fatigue
parameters. In conclusion, the portable muscle fatigue analysis system is verified reliable for sports
training.

Key words. Sports training, muscular fatigue analysis, surface electromyographic signal,
FPGA, portable muscular fatigue analysis system.

1. Introduction

When muscle motion function level was lowered by sports to a degree of insuffi-
cient energy for sports, it can be recovered by taking a long rest. This phenomenon
was called muscle fatigue [1]. Muscle fatigue measurement was widely applied in var-
ious fields, such as sports field. Injury caused by excessive exercise can be avoided by
assessing and monitoring muscle fatigue [2]. In human engineering field, muscle fa-
tigue measurement can be used to avoid musculoskeletal fatigue related to working.
In rehabilitation medicine field, muscle fatigue measurement and assessment can be
used to guide recovering movement for rapid recovery [3]. Electromyographic signal
was taken as parameter to study muscle fatigue in physical exercise. Automatic
system was used as fatigue warning device for training to remain a best non-fatigue
state and avoid muscle injury caused by excessive exercise.

It was convenient to acquire human electromyographic signal because surface
1Institute of Physical Education of Xinjiang Normal University, Urumqi 830054, China
2Sias International University, Zhengzhou, Henan, 450000, China; E-mail: siasyufu@yeah.net
3Corresponding author
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electrode was featured noninvasive. Thus, surface electromyographic signal was fre-
quently used for analyzing muscle fatigue [4]. There were many studies focused on
this aspect at home and abroad. ICA and neural network was adopted by A. Subasi
et al. [5] to identify and classify muscle fatigue. Median frequency of eletromyo-
graphic signal was calculated by Kang to measurement of human muscle fatigue
[6]. Nowadays, off-line process has been adopted by most studies on muscle fatigue
analysis. Generally, electromylgraphic collecting device could not analyze muscle
fatigue [7], thus, it was inconvenient for daily muscle fatigue assessing and monitor-
ing. Therefore, a practical portable real time muscle fatigue analysis system with
low power dissipation was design based on surface electromyogram for daily training.

2. Hardware design for portable muscle fatigue analysis
system

2.1. Signal collection and wireless communication module

In the system designed, Ag-AgCl electrode was used to collect electromyographic
signal. Surface electromyographic signal was a weak bio-electricity signal of alter-
nating current, whose signal frequency energy was 20–500Hz. Thus, enlargement
and filtering was needed and the magnification factor was set as 500. To meet
above requirement, the system was designed based on electromyogram transducers
of AD8220 and OPA349E. And circuit of the transducer was shown in Fig. 1.

Fig. 1. Circuit diagram of enlargement and filtering

Synchronous sampling of 8 channels and delta-sigma analog-digital converter
ADS 1198 of 16 bytes produced by TI company was selected. CSRBluetooth2.0
chip was used for wireless transmission. C8051F410 control center produced by Sili-
con Labs company was used for MCU control center. ADS1198 was used to connect
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C8051F410 and SPI bus. UART was used to connect C8051F410 and wireless Blue-
tooth module. C2CK and C2D were used to connect C8051F410 and debugging
tool. Meanwhile, in order to use as less devices on circuit board as possible, positive
voltage of all devices in this system was set as 2.5V. Thus, only one stability chip
was needed for the whole system. Negative voltage corresponding to amplifier was
–2.5V, which can be obtained by voltage converter to convert 2.5V.

2.2. Data processing module

Data processing module have to receive electromyographic signal of 6 channels
and calculate parameters relevant to muscle fatigue in real time. To achieve this,
FPGA was used to control this module and process signal. Core chip of FPGA
chip was XC3S500E chip, whose configurable I/O pin was up to 232 which meet
the requirement of system for multiply I/O interfaces. In order to achieve the best
result of XC3S500E chip, supply voltages of 3.3V, 2.5V and 2V should be inputted.
Power supply chip AMS1117-1.2, AMS1117-2.5 and AMS 1117-3.3V was adopted
in this module, which greatly reduced circuit size and miniaturized system. For
XC3S500E, there was a specified four-wire interface JTAG which can be used under
any setting pattern when electrifying with XC3S500E.

2.3. Result display and data storage module

Result was displayed by LCD touch screen which also displayed variation ten-
dency of muscle fatigue parameters in graphics. Data was stored in SD card for user
to read. Chip of kernel series ARM 11 was selected for putting operation system con-
veniently. Data interface pin of SD card was connected to 10K resistance and 3.3V
power supply then it was connected directly to data interface pin corresponding to
S3C6410. Voltage of LCD touch screen was 5V and electric current for driving LCD
screen was around 1A, a relatively large current value. For stabilize voltage and
heat dissipation, LM2576 chip was used, whose power supply was shown in Fig. 2.

Fig. 2. LCD power supply
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3. Software design for system

3.1. Signal collection and wireless transmission module

Surface electromyographic signal collected by transducer was converted into dig-
ital signal by ADS1198 which was controlled by C8051F410 through SPI bus. Then,
digital signal was transmitted to wireless Bluetooth module through DART bus.
This was the whole collection process. Finally, code was sent. Flow chart of the
module was shown in Fig. 3.

Fig. 3. Flow chart of data acquisition and wireless transmission module

3.2. Data processing module

Software in this module was made up of data receiving, data processing and
data transmission. Data receiving was used to receive and parse data and extract
original electromyographic signal of those 6 channels. Data processing was used to
calculate data and parameter relevant to muscle fatigue. Data transmission was
used to process the result and send original electromyographic signal code to display
and storage module for storage. Software framework was shown in Fig. 4.

3.3. Result display and data storage module

Embedded operating system Windows Embeddd CE 6.0 was put into this module
to display and storage data. Windows Embeddd CE 6.0 was featured good hardware
compatibility, well reliability, strong communication ability, advanced power man-
agement system, friendly development environment and high security. Interface of
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Fig. 4. Software framework of data processing module

serial device of Windows CE was a combination of communication-related function
and drive program function for streaming I/O. In data display and storage module,
data was received through two-way serial port- serial port COMl was responsible
for receiving original eletromyographic signal and serial port COM2 was responsi-
ble for receiving data and processing parameter. There were buffer pools of 1024
bytes for those two serial ports, which was used to store those unread data in case
it was lost. Totally, there were six channels for signal collection and six muscle fa-
tigue parameters for each channel. Individual setting and display was adopted for
user’s convenient reading, which was achieved by drawing mechanisms of Windows
CE. Besides, two documents were used to record original electromyographic signal
and muscle fatigue analysis result respectively. And those documents were saved as
format TXT.

4. Experiment of muscle fatigue analysis based on portable
muscle fatigue analysis system

4.1. Experimental subject and method

20 males with no medical history of muscle and skeletal muscle, no muscle injury
lately, no unhealthy drug taken, no smoking history and no special preparation were
selected as experimental subject and they were numbered from 1–20. Their basic
information was shown in Table 1.

Table 1. Basic information of experimental subject for dumbbell lateral raise

Age (years) 24.72±2.35

Height (cm) 172.4±9.12

Weight (kg) 67.02±6.59

Body index (kg/m2) 24.37±2.81
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This was a static continuing contraction mode. Before experiment, place to put
electrode should be swabbed by alcohol. Then, electrode was put on their bicipital
muscle of arm. During the whole experiment, all experimental subjects should stand
holding 2 kg dumbbell with forearm parallel to shoulder and their forearm should
be vertical to their body. The experiment was finished once they failed to do the
exercise properly.

4.2. Experimental result and analysis

To quantizing relation of parameter and muscle fatigue, linear correlation analysis
was conducted to all parameters. Function of linear relation was defined as y(x) =
ax + b. Here, y(x) denoted parameter value of the xth data segment, a denoted
the slope of fitting straight line and b denoted intercept of straight line. Correlation
coefficient was identified as function 1, for which x′ denoted mean value of x and
y′ denoted mean value of y. Correlation coefficient r reflects the degree of fitting of
straight line, through which monotonicity of data can be evaluated.

r =

∑n
i=1

(
xi − x

′
)(

yi − y
′
)

√∑n
i=1 (xi − x′)

2
√∑n

i=1 (yi − y′)
2
. (1)

Analysis result of fatigue of bicipital muscle of arm shown that slope of ZCR and
MPF was negative and presented a downward trend for all experimental subjects
except number 7. And slope of ZCR and MPF for number 7 was positive. Slope of
RMS and IEMG was positive and showed rising trend for all experimental subjects.
Slope of MDF was negative and showed a downward trend for all experimental
subjects except number 7 and number 12. Slope of MDF for number 7 and number 12
was positive. Slope of Fl2 was positive and showed a rising trend for all experimental
subjects except number 5. And slope of Fl2 for number 5 was negative. Thus, it
can be concluded that this muscle fatigue analysis system was suitable for most
people because 6 parameters related to muscle fatigue showed the same tendency
in the fatigue process. However, it can be seen from above experiment that there
were individual differences for muscle fatigue, which may be related to experimental
subject’s skin, muscle and power generation mode.

5. Conclusion

A portable muscle fatigue analysis system based on surface electromyopgram was
developed by experimental, which was featured low cost, small in size and convenient
to operation. Hardware and software design for this system was almost elaborated.
This system was proved reliable by muscle fatigue experiment on dumbbell lateral
raise. Not all degrees of muscle fatigue can be evaluated accurately because there
were relative major individual differences, which should be improved in the future
study.
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Effects of friction property on
biomechanics of lower limbs of table

tennis players

Xuefeng Yan1

Abstract. Friction property is an important property of sports shoes. In this paper, we
studied the changes of lower limbs biomechanical characteristics of athletes between the soles and
the surface of the site under different friction property conditions. Eight college students who
majored in table tennis were selected as the subjects. Subjects were wearing two pairs of table
tennis shoes respectively and completed the stepping forward and hitting the ball action under two
angles on the surface of the three sites. The joint and kinematics data of the lower limbs were
collected to analyze the effects of the friction property between the athletic shoes and the surface
of the site on the biomechanical characteristics of the lower limb. The results showed that with the
increase of the friction coefficient, the knee flexion angle at the peak of the ground vertical force
decreases and the minimum value of the knee joint flexion angle during batting tended to decrease.

Key words. Sports shoes, friction property, table tennis, biomechanics.

1. Introduction

Table tennis players always suddenly start, stop, move and twist when they are
in the squat state in the training and competition, and the knee and ankle loads
are great. For different levels of athletes, the risk of injury also increases with the
increase of exercise intensity and requirements, as well as the growth of training
life [1]. In addition to the training and competition, the venue and equipment are
parts of the factors causing the sports injury. Some studies think that the complex
structure and function of foot and ankle make the footwork of table tennis players
more important. And the high injury rate of the ankle and foot shows that players
need to pay more attention in training, but also need to choose the right sports shoes
carefully.

At present, there is no standard instrument and test method to measure the
coefficient of friction. The research on friction performance of sports shoes is not
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deep enough. It mainly focuses on the comparison of the friction coefficient between
different soles and surfaces of the ground. The study on the effect of the friction
property on the movement is relatively lacking. The effect of the friction property
between the sports shoes and the surface of the ground will affect the biomechanical
characteristics of the lower limbs of the table tennis players and this effect is a
potential factor to increase the injury of the lower limbs of the players, which need
to be verified experimentally. In this paper, we mainly aim at the effect of friction
property on the knee joint of table tennis players [2].

2. Subjects and methods

2.1. Research objects and equipment

Eight male college students who are the table tennis players are selected as ex-
perimental subjects. They are all right-handed and have taken the second grade.
Subjects have no history of serious injury to the lower limbs and did not engage in
vigorous exercise 24 hours before the experiment [3]. The basic information of the
subjects is shown in Table 1.

Table 1. Basic information of subjects (n = 8)

Height (cm) Weight(kg) Age (year) Sports level

173.1±4.2 62.8±2.7 21.9±1.1 Second

The Kistler three-dimensional force platform (Model 9281CA) made in Switzer-
land was used to collect the ground reaction force and related parameters during
the stroke. The frequency of collecting was 1000Hz. The kinematic data of the
lower limbs of the subjects were collected by the Motion infrared high speed motion
capture system made in US.

The two pairs of shoes used in experimental test were table tennis shoes of two
sports brands respectively, which were newN table tennis shoes and the used O table
tennis shoes. The upper structure is basically the same. Subjects were wearing two
pairs of shoes and uniform socks for testing.

2.2. Definition and calculation of kinematic index

The kinematic parameters are buffer time, COMx, COMy, the three-dimensional
angle of the right-sided knee joint at the peak of the ground vertical impact force
and the three-dimensional angle extremum of the right knee joint during the whole
stroke [4]. The COMx refers to the distance between the center of gravity at the
peak of the ground vertical impact and the heel in the sagittal plane, that is, the
X-coordinate of the heel point minus the X-coordinate of the center of gravity [5].
The COMy refers to the distance between the center of gravity at the peak of the
ground vertical impact and the heel in the frontal plane. COMx and COMy are
divided by height, standardized as the multiple of the height [6]. The right pelvic
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coordinate system is:

j =
rRASIS/MIDASIS∣∣rRASIS/MIDASIS

∣∣ , k =
rMIDASIS/MIDPSIS∣∣rMIDASIS/MIDPSIS

∣∣ , i = j × k , (1)

where rRASIS/MIDASIS is the vector quantity of the midpoint of the left and right
anterior superior iliac spine pointing to the right anterior superior iliac spine, and
the rMIDASIS/MIDPSIS is the vector of the posterior superior iliac spine pointing to
the midpoint of the left and right anterior superior iliac spine.

The right foot coordinate system is:

k =
rRTOE/RCANKLE∣∣rRTOE/RCANKLE

∣∣ , j = k ×
rRCANKLE/ROANKLE∣∣rRCANKLE/ROANKLE

∣∣ , i = j × k , (2)

where rRTOE/RCANKLE is the vector of the right ankle joint pointing to the head
point of the right foot, and rRCANKLE/ROANKLE is the vector of the right lateral
malleolus pointing to the center of the right ankle joint.

3. Results and analysis

3.1. Division of the action

The two movements selected in this paper are the common stepping and batting
movements in table tennis. Like tennis, table tennis batting action is generally
divided into: backswing stage, batting stage, waving stage and the reduction phase.
The Motion system and the force platform collect the data simultaneously, so the
data collected by the two systems is the corresponding. Figure 1 shows the curves
of the vertical force during the movement of a subject [7].

3.2. Kinematics time-space parameters analysis

The interaction of the friction coefficients and movement on the buffer time,
COMx and COMx was no significant difference, and there was no significant dif-
ference in the three friction coefficients between the three variables. COMx had
a significant difference between the two actions (as shown in Figure 2), COMx is
positive at 180 ◦ step, and negative at 45 ◦ step. The time-space parameters analysis
results are shown in Table 2.

3.3. Analysis of three-dimensional angles of knee joint

Statistical methods were analyzed by repeated measures of variance analysis. The
results of the knee flexion angle at the peak of the ground vertical impact showed
that there was no interaction between the action and the friction coefficient, the
action had no significant effect on the flexion angle, and the single factor of friction
coefficient was significant. The results showed that the knee flexion angle under
the friction coefficient H was significantly smaller than the knee joint flexion angle
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under friction coefficients L and M . The adduction/abduction angle and medial
rotation/external rotation angle of the knee joint were not affected by the action
and friction coefficient at the peak of the ground impact force. Table 3 showed the
results of the three-dimensional angle of the knee joint at the peak of the impact.

Fig. 1. Ground vertical reaction force curve of stepping and batting movement

Table 2. Time-space parameter analysis results (n = 8)

Buffer time
(s)

COMs
(HT)

COMy
(HT)

180 ◦ step
Friction co-
efficient L

0.043±0.019 0.48±0.20 2.56±0.35

Friction co-
efficient M

0.057±0.029 0.55±0.24 2.70±0.24

Friction co-
efficient H

0.047±0.022 0.49±0.32 2.77±0.24

45 ◦ step Friction co-
efficient L

0.040±0.018 -0.61±0.24 2.55±0.34

Friction co-
efficient M

0.043±0.010 -0.53±0.47 2.61±0.32

Friction co-
efficient H

0.037±0.008 -0.62±0.35 2.59±0.30

P 0.352 0.796 0.327

Friction co-
efficient

*action 0.560 0.982 0.467
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In the table, symbol P denotes the difference of the same index of the two move-
ments in the three kinds of friction coefficient. Friction coefficient *action is the
P value under the interaction of the friction coefficient and the action. Symbol *
indicates that the significant level P < 0.05.

Fig. 2. Differences of COMx between the different actions (** represents P < 0.01,
and the difference is significant)

Fig. 3. Difference of the knee flexion angle at the peak of vertical impact force in
the different friction coefficient (* represents P < 0.05, and the difference is

significant)

4. Conclusion

In this paper, we aimed at the effect of friction property on the lower limbs
biomechanics of the table tennis players, mainly studied the kinematic index of
the athletes’ lower limb. In this experiment, we took 8 table tennis students in a
university as test objects. The participants completed the step and batting action
under two angle with two pairs of table tennis shoes respectively on three kinds of
site surfaces. The kinematic data of the knee joints of the lower limbs was collected
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by the Kistler three-dimensional force platform and Motion infrared motion capture
system. The following conclusions were obtained: the friction coefficient affected
the kinematic characteristics of the knee joint during step and batting. With the
increase of the friction coefficient, the knee flexion angle at the peak of the impact
force and the minimum value of the knee joint flexion angle during batting tended
to decrease.

Table 3. Analysis results of the three-dimensional angle of the knee joint at the peak of the
impact (n = 8, unit: degrees)

Flexion an-
gle

adduction/
abduction
angle

Medial ro-
tation/ ex-
ternal rota-
tion angle

180 ◦ step
Friction co-
efficient L

33.6±6.0 -0.02±4.07 7.5±6.5

Friction co-
efficient M

32.8±4.9 -0.02±4.22 9.2±8.0

Friction co-
efficient H

30.2±6.2 -0.38±4.73 10.3±6.4

45 ◦ step Friction co-
efficient L

29.9±4.8 -1.06±3.96 5.7±7.2

Friction co-
efficient M

29.6±3.8 -0.07±4.34 6.7±5.9

Friction co-
efficient H

27.3±3.2 0.01±4.31 10.3±9.1

P 0.026* 0.602 0.292

Friction co-
efficient

*action 0.949 0.078 0.517

In the table, symbol P denotes the difference of the same index of the two move-
ments in the three kinds of friction coefficient. Friction coefficient *action is the
P value under the interaction of the friction coefficient and the action. Symbol *
indicates that the significant level P < 0.05.
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Design and implementation of
competitive basketball wheelchair

based on ergonomics

Hui Wang1

Abstract. Wheelchair basketball, as one of sport-assisted wheelchairs, can help handicapped
people play special basketball games on the playground. For the athletes who join wheelchair
basketball sports event, it is necessary for them to have basketball wheelchairs. Because this
sports event has a strong confrontation, athletic wheelchairs are frequently collided, even tip-over.
Therefore, athletes would be hurt to large extent, and got secondary damage. Thus, it is of prime
importance to add ergonomics to the design of basketball wheelchair. The existing basketball
wheelchair is made a new project design based on ergonomic theory. Deficiencies in different parts
are improved, and analysis determination is made to some static sizes of the new-design basketball
wheelchair seat. Improvement project is fundamentally completed. It is positively significant to
improve the performance of basketball wheelchair and develop the sports for the disabled.

Key words. Basketball wheelchair, ergonomics, static size, sports injury.

1. Introduction

In every country, the existence of handicapped people is an unavoidable real
issue [1]. Inconvenience brought by physical disability makes their sports become
unusual [2]. Although handicapped people have some irretrievable deficiencies in
their physical bodies, their hearts are eager to get understanding and respect like
normal people. Therefore, auxiliary equipment, especially wheelchair series, is signif-
icantly important for physical and mental recovery of handicapped people. As one of
sports event that handicapped people can take part in, wheelchair basketball game
has a twenty-year development history in China, but the development of basketball
wheelchair in China is far lower than international standard. If it is unable to keep
pace with the development of basketball wheelchair, this game in China would be
influenced in the long term and is harmful for handicapped people to recover their
sports [3]. So it is essential to design and research basketball wheelchair.
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net
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Foreign research on competitive basketball wheelchair, such as A. Faupin et al. [4]
meticulous researches are made to obliquitous parameters of basketball wheelchair;
D.Y.Vanlandewijck et al. [5] and others make relative research on correlation be-
tween the design of basketball wheelchair and injury of players. However, organiza-
tions that research this type of basketball wheelchair is still very rare in domestic,
which makes many participating teams use imported wheelchairs to join games. The
existing sports wheelchairs in domestic are reformed from ordinary wheelchairs by
manufacturers combining with previous wheelchair experience. Without scientific
development and experiments, there are still obvious deficiencies in some aspects
such as security, cushioning and comfort [6]. For the above situation, some defi-
ciencies of the existing basketball wheelchair are improved and a new design plan of
basketball wheelchair is put forward. And analysis determination is made to some
static sizes of the new-design basketball wheelchair seat, which contributes to its
meagre strength for the development of handicapped sports.

2. A design of basketball wheelchair based on ergonomics

2.1. Ergonomic theory in basketball wheelchair

The design philosophy of ergonomics puts the factors related to human first,
highlighting the interdependent relationship between users, industrial products, used
circumstances and society [7]. So, from the perspective of ergonomics, the design
process of basketball wheelchair can be regarded as “integration between human and
machine and environment”. Among them, “human” refers to the user of basket-
ball wheelchair; “machine” is basketball wheelchair; and here “environment” means
a working place of games for basketball wheelchair users. Based on satisfying er-
gonomic performance, the design of basketball wheelchair is human-centered. Not
only should all the properties of components be researched, but also the overall
property is paid more attention. So the optimal result of system can be acquired.

2.2. Design requirements of basketball wheelchair based on
ergonomics

In the design of basketball wheelchair, several parts of basketball wheelchair that
touched with human need to be adjusted in terms of human body. It tries its best to
make users fell convenient and comfortable when they manipulate the wheelchairs.
More specifically, according to ergonomic theory, there are some points need to be
abided by:

1. Manipulation of basketball must be simple, so the users can quickly master
the skills.

2. Basketball wheelchairs must have adjustability, so all different people can
adapt to the driving space.

3. Apart from asking basketball wheelchairs to satisfy the basic requirements, it
also needs to meet nimble and convenient requirements.

4. The basketball wheelchair should have comfort whose boundary dimension
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also should roughly meet the requirement of human body.

3. Improvement plan of the existing basketball wheelchair

3.1. Improvement plan between principal axis, foot plate
and barycenter of basketball wheelchair

In the wheelchair basketball training and games, it often occur phenomenon that
principal axis of wheelchair is out of shape, even dehiscent. It makes basketball
wheelchair not meet training and match requirement, but does harm to athletic
body. A solution to this problem is that finite element analysis is made to choose
a better twice bending method. Besides, highly adjustable model is designed for
and adjustable range is fixed between 0 and 110mm. in the training and matches,
basketball wheelchairs are always in fast forward and backward as well as instantly
revolving states. From the perspective of physics, gravity center of human body
is properly moved back to make the gravity center of wheelchair closer to gravity
center of two bull wheels, which increases the stability of wheelchair.

3.2. Improvement plan between principal axis, foot plate
and barycenter of basketball wheelchair

A redesign is made for hand wheel of basketball wheelchair, adding a hand pro-
tection tile between hand wheel and bull wheel, which properly increases the contact
area between palm and hand wheel. So players can save labor to manipulate the
wheelchair, and their discomfort in hands is relieved, and unnecessary damage is
avoided. The existing basketball wheelchair is equipped with stainless steel spoke
of wheel cobwebbing. This spoke easily causing bending or broken-off situations
without impact-resistance,which does harm to handicapped players. So the new de-
signed wheel spoke uses composite material that is made from flame core injection
process. Compared with common steel wire, it has high corrosion resistance, good
quake-proof circle effect, strong hardness and better recoverability. The specific
wheel pattern is shown in the following Fig. 1.

3.3. Improvement plan about quake-proof circle of basketball
wheelchair

In the designing scheme, as a dismountable single component, quake-proof circle
uses shock absorber to connect with frame theme. Quake-proof circle is improved
its impact-resistant intensity in order to have an equal force, so its exterior shape
adopts stream-line pattern. In addition, intensity of quake-proof circle is matched
with its stand intensity as much as possible. And reasonably intensifying stand
intensity is helpful to increase collision avoidance system to absorb collision energy.
A damper spring is loaded in joint between quake-proof circle and car body in order
to minimize shake when wheelchair is collided directly. Accordingly, it can guarantee
the handicapped player’s comfort and protect their injured body from second injury.
And the specific pattern is shown in the following Fig. 2.
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Fig. 1. Improved wheel

Fig. 2. Improved quake-proof circle

4. Ensuring some static sizes of basketball wheelchair seat

4.1. Size design of seat width and chair surface

Before making sure its specific sizes, an analysis is made for human body sitting
postures from age group between 18 and 38. And the result is expressed in following
Table 1. The design of seat width must meet people with large figures, so No. 95
percentile size data of shoulder breadth between sitting posture and two elbows is
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selected with the addition of function correction value. And the length of seat width
is (387+13)mm. The length of chair surface is designed according to sitting size.
The seat depth of No. 5 percentile female is selected as size gist and added posture
correction. Thus, the length of chair surface is (401+44+13)mm.

Table 1. Human body sitting postures size (unit: mm)

Measurement project Female percentile Male percentile

5 50 90 95 5 50 90 95

Shoulder breadth 344 375 397 403 320 351 371 377

Hip breadth 282 306 327 334 290 317 340 346

Shoulder breadth between sit-
ting posture and two elbows

371 422 473 489 348 404 460 478

Sitting hip breadth 295 321 347 355 310 344 374 378

Sitting height 809 855 891 901 858 908 947 958

Sitting elbow height 215 251 277 284 228 263 291 298

Sitting thigh thickness 113 130 146 151 112 130 146 151

Sitting knee height 424 458 485 493 456 493 523 532

Shank and foot height 342 382 399 405 383 413 439 448

Seat depth 401 408 461 469 421 457 486 494

4.2. Size design of seat surface angle

Inclination angle of seat surface refers to this angle cannot be too big or too small.
It is a reasonable range from four degree to eight degree under normal circumstance.
Body pressure distribution is one of key factors to choose inclination angle of seat
surface. According to numerous experiment data, it is known that when human
sits straight, the pressure under ischium is biggest. With the expansion of pressure
point, body pressure is gradually decreased out from ischium. It reaches the smallest
pressure until thigh. It is a reasonably ideal pressure distribution of sitting posture
that is specifically shown in the following Fig. 3. Finally, evaluated and compared by
ergonomics, it is closest to ideal body pressure distribution when inclination angle
of seat surface is 5 degree under no-cushion circumstance. So inclination angle of
seat surface with 5 degree is finally selected.

4.3. Size design of foot plate and hand rail

The product’s design purpose is suitable for operating requirements of most peo-
ple, so foot rest of basketball can be designed as zoom mode. And its size can be
determined by shank and foot height data of No. 95 male percentile and No. 5 female
percentile in Table 1. The correction of foot plate is not considered because of its
adjustability. The adjustable length of foot plate is 0–(448–342)mm. Due to the
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Fig. 3. Body pressure graph of sitting posture in ideal state

particularity of basketball wheelchair, the range of choice is from 0 to 110mm. In
the design of basketball wheelchair, strict design of hand rail is made according to
relevant size of body tercile. The part’s size takes median value from No. 50 male and
female terciles as setting reference, and the height of hand rail is (263+251)/2−13.
Because handrail height of public chair should be slightly lower than this height, the
handrail height is selected as 240mm.

5. Conclusion

With numerous research analyses, an analysis is made for design requirements of
basketball wheelchair based on ergonomics and a new design is made for compet-
itive basketball wheelchair. In response to the problems of existing wheelchairs in
principal axis, foot plate, hand wheels and quake-proof circle, analysis is made and
relevant solutions are put forward, which improves security, cushioning and comfort
of basketball wheelchair to some extent. Besides, from body characteristics, analy-
sis determination is made for some static sizes of basketball wheelchair, making the
overall design of new plan more reasonable.
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Research on tennis judgment system
based on hawk-eye technology

Jiafu Feng1

Abstract. To design a set of fast-response and high-accuracy Hawk-eye judging systems for
tennis games. Method: Quantum particle swarm optimization is used to calibrate the camera to
take pictures of tennis movement, and then these pictures are matched with three-dimensional.
Finally, the motion trajectory of tennis is reduced by Gaussian fitting. In the 100 sets of data,
the accuracy rate of the system judged within 5 cm from the border line was about 80%, and the
accuracy rate of other regions was more than 95%. The average time of the system was also within
10 s. The Hawk-Eye system based on quantum particle swarm optimization calibration camera
has the advantages of fast response and high accuracy of judgment, which is suitable for high-level
tennis game.

Key words. Hawk-eye, tennis competition, quantum particle swarm optimization.

1. Introduction

With the development of society, science and technology are also constantly mov-
ing forward. Tennis players’ own physical fitness and technology as well as their own
equipment are increasing, and the speed of tennis also will be accelerated, even to
the speed that people is difficult to see clearly with the eyes. So, there are inevitable
erroneous judgments and commutations in the tennis game. Especially in high-level
events, the game decision made by the information observed by the chief umpire
in accordance with the naked eye at the scene is difficult to make the game fair.
Because there are limits and blind spots in human vision. Hawk-eye technology
tracks the path of the tennis movement through the camera, and calculates and
synthesizes a series of collected data, and then clearly shows the audience the final
movement path of the tennis and landing point. It can overcome the blindness of
the human eye so that the audience can watch the game from more angles, while
making the referee’s decision more accurate to ensure the interests of the players
[1]. The accuracy of the Hawk-eye system should be as high as possible in order
to make the game fairer. The response speed of the Hawk-eye system should be as
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fast as possible in order not to interrupt the continuity of the game. Based on this
purpose, we studied and designed the tennis Hawk-eye system based on the quantum
particle swarm optimization by using the virtual instrument platform and the image
processing and simulation technology.

2. Theoretical review

2.1. Hawk-eye system

The Hawk-eye is an instant replay system invented by Britishman Paul Hawkins
to help the audience overcome many of the blind spots in the viewing angle, en-
abling viewers to clearly watch the multi-perspective tennis game process through
the playbacks provided by the Hawk-eye technology [2]. So, for the audience, the
Hawk-eye technology has given them a good visual experience. The set of Hawk-eye
technology is very precise. The whole system has 8 or 10 high-speed cameras, which
divides the three-dimensional space of the entire competition venues into multiple
areas that the measurement units is millimeter with the help of the computer. So,
it can capture the basic data of the trajectory of tennis on the field from different
angles through high-speed camera, and will observe the blind spot and dead angle
that the human eye cannot see. The Hawk-eye technology system also has four com-
puters and a large screen. The captured data will be drawn as a three-dimensional
image after computer calculates, and the tennis line and placement will be presented
in the big screen to the audience by using the timely imaging technology. Hawk-eye
technology is very efficient, the process from the collection of data to demonstration
of the results only takes less than 10 seconds. Therefore, the Hawk-eye system is
now widely used in a variety of television broadcasts.

2.2. Particle swarm optimization

Particle Swarm Optimization (PSO) [3] is an evolutionary computing technique
and derives from the study on the prey behavior of birds. It is a kind of optimization
tool based on iteration, which is similar to genetic algorithm. The system is initial-
ized to a set of stochastic solutions, and it interactively searches for the optimal
solution. The birds in the population are abstracted as "particles" without quality
and shape. We find the optimal solution in the complex solution space through the
cooperation and information sharing of these "particles".

In the PSO, the solution to each optimization problem can be considered as a
bird in the search space. We call it "particles." All particles have a fitness value
determined by the optimized function, and each particle has a velocity that deter-
mines the direction and distance they fly, and the particles will search following the
current optimal particle in the solution space.

PSO is initialized to a group of random particles, and then find the optimal
solution through iteration. In each iteration, the particle updates itself by tracking
the two extremes. One is the best solution that the particle finds by itself, called
the individual extremum pbest; the other extreme is the optimal solution gbest of
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all the particles in the whole particle population, which is the global extreme value.
In addition, we cannot use the entire population but only a part to be the neighbors
of the particle, then the extreme value among all neighbors is the local extreme [6].
At the same time, each particle constantly changes its speed in the solution space
to determine its own direction and flight distance, and "fly" towards the area that
the pbest and gbest point to as far as possible.

In the mathematical model of the PSO algorithm, the bird is abstracted as a
"particle" without mass and volume. The solution group is equivalent to a bird
group, the "good news" is equivalent to the optimal solution of the evolution of
each generation, the food source is equivalent to the global optimal solution, and
the migration from one place to another is equivalent to the evolution of solution
group. The evolution or evolution of the whole system includes the emergence and
differentiation of the new levels and emergence of diversity, and the emergence of
new themes.

2.3. Quantum particle swarm optimization

After the PSO algorithm, scholars have also carried out a lot of work on improving
the convergence and diversity of the algorithm. Even though a variety of improved
algorithms are proposed on the basis of the PSO algorithm, the PSO algorithm
itself is flawed, and the most fundamental of these is that it has been proved not a
globally convergent algorithm [5]. The authors put forward quantum particle swarm
optimization algorithm on the basis of PSO algorithm in order to solve this problem.
The properties of it is completely different from the particles in the quantum space. It
can be searched in the whole feasible solution space, so the global search performance
of the quantum particle swarm optimization is much better than that of the general
PSO algorithm.

Quantum Particle Swarm Optimization (QPSO) follows the PSO. The state of
the particle is no longer expressed by the position vector and the velocity vector in
the quantum space, but is described by the wave function. Owing to the uncertainty
principle, the position and velocity of the particles cannot be accurately determined
at the same time. Particles can be examined in the spatial representation without
considering the velocity. The probability that a particle appears at position x is
represented by a probability density function that is not limited to a given orbital
function [4].

3. Method

3.1. Calibration of the camera

The camera is the front end of the whole system, and the information quality
has great influence on the subsequent image processing and 3D construction. In
the calibration process of the camera, the quantum particle swarm optimization
algorithm is introduced to overcome the problem that the system is easy to fall into
local small and the error is large, and the venue location of the camera is shown in
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Fig. 1.

Fig. 1. Plan view of the camera arrangement

The relationship between the 3D point M and the 2D point m is:

sm̃ = A[Rt]M̃ , (1)

s

uv
l

 = A[r1, r2, r3, t]


x
y
z
1

 = A[r1, r2, t]

xy
1

 . (2)

Here, A is the camera parameter matrix, M̃ is the homogeneous matrix of the
three-dimensional point, m̃ is the homogeneous matrix of the two-dimensional point,
and r1, r2, r3, t is the rotation matrix and translation of the camera relative to the
world coordinate system. When Z = 0, then

H = [h1, h2, h3]λK[r1, r2, t] , (3)

r1 =
1

λ
K−1h1 , r2 =

1

λ
K−1h2 . (4)

From the properties of the rotation matrix, the constraints of the camera param-
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eter matrix are

hT1K
TK−1h2 = 0, hT1K

TK−1h1 = hT2K
TK−1h2 . (5)

When the number of captured images is greater than 3,K can be solved linearly to
obtain the internal parameters. The quantum particle swarm optimization equation
is

vi(t+ 1) = vi(t) + c1rand1[pi(t)− xi(t)] + c2rand2[pg(t)− xi(t)] , (6)

xi(t+ 1) = xi(t) + vi(t+ 1) . (7)

Here, i is the index of the particle, t is the evolution time, and rand1, rand2 are
the random functions. Symbol c1 is the optimal step size of the particle itself, c2 is
the global optimal step size of the particle, and vi is the velocity of the i-th particle.

Then the evolution equation is obtained through the basics of the quantum me-
chanics, and the final global limit is the optimal value of the camera calibration.

xi(t+ 1) = pi ± β |mbest − xi(t)| ln(1/µ)

pi =
rand1·pi+rand2·pg

rand1+rand2

mbest =
∑n

i=1 pi/n =
∑n

i=1 pi1/n = . . . =
∑n

i=1 piD/n

(8)

3.2. Two-dimensional detection and tracking of tennis

The two-dimensional detection of tennis is achieved by the background difference
method. In order to reduce the influence of noise, illumination and so on, the
Gaussian template is used to extract the background. First, the component has the
background model A[x, y, t] =

∣∣µ ∣∣σ2
∣∣∣∣ of the Gaussian distribution, µ is the average

value of the pixels, and σ2 is the variance. The pixel in current frame of camera is
set as I[x, y, t], and transform according to the following equation

Acc[x, y, t] = (1− a)Acc[x, y, t− 1] + aI[x, y, t] , (9)

The constant a is 0.5, after the accumulation, the value of a pixel in current
frame is larger than the past weight.The MATLAB image processing tools in the
subtraction is used, and the image is binarized by rgb2gray function. Then the sub-
traction operation is carried out through the current frame and background image,
and then is threshold segmentation, you can extract the target parameters, such as
coordinates, length and width [7].

In the dynamic tracking of tennis, the CAMshift method is used, and the video
image is transformed into color probability distribution according to the YUV in-
formation. The tennis characteristic parameters obtained by the difference method
are taken as the initial parameters of the search, and set as I[x, y], to calculate the
zero order matrix, the first order matrix M01, the second order matrix M02, M20
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and M11, and then calculate the current centroid position as

(xc, yc) =

[
M10

M00
,
M01

M00

]
. (10)

The result is taken as the center of the search window in the next frame, and
then the size of the search window is adjusted according to M00:

l =

√
(a+b)+

√
b2+(a−c)2

2 ,

w =

√
(a+b)−

√
b2+(a−c)2

2 ,

(11)

where l is the length of the search window, w is its width, a = M20/M00 − x2c ,
b = 2[M11/M00−xcyc], c =M02/M00− y2c . Calculating according to this cycle until
the distance between center of mass and the core is less than the threshold, one can
get the moving target parameters.

3.3. Reconstruction of three-dimensional points

It needs at least two different angles of the image in order to achieve the three-
dimensional world coordinates of the positioning sphere. The 3D point is recon-
structed in the ideal state from the projection point of the pixel coordinates, as
shown in Fig. 2.

Fig. 2. Ideal 3D point reconstruction

The optical center O1 through the camera can draw a ray to the space from the
projection points m1 and m2 of the first image point of space. The optical center
O2 through the camera can draw another ray to the space from the projection of
the second image point of space. The intersection point of the different rays drawn
from different dimensions is the space point in the real world [8]. However, as
shown in Fig. 3, because the images of different angles have image noise and camera
calibration error, so that the intersection point on the space does not exist, and
the three-dimensional reconstruction of the point problem turns into the problem
about selecting the optimal solution in the point space. There are many mature
algorithms for this optimal solution problems, such as the least squares method, it
can be achieved by using iterations.
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Fig. 3. Real 3D point reconstruction

After the coordinates of the spatial points are obtained, these discrete points
need to be fitted. The Gaussian fitting is used to fit the corresponding points of
the image using Matlab ImageProcessing. The larger area is the intersection of
the centerline and the edge. The system chooses 10 pairs of points and executes
TFORM = cp2tform (input points, base-points, transfromtype), B = imtransform
(A, TFORM), A, B are different camera images. The curve fitting principle is the
least squares method, and the curve with the quadratic sum of the distance of the
given point is the smallest, and one can get the trajectory by using Matlab toolbox
Gaussian.

4. Results

We create the three-dimensional space with three-dimensional coordinates by
using Grid Properties.vi, and take XY plane as the ground, and create ball of
the tennis through Create Sphere.vi and Create object.vi. The ball is running in
accordance with the fitting track. We selected 50 points to simulate the ball running
trajectory in order to make the display more coherent, and created another scene
display to show the top view. In the top view, the audience can clearly see the tennis
landing point, and the coordinates of the landing point and the tennis ball radius
are same. When it beyond the border, it is judged out of bounds, determining the
bottom line Y = 0. If the coordinates of the tennis landing point on the X axis,
then it is positive, and the ball is in bounds. If it is negative, then it is judged the
ball is outside the bounds.

100 sets of measurement data were selected for testing in order to verify the
correctness of the system. The results show that the average response time of the
system is 9.12 s, and some results are shown in Table 1.

The relationship between the correct rate judged by system and the distance
from the boundary is shown in Fig. 4.

From the above results, the correct rate judged by the system was 80% when
it is -5∼5 cm from the border, and other places have reached more than 95%, and
the average processing time of 10 s. The decision and the processing time meet the
design requirements.
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Table 1. Test results

Groups Actual dis-
tance (cm)

Actual
judgments

Distance
obtained
by system
(cm)

Judged by
system

1 9.3 No 9.5 No

2 10.2 No 10.1 No

3 –7.1 Yes –7.4 Yes

4 4.8 No 5.1 No

5 12.4 No 12.7 No

6 –15.1 Yes –14.8 Yes

7 –0.4 Yes 0.2 No

8 5.9 No 6.2 No

9 13.8 No 13.5 No

10 3.2 No 3.5 No

...
...

...
...

...

95 10.2 No 9.9 No

96 7.9 No 7.8 No

97 –8.5 Yes –8.3 Yes

98 –6.3 Yes –6.4 Yes

99 4.9 No 4.7 No

100 –8.2 Yes –8.3 Yes

5. Conclusion

The camera calibration based on p quantum particle swarm optimization can
overcome the shortcoming that the system is easy to fall into the local small and
the back-projection error is large, and the calibration precision of the camera is
improved. Based on this algorithm, the tennis Hawk-eye system can track all the
trajectories of tennis movement and the accurate track of the landing point of the
tennis ball. It can determine the result, its level of visualization is high, the speed
of judgment is fast and the result is accurate, so it can meet the design requirement.
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Design study of an integrated test
system of free combat training aids

based on singlechip

Nongxuan Mao1

Abstract. Functions of current free combat training aids are unitary. Thus based on the
MSP430 singlechip, this study designed a kind of integrated test system for free combat train-
ing aids, aiming to provide a versatile exercising and test platform for athletes. First of all, the
adopted software and hardware in design were introduced. Then the design of hardware circuit
and the program flow of software design were elaborated. Finally, the whole system was debugged.
The designed integrated test system in this study was mainly composed of MSP430F247 singlechip,
an ultrasonic wave sensor module and a liquid crystal module, etc. The system collected signals
through the ultrasonic wave sensor and the air pressure sensor. The MSP430F247 singlechip was
responsible for data calculation as well as displaying results through liquid crystal. The wireless
communication module was connected with the upper computer and the user database was con-
structed for data management and query. Tests of modules and the whole system indicated that,
the designed free combat system met ideal requirements, which also made up for the deficiency of
current free combat training aids and improved the practicability and maneuverability.

Key words. MSP430 singlechip, free combat training system, sensor, upper computer, system
debugging.

1. Introduction

Free combat training aids are popular in gyms. Follows aspects should be con-
sidered in selection of exercise equipment. Firstly, it should be popular. Secondly,
it should be safe that exercisers will not be injured during exercising. Thirdly, it is
reasonably priced and does not occupy much space [1–2]. Therefore, this study aims
to design a kind of free combat training equipment that is perfect for gym.

1Martial Arts Department of Xi’an physical Education University, 710068, China; E-mail:
nongxuanmao1980@aliyun.com
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2. Literature review

Modern free combat training aids are integrated by exercising and testing. The
back of the target surface of free combat training aid is connected with a air cylin-
der. When the surface is hit by users, the air is compressed and the target moves
backward, thus a distance of buffer is formed, which can protect the fist [3–4]. The
boxing strength can be reflected by changes of the air pressure in air cylinder. Sig-
nals of the air pressure changes are collected by air pressure sensors. After analog
to digital (A/D) conversion, the boxing strength can be known [5]. In the designed
system in this study, ultrasonic wave sensors were installed on top of the target, thus
to detect the distance between the fist during boxing through reflected waves. Thus
the speed could be calculated according to the specific value of distance difference of
every two measurement and the time used. Among various speed values obtained,
the maximum value was defined as the boxing speed. Therefore, the free combat
training aid designed in this study could not only be used for boxing training, but
could be used to test the reaction time, boxing speed and boxing strength. Such
system overcame shortcomings of traditional free combat training aids, and its gas
buffer could protect users.

3. Research method

3.1. Design of hardware circuit

The system designed in this study was mainly composed of MSP430 singlechip,
MPS20N100D-S air pressure sensor module, SC63X75 air cylinder, HC-SR04 ultra-
sonic wave sensor module and 12864 liquid crystal module. MSP430 singlechip was
the core module of the whole system, as shown in Fig. 1.

Ultrasonic wave sensors were responsible for collection of distance signals and
air pressure sensors mainly collected air pressure signals. Collected signals were
sent to the singlechip for calculation of boxing speed and strength. Meanwhile, the
reaction time was obtained by timer B in the singlechip. The MSP430 singlechip
not only stored measurement data in FLASH, but also sent them to 12864 liquid
crystal module for display. Operating principles of the system are shown in Fig. 2.
Overall structure of the free combat training aid is shown in Fig. 3.

3.1.1. Design of power circuit: As shown in Fig. 3, MSP430 single chip as well
as the amplifier in differential amplification circuit requires ±5V of power supply.
Therefore, 220V of alternating current power supply was not suitable in the circuit
design and should be used after coherent processing. Design principles of the power
circuit is shown in Fig. 4.

LM7805 was a +5V integrated regulator and its maximum output current was
1A. According to the law of conservation of energy, the input and output power
of power supply stays the same in ideal conditions. However, the output power is
usually smaller than the input power in real life due to the loss caused by each
component.
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Fig. 1. Pin figure of MSP430F247 singlechip

Fig. 2. Working principles of the free combat training system

The differential pressure of direct current between LM78 and LM79 before and
after voltage stabilization was 2∼3V. Thus, under positive and negative dual power,
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Fig. 3. Structure of the free combat training aid

Fig. 4. Design principles of the power circuit

it should be 5∼6V. Connection of the output end with capacitance could eliminate
the ripple, thus the output direct current could be relatively stable. In addition, it
had buffer effect on impact load.

3.1.2. Design of peripheral auxiliary circuit: Peripheral auxiliary circuits should
be designed before the usage of MSP430 singlechip, such as reset circuit and clock
circuit etc., in which the clock circuit was used to produce clock signals. The sin-
glechip contained a low-speed crystal oscillator (LFXT1) and a high-speed crystal
oscillator (XT2). Its external circuit is shown in Fig. 5.

Fig. 5. Crystal oscillating circuit

MSP430 singlechip had two kinds of signals that could reset and initialize the
equipment, which are power on reset (POR) signals and PUC signals. When the
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MSP430 singlechip was powered on, the singlechip could produce POR signals if the
reset pin RST/NMI was added with low electrical level. MAX708 was a kind of
control chip of power supply for microprocessor, which could simultaneously output
high level effective and low level effective reset signals [6]. Besides, MAX708 could
monitor power supply signals and provide early warning of voltage drop for the
singlechip. Thus the outage could be safe and parameters could be stored. The
scheme of the reset circuit is in Fig. 6.

Fig. 6. Reset circuit

3.1.3. Circuit design of speed measurement: Ultrasonic waves are characterized
by strong directivity and slow energy decrement and can propagate for a long dis-
tance [7]. Therefore, distances were measured using ultrasonic waves in this study.
In the design, HC-SR04 ultrasonic wave sensor was used for speed measurement
and the measurement accuracy reached 3mm. The HC-SR04 distance measurement
module included an ultrasonic wave emitter, a receptor and a control circuit. Its
basic operating principles included three steps. Firstly, TRIG was used through in-
put/output port to measure distances. Secondly, the module automatically emitted
eight square waves in 40 kHz and it was automatically detected whether there was
signal return. Thirdly, if there was signal return, a high level was output through
the input/output port. The time of duration of high level was the time of ultrasonic
waves from emitting to return. The measurement distance = high level time × sound
velocity (340m/s)/2. Wiring of the ultrasonic wave sensor is shown in Fig. 7.

3.1.4. Circuit design of boxing strength measurement: In measurement of boxing
strength, the air pressure sensor was used to detect the voltage change in air cylinder.
The maximum pressure air cylinder could bear was 320 kg; the boxing strength of
normal people was around 250 kg. During boxing, the air was pressed while the
piston would not rebound immediately, thus the maximum air pressure in the air
cylinder could be maintained for a period of time. Thus the air pressure sensor had
enough time of reaction.
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Fig. 7. Wiring of the ultrasonic wave sensor

The air pressure sensor used in this study was a SMD packaging product, which
had good repeatability and long-time stability. Its internal circuit structure is shown
in Fig. 8.

Fig. 8. Internal circuit of MPS20N1000D-S

Hardware circuit of the air pressure sensor is shown in Fig. 9. Output signals
of Vout+ and Vout- were differential signals. Because signals were in millivolts,
samples should be selected and amplified. Obtained positive analog signals were
input in P6.0 port for analog-digital conversion. Thus the pressure value could be
obtained after relevant calculation.

3.1.5. Analysis of sensor errors: Sensors were used in several parts of the de-
signed free combat system in this study. Changes of factors, such as temperature,
humidity and pressure, etc., could result in certain measurement errors. Therefore,
analysis and adjustment of measurement errors in the design could reduce errors
and improve accuracy, thus to further improve the systematic stability.

Propagation velocity of ultrasonic waves was mainly affected by temperature.
Thus temperature correction was required for measurement of ultrasonic wave speed:

v = 331.4×
√

T/273 + 1 ≈ 331.4 + 0.067T m/s .

In the above equation, v refers to the propagation velocity and T is the air
temperature. Calibration curve could be used for error correction of pressure sensors.
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First of all, standard weight was added on the target surface and multiple times of
measurement was performed. Then standard input-output curves were drawn to
obtain a characteristic curve:

F (x) =
y2 − y1
x2 − x1

x = kx .

In practical measurement process, the standard output could be obtained by
substituting the input value to the input-output function

F (x0) = kx0 .

Fig. 9. Differential amplification circuit

3.1.6. Design of display circuit: QC12864B liquid crystal was used in the display
module. 12864 refers to the number of lattice of 128×64 lattice liquid crystal module;
its resolution ratio was 128×64. The function of key reminder circuit was to control
the whole test process. Design principle of the key reminder circuit is shown in
Fig. 10. As shown in the figure, the key was driven by P3.0 port and connected with
a pull-up resistor. The electrical level of P3.0 port was continuously examined by
the scan-round program. When low electrical level occurred, the key was pressed.

Serial peripheral interface (SPI) bus was used for central processing unit (CPU)
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and peripheral equipment in this study. The SPI bus of singlechip supported the
host mode and the slave mode, and it had independent shifting register, bumper
and interrupt functions in receiving mode and sending mode. It could programme
and control the polarity and phase of clock as well as the frequency of clock under
the state of host mode [8].

Fig. 10. Wiring diagram of the key

Communication between the system and PC was through the nRF24L01 module,
which was a monolithic wireless transceiver chip operated in 2.4∼2.5GHz general
ISM frequency band. The wireless communication module included emission and
reception these two parts and the operating principles are shown in Fig. 11.

Fig. 11. Operating principles of wireless communication

3.1.7. Software design: IAR FOR MSP430 was a kind of programming and
debugging environment that could be used in MSP430 singlechip. Developers could
connect target boards through JTAG and the program could be debugged directly in
IAR environment. Register values could be checked at any time and programming
windows of C language and assembler language could switch at any time, etc.

Modularized programming concepts were used in the design. Consistent program
interfaces were beneficial for debugging, correction and maintenance of the program.
C language was mainly used for programming in the design of free combat training
system. Besides, IAR program compiler was used for editing, debugging and com-
piling of C language. MSP430 singlechip emulator was used for simulation of the
program.

The software part in the system was mainly composed of the main program
and several interrupt service subroutines. The flow chart of the main program is
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shown in Fig. 12. The interrupt service subroutine was composed of following parts:
the subroutine of ultrasonic speed measurement; the subroutine of boxing strength
measurement, which collected the variable quantity of air pressure; a timing program
of timer; the subroutine of wireless communication. Besides, there was also a display
subroutine. Design texts of subroutines were not further elaborated in this study.

Fig. 12. Flow chart of main program

4. Debugging results and analysis

4.1. Configuration of development environment

IAR software was installed in computer and then set up. Specific steps are as
follows:

IAR software was started and a new project was constructed according to Project>
Create NewProject. Then in pop-up dialog box, address that should be stored was
selected and then a new project was constructed.

Then the Workspace window was entered and the Debug configuration was de-
faulted. No correction was needed, or the program debugging could not be per-
formed.
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After that, a new file was built according to File>New>File and then saved for
programming.

Finally, project options were set up and Projects>Options was selected after
the finish of programming. Under the option of Device of General Options, the
MSP430F247 singlechip was selected; then FET Debugger was selected under the
option of Driver of Debugger for hardware simulation.

In MSP430 target board, debugged source program was loaded and hardware
circuit was connected and checked. After that, mechanical framework was installed
and fixed, i.e., the whole system could be tested.

4.2. Debugging and debugging result analysis

Firstly, the system was powered on. Then the display of Welcome interface
could be seen. The k button was then pressed and the program entered the waiting
time. After N seconds, the buzzer hinted boxing and the tester could prepare for the
boxing at that time. At that moment, contents of liquid crystal display are as shown
“Acousto-optic hint will be prompted after 3 second, please prepare to punch”.

When the buzzer rang, the tester began to punch. During that that, the reaction
time, boxing speed and boxing strength of the tester were test at the same time.
The test was over when the fist hit the target surface. Test performance was then
displayed, as shown in Fig. 13.

Fig. 13. Display interface of test performance

After the interface of test performance, it was also displayed that, Press RES to
retest, reminding the tester to perform another test.

5. Conclusion

On the basis of theories of singlechip as well as the design methods of traditional
free combat aids, we have basically understood design theories and principles of the
free combat training system. Through the design of the integrate test system of free
combat training, advantages and deficiencies are discovered to improve the ability
of solving problems. Moreover, through module test as well as the test of the whole
system, appropriate components are selected to improve the measurement accuracy,
thus to improve the maneuverability and practicability of the training equipment.
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RFID positioning equipment of
track-and-field athletes based on VIRE

algorithm

Wei Li1

Abstract. With the rapid development of the Internet of things technology, radio frequency
identification (RFID) technology has been applied more and more widely. In this paper, for faster
and accurate position of track-and-field athletes in track test, we proposed a VIRE algorithm using
quadratic interpolation. The improved VIRE algorithm has good positioning effect. In addition,
we applied the algorithm to a timing system design scheme based on active RFID, to determine the
end point timing, and according to the system error analysis, we obtained effective error accuracy.

Key words. Radio frequency identification technology, VIRE algorithm, timing system.

1. Introduction

The concept of the Internet of things (IOT) was proposed by the Massachusetts
Institute of Technology Auto-ID research center (Auto-ID Labs) in 1999. Its origi-
nal meaning referred to connect all the items through radio frequency identification
(RFID) and other information sensing equipment with the Internet, to realize intel-
ligent identification and management [1, 2]. In order to meet the needs of modern
logistics industry, it is continuously developed and considered as the third wave of
the world information industry after the computer and the Internet [3]. With the
popularization and development of mobile Internet, cloud computing, big data and
so on technologies, the Internet of things technology has been applied in the ware-
house management, security management, logistics management and other fields,
making people’s life more convenient, automatic and intelligent. It is also the core
of technical reform in China’s educational reform to make educational examination
reform by means of information technology [4]. In consequence, the Internet of
things technology is also expected to become the core technology means to support
the education strategy.

In the practical examination in sports, whether it is 100-meter track and 800-
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meter track, or shot game or three steps, are involved in a large number of out-
door positioning. These positioning can be personnel positioning, and also the test
equipment positioning. This positioning is conducive to the management of the ex-
amination room, exercise time and so on. The RFID technology is a non-contact
automatic equipment technology, having the characteristics of small volume, wide
range of reading and writing, long service life, strong anti-interference ability and
so on, and the applications of supporting fast reading, mobile identification, multi-
target identification, and unique identification [5, 6]. Compared with GPS and other
mature positioning technologies, RFID is more suitable for small local and low-cost
positioning systems. At the same time, the active RFID labels, compared to passive
label recognition, the distance is farther and the storage capacity is also greater.
We can see that the research of positioning system based on active RFID helps re-
alizing more real-time and accurate personnel management, object positioning and
other functions in sports skill examination, so as to achieve fair and just sports skill
examination, having great social significance in the selection of personnel.

2. Method

2.1. VIRE algorithm

It is assumed that the coordinate of virtual label is (p, q), and the coordinate of
actual reference label is (a, b). RSSI value of the label of the coordinate (x, y) is
defined as Sk (Tx,y), and then RSSI of the label can be calculated using formulae.

Sk (Tp,b) = Sk (Ta,b) + p× Sk (Ta+n,b)− Sk (Ta,b)

n + 1
, (1)

Sk (Ta,q) = Sk (Ta,b) + p× Sk (Ta,b+n)− Sk (Ta,b)

n + 1
. (2)

The coordinates of the label to be measured are calculated by weight.In order to
improve the accuracy of VIRE algorithm, two weighting factors are introduced, the
weighting factors w1i and w2i being given as

w1i =

k∑
k=1

|Sk (Ti)− Sk (R)|
k × Sk (Ti)

, (3)

w2i =
pi∑na

i=1 pi
=

nci∑na

i=1 nci
. (4)

In the above equations, k represents the reader, Sk (Ti) suggests the label RSSI
value remained to be measured read by the reader k, and Sk (R) refers to RSSI
value of virtual reference label. As a result, w1i indicates the relationship between
the virtual reference label RSSI value and the actual label RSSI value to be measured;
na is all the selected virtual reference label areas, and nci represents the selected
virtual reference label continuous area (the area connected together in the grids).
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In consequence, w2i suggests the ratio of virtual label continuous area to the whole
selected area. And the weight wi = w1i × w2i, and the coordinate of the final label
to be measured can be calculated as

(x, y) =

na∑
i=1

wi (xi, yi) . (5)

Although the VIRE algorithm improves the positioning accuracy and does not
improve the system equipment cost, there are also shortcomings: VIRE uses linear
interpolation method, and in the actual environment, electromagnetic wave RSSI
exists loss, and it is not proportional to the distance; secondly, two weighted factors
introduced by VIRE algorithm will be affected by the threshold set by removing the
wrong coordinate.

2.2. Improved VIRE algorithm

The improved algorithm is based on the deficiency of VIRE algorithm. VIRE
algorithm adopts a linear interpolation method in the reference label, which has a
large error in practice, because the actual distance loss of RSSI is nonlinear. To this
end, this paper uses the nonlinear interpolation method - quadratic interpolation
(parabolic interpolation).

First of all, we assume that the coordinate of virtual label is (p, q), and the label
RSSI value of the coordinate (x, y) is defined as Sk (Tx,y), then the label RSSI value
can be calculated with the following steps.

Assuming that in the rectangular coordinate system, the coordinates of three
actual reference labels with the same known vertical coordinate are (x1, b), (x2, b),
and (x3, b). Then RSSI values of the reference label are Sk (Tx1,e), Sk (Tx2,e), and
Sk (Tx3,e). Construct parabolic equation f (x) = ax2 + bx + c, then we can get the
column equation groups:  Sk (T x1,e) = ax2

1 + bx1 + c,
Sk (Tx2,e) = ax2

2 + bx2 + c,
Sk (Tx3,e) = ax2

3 + bx3 + c .
(6)

The overall relative error of the quadratic interpolation is less than that of lin-
ear interpolation, and the interpolation error is smaller near the actual reference
label. In some places, there will be an error greater than linear interpolation error,
but those places with greater errors is usually found to be the places where the
RSSI attenuation is particularly severe, and the impact on the system positioning is
smaller.
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3. Results

3.1. System design

When the athletes start to run, there will a corresponding starting sensor or
directional antenna to sense athletes starting, and record the starting time; when the
athletes reach the end point, and enter the antenna range, it will be perceived by the
system and recording the perception time, so as to calculate the time performance
of athletes. But for this kind of timing systems, the antenna requires to provide
directional function, so the antenna cost is too high, the deployment of the antenna is
more complicated, and the antenna is vulnerable to damage. In this paper, a RFID
timing system for track-and-field athletes based on VIRE algorithm is proposed.
The system does not need to deploy the array antenna. The system structure of the
timing system is shown in Fig. 1. The whole system is divided into five modules: data
storage module, positioning algorithm module, configuration management module
and device communication module, and application API interface module.

Fig. 1. Structure of timing system

3.2. Determination of the terminal point

How to determine the time at which the player is at the finish line is what a
system needs to consider. When the athletes will arrive at the end point and enter
the reader reading and writing range, according to the transmitting frequency of
active RFID label signal, the system will continuously record a plurality of time and
location information of the active RFID label into the scope of the reader, until the
label leaves the read range of the reader, or when the reader collects enough reading
and writing times and does not need to read any more.



RFID POSITIONING EQUIPMENT 71

As shown in Fig. 2, assuming that the t-moment label location is the solid point
P (x, y). In the following coordinate system, the distance d from the label to Y axis
(the end line) is |x|, and the dotted line is the possible position locus of the label.
In the process of athletes running to the destination, the location P of athletes will
correspond to a moment t. While what the timing system requires is the moment
of athletes at the terminal line, namely the moment of d = 0 (horizontal coordinate
of P is 0).

Fig. 2. Locations of athletes

From the above analysis, there is a certain functional relation between the label
position P and distance d (|x|) of the end line and the time t, and the continuity is
maintained. Through the reader, although we can collect some points on the curve
function, because the process of athletes before running to the end point is not a
uniform motion (deceleration process), it is difficult to get a clear function equation.
The approximate function curve is shown in Fig. 3. Symbol ∆t is the emission time
interval of the label (the reciprocal of the transmitting frequency).

For determining the time t of d = 0, in allusion to different cases, adopt the
following methods:

The closet distance threshold dmin was selected, and in the position and time
data read by the reader, choose the one whose distance is less than or equal to the
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set threshold dmin and the one with the minimum distance, then the time that the
distance corresponds to is the time for the label to arrive at the terminal point; in
this way, because the time for athletes carrying labels to enter the reader reading
range is not fixed, it may occur the situation that it does not exist points less than
the threshold. In view of this situation, the second method is proposed.

Fig. 3. Function relationship between distance and time

3.3. Theoretical error analysis

VIRE algorithm in the environment of 3 m× 3 m, when the label is divided into
the grid 30 × 30, at the same time, the environment of the algorithm is bad, and
in the case of severe impact on positioning accuracy, the average error of the VIRE
algorithm is about 0.5m. As a result, we assume that the positioning error E after
using the algorithm is 0.5m, then E is the distance between the actual location of
the label and the measured position of the system. Theoretical error analysis is
shown in Fig. 4.

In the above figure, the center is the actual position, and the error is taken as
the radius to make a circle, the error distributed in it. It can be seen that the point
with the maximum distance to the actual position error is in a circle, the closer to
the center, the closer to the actual position distance, but this is not our focus for
analysis. The key point is the vertical distance from the error point to the terminal
line. As can be seen from the figure, the two blue ends of the circle are perpendicular
to the terminal line. The distance to the terminal line is equal to the radius, which
is the maximum.

4. Conclusion

According to the shortcomings of great actual error of VIRE algorithm using
linear interpolation to calculate the virtual label RSSI value, we used nonlinear
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Fig. 4. Timing system error analysis

quadratic interpolation VIRE positioning algorithm, to helpto improve the accuracy
of positioning, and combined with active RFID positioning technology, apply it to
track-and-field athletes track timing system. First of all, we introduced the general
structure of the timing system, then determined the timing method of the final
position by the positioning algorithm, and finally gave the theoretical error analysis
of the system. At last, the timing precision can reach 0.065 up to 0.09 seconds,
suitable for 100-meter race with timing accuracy of 0.01 s.
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Flexible force sensor for data extraction
and dynamic identification of

calisthenics’ footprint

Zhenzhen Bie1,2, Minchao Shou1

Abstract. Gait tactile information includes footprint information and dynamic plantar pres-
sure distribution, which is mainly used in fields such as gait identification, sports science and gait
analysis. A flexible force sensor-based method for footprint data extraction and dynamic identifi-
cation was put forwarded, which was mainly made up of data filtering for plantar pressure, cluster
segmentation for single step footprint pressure and dynamic single step footprint identification.
Among them, connected domain-based image segmentation method was used to clustering analyze
plantar pressure data and single step footprint was identified according to foot anatomy principle.
Research results have verified that when walk normally, accuracy rate of data extraction algorithm
for single step footprint put forwarded was up to 99% and recognition rate of dynamic identification
method was up to 97%. Besides, accuracy rate of the algorithm studied for single step footprint
extraction of calisthenics was up to 95%, which was with good robustness.

Key words. Flexible force sensor, calisthenics, footprint data extraction, dynamic identifi-
cation, cluster analysis.

1. Introduction

With the development of science and technology, method for obtaining plan-
tar pressure information have been developed from footprinting to pressure sensing
measurement which used flexible force sensor. Flexible force sensor in large scale
can obtain static and dynamic state of plantar pressure, thus no specific steps were
needed and walk freely was enough [1]. Plantar pressure data obtained by flexible
force sensor was more accurate and practical.
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2. Literature review

Nowadays, flexible force sensor in large scale was used by researchers at home
and abroad to obtain static and dynamic plantar pressure data in order to study
gait. Flexible force sensor in large scale was used by Yi Xia et al. [2] to study
characteristics such as feet Cop track. However, this method was only suitable
for identifying footprint of normal walk and not suitable for identifying footprint
of dance gait. Pressure measuring insole was used by Christian C.B.Redd et al.
[3] to collecting plantar pressure data of feet, with which footprint extraction and
dynamic identification was not needed because relevant label has already marked on
the hardware of pressure measuring insole. Thus, it processed data rapidly and was
free from site limitation.

There were many advantages of collecting plantar pressure data with flexible
force sensor in large scale, for example [4] it can collect plantar pressure data of
each step of movement and compute time parameter and spatial parameter of gait.
Difficulty of this technology was how to process the acquired plantar pressure data.
Footprint extraction and dynamic identification of plantar pressure data collected by
flexible force sensor in large scale was indispensable. A flexible force sensor-based
method for footprint extraction and dynamic identification was put forwarded to
tackle above problems, such as limited application fields.

3. Research method

3.1. Platform construction

Platform for obtaining plantar pressure data was designed based on up-to-date
data acquisition and control technology. STM 32F single chip was core of hardware
acquisition circuit for flexible force sensor, which was mainly responsible for driving
linear array canning, controlling sample of analog-digital converter (ADC) and com-
pressing plantar pressure data transmission. Sampling frequency of flexible force
sensor was up to 100Hz. And Ethernet bus mode was adopted to transmit plantar
pressure data of lower computer and CMD command of upper computer because a
large volume of data was to be transmitted.

Module splicing was adopted to design rectangle platform with length and width
measured 8×8 for acquiring plantar pressure data. This rectangle platform was
made up of sensor modules of an area of 80×80 cm2 on which there were 140×140
pressure sensitive spots in length and width. Every module was an independent
sub-system. Data were transmitted through network (Gigabit Switch) to remote
PC for processing.

Software for acquiring and analyzing plantar pressure data with flexible force
sensor in large scale was designed based on Visual Studio10 development platform. In
actual testing, a large volume of data was collected by flexible force sensor. Besides,
good real time performance was needed for transmitting, processing and displaying
data. Thus, multithread programming was used to program software.
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3.2. Method for footprint extraction and dynamic identifi-
cation

It can resolve (see Fig. 1) plantar pressure data when acquiring it. Mainly, there
were 3 steps: filtering plantar pressure data, extracting single step footprint and
dynamic identifying single step track. After those steps, plantar pressure data of
every step was obtained and parameters such as time, space, movement and dynamics
were calculated.

Fig. 1. Resolving steps for plantar pressure data

3.2.1. Filtering plantar pressure data: There was noise jamming during plantar
pressure data-acquiring process, which was shown as data noise [5]. Before resolving
plantar pressure data, those noises should be filtered out in order to reduce its
influence on plantar pressure data. Pressure values on flexible force sensors were
classified into 256 grades in order to corresponding it to RGB values. The larger
pressure on sensor, the darker color displayed. On the contrary, the smaller pressure
on sensor, the lighter color displayed.

Spatial domain filtering, transform domain filtering and morphology noise method
were common methods for image denoising. Among them, spatial domain filtering
was directly used on original images to tackle gray value of pixel, which included
linear filtering, nonlinear filtering, mean filtering, improved mean filtering (MTM),
median filtering, and improved median filtering (IMF). Based on MTM algorithm
and IMF algorithm, time window [6] conception was introduced to put forward a
new filtering algorithm. Principle of the new filtering algorithm was: isolated noise
should be deleted using pre-and post-pressure data and IMF filtering algorithm was
used to filter the remained plantar pressure data. Flow chart of this algorithm was
shown in Fig. 2.

This algorithm was used in filtering experiment for plantar pressure data, and
signal noise ratio (SNR) of image [7] was adopted to prove its filtering performance.
Thus,

SNR = 10lg

∑
t

∑
row

∑
col(Imageoutput − Imageoriginal)

2∑
t

∑
row

∑
col(Imageaddnoise − Imageoriginal)

2
. (1)
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In this equation, Imageoutput denotes output image after filtering, Imageoriginal
denotes original noise-free image, and Imageaddnoise denotes artificial noise added-
image.

Percentage p of impulse noise and Gaussian noise whose standard derivation was
σ and mean value was 0 were added to each image. Image SNR was calculated by
MTM, IMF and the proposed algorithm and the results are shown in Table 1.

Fig. 2. Flow chart of filtering

Table 1. Denoising effect comparison

Algorithm MTM IMF The algorithm proposed

SNR (dB), p = 3, σ = 4 –8.66 –9.21 –11.82

SNR (dB), p = 4, σ = 8 –9.97 –11.12 –12.51

It can be seen from Table 1 that SNR value of algorithm added with time window
was lower than other algorithms, which verified that this algorithm could eliminate
noise effectively, save useful data well and avoid useful data be filtered by mistake
to some degree.

3.2.2. Data extraction of single step footprint: Plantar pressure data was widely
used in fields such as gait analysis and sports science. The key for apply plantar
pressure data was extracting gait data accurately. Thus, clustering algorithm was
used to extract pressure data of single step footprint. Human normal walk was
regular in the aspects of step speed, step length and step width. Plantar pressure
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data was clustering segmented based on this rule.
Condition 1: In normal walk, step length and step length was changing within a

reasonable range;
Condition 2: Feet length and width of normal people was within a reasonable

range;
Condition 3: In normal walk, data frame of the same footprint should be within

a reasonable range.
Flow chart of segmentation for plantar pressure data is shown as Fig. 3:

Fig. 3. Flow chart for data clustering

3.2.3. Dynamic identification method for single step footprint: A dynamic foot-
print identification algorithm based on plantar pressure and footprint outline was
put forwarded. The identification steps were shown as follows:

1. Bilinear interpolation algorithm was used to enlarge the original image and
median filtering it.

2. Convex hull was used to identify the minimum enclosing rectangle for images in
step 1. Included angle of horizontal and vertical direction of footprint was calculated.

3. Image obtained in the step 2 was rotated according to nearest neighbor inter-
polation, and the long axis was the rotation axis.

4. Morphological processing was applied to the obtained image, which mainly
including dilation or erosion action. Then, smoothing filtering was applied.

5. Edge of image obtained in step 4 was extracted with Canny edge detecting
algorithm. Convex hull algorithm was reused to calculate the minimum outside
envelope rectangle frame.

6. Outside envelope rectangle frame in step 5 was scanned along the direction of
long axis. Footprint width in the short-axis and upper and lower boundary points in
the vertical direction was recorded. Quartic polynomial data filtering was applied.
Besides, regard the upper boundary of the minimum outside envelope as benchmark
to record the pixel distance between upper and lower boundary of footprint and the
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upper boundary of the minimum outside envelope rectangle frame.
7. In order to highlight crest and trough of fitted curve, range of horizontal axis

and vertical axis was compressed to footprint size-long and width.
8. Left or right foot was identified because there were extreme values in footprint

width curve and curve of footprint upper and lower points.
Given fw, fu and fd denoting feet width curve, coordinates curve of upper bound-

ary points and coordinates curve of lower boundary points. Local search method
was used to solve distribution of extreme value of fw, fu and fd. Given horizontal
and vertical coordinates x and y satisfying y = f(x). Steps for searching the extreme
points are as follows:

1. f(x) should be calculated from x = 0. f(x + ∆x) should be calculated with
step length ∆x = 0.02. Then, curve tendency can be judged.

2. Values of f(x) and f(x)+∆x are compared and then x = x+∆x. If the curve
tendency was the same as that of step 1, repeat step 2. If the curve tendency is
different from that of step 1, it means there is an extreme point. Record the number
of extreme points and their values. Then, f(x) is to express (no accurate value is
needed as long as it is near the extreme points) and repeat step 2 until f(x) = 0.

3. As for curve fw, the first maximum value f1 and the second maximum value
f2 should be compared. If f1 < f2, it means the widest place of footprint is at right.
In another word, tiptoe is toward right. If the inequality is opposite, the tiptoe is
toward left.

As for curves fu and fd, the number of extreme points should be counted. If
the number is 3, it means that there is a great fluctuation in this boundary and
it is at the side of medial longitudinal arch. If the number is 1, it is at the side of
lateral longitudinal arch. Footprint is identified as long as there is information about
the footprint direction and the number of extreme points. The specific computing
method is as follows

Right =

{
f1 < f2&&Nu = 3&&Nd = 1,
f1 > f2&&Nu = 1&&Nd = 3,

(2)

Left =

{
f1 < f2&&Nu = 1&&Nd = 3
f1 > f2&&Nu = 3&&Nd = 1,

(3)

where Nu represents the number of the extreme points on the upper boundary, and
Nd represents the number of the extreme points of the lower boundary.

4. Experiment and result analysis

4.1. Verification test for extraction accuracy of single step
footprint data

Mainly, starting and ending time of single step footprint and coordinates range of
single step footprint indicated accuracy single step footprint parameter. Thus, foot-
print data segmentation experiment for normal walk and calisthenics was designed,
and this experiment was divided into normal walk group and calisthenics group.
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A line (or list) was randomly chosen on field, on which several rectangle blocks
larger than footprint were marked. Besides, distances between rectangle blocks were
close to that of step length and step width. The whole test procedure was filmed by
vidicon. It was difficult to extract single step footprint data of calisthenics because
it was featuring strong rhythm and fast movements. Threshold value for clustering
was altered and adjusted correspondingly before extract calisthenics’ footprint be-
cause there were great different between calisthenics and normal walk. Testing time
for calisthenics group was 46 s (a 5 s prelude was included). Testers of normal walk
group should step on the rectangle blocks in turn during the test. After acquisi-
tion, camera was used to extract, record, and analyze differences between landing
time and off-ground time and those filmed by vidicon. In order to further verify the
accuracy of the starting and ending time of footprint after partitioning, clustering
segmentation algorithm for single step footprint data was used to calculate the start-
ing and ending time of all footprint sequence. The calculated starting and ending
times were compared to that of footprint in the video. Then, the frame number of
incorrect segmentation was counted and accuracy rate of clustering algorithm was
calculated (see Table 2). Footprint segmentation data of normal walk group is shown
in Table 3.

Table 2. Footprint segmentation results

Groups Time Sampling
frame number

Frame number
of incorrect
segmentation

Accuracy
rate

Normal walk 3min 18000 96 99.47%

group 5min 30000 143 99.52%

Calisthenics 41 s
4100 162 96.05%

group 4100 168 95.90%

4100 170 95.76%

It is seen from Table 2 that the largest error between footprint range calculated by
clustering segmentation for single step footprint data and the pre-planned footprint
range was 2 cm, which was within reasonable limits. It also can be seen from Table
2 that in the 3min- and 5min- test for normal walk group, correct system segmen-
tation rate of was up to 99%. Compared with normal walk group, accuracy rate of
footprint data extraction of calisthenics group was relatively lower. Analysis showed
that error rate of each step was 1–2 frames because of fast movements of calisthen-
ics. Compared with mean frame number of single step, this error was within the
acceptable range because mean frame numbers of each step was 43. It was verified
that the put forwarded clustering segmentation algorithm for single step footprint
data can identify the starting time, ending time and coordinate range of each step
accurately. Plantar dynamics- and connected area-based branching algorithm was
suitable for extracting footprint data of normal gait.
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Table 3. Footprint segmentation data of normal walk group

Step
number

Planned foot-
print location
(x, y), (x, y)

Location calcu-
lated by system
(x, y), (x, y)

Starting and
ending time of
video (ms)

Starting and
ending time
of system
calculation
(ms)

1 (10,10),(20,35) (11,9),(19,36) 1100,2200 1110,2220

2 (45,75),(55,100) (46,74),(56,99) 2110,2800 2100,2810

3 (15,130),(25,155) (15,132),(23,157) 2660,3340 2680,3350

4 (45,165),(55,180) (45,164),(53,188) 3240,3840 3250,3850

5 (15,215),(25,240) (16,216),(23,243) 3720,4360 3730,4370

6 (40,265),(50,295) (42,272),(48,298) 4250,4930 4260,4930

7 (15,315),(25,340) (13,317),(23,343) 4780,5480 4770,5480

It can be seen from Table 2 that the largest error between footprint range calcu-
lated by clustering segmentation for single step footprint data and the pre-planned
footprint range was 2 cm, which is within reasonable limits. It also can be seen that
in the 3min- and 5min- test for normal walk group, correct system segmentation
rate of was up to 99%. Compared with normal walk group, accuracy rate of foot-
print data extraction of calisthenics group was relatively lower. Analysis showed
that error rate of each step was 1–2 frames because of fast movements of calisthen-
ics. Compared with mean frame number of single step, this error was within the
acceptable range because mean frame numbers of each step was 43. It was verified
that the put forwarded clustering segmentation algorithm for single step footprint
data can identify the starting time, ending time and coordinate range of each step
accurately. Plantar dynamics- and connected area-based branching algorithm was
suitable for extracting footprint data of normal gait.

4.2. Verification experiment for dynamic identifying speed
of single step footprint

Relevant speed experiments such as fast walk, slow walk, normal walk and walk
with variable speed were designed to verify accuracy rate of algorithm for identifying
left or right foot. 19 people, walk normally, ranging from 19 to 24 years old were
involved in this experiment. All testers were required to walk normally, walk slowly,
walk fast and walk in random direction, pose and speed in turn on plantar pressure
data acquiring platform. In order to validate the data, this experiment was repeated
4 times. Below it can be found the evaluation criterion.

WR(i,j) =
TR(i,j)

FL(i,j) + TR(i,j)
, (4)
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WL(i,j) =
TL(i,j)

FR(i,j) + TL(i,j)
, (5)

W(i,j) =
TR(i,j) + TL(i,j)

FL(i,j) + FR(i,j) + TL(i,j) + TR(i,j)
. (6)

In this equation, WL(i,j) and WR(i,j) denote accurate rate of identifying left or
right foot when sample i was walking along the jth way. W(i,j) denotes accurate
rate of identifying left or right foot when sample i is walking in the jth way. TL(i,j)

and TR(i,j) denote correct times of identifying left or right feet, respectively, when
sample i is walking along the jth way. Symbols FL(i,j) and FR(i,j) denote incorrect
times of identifying left or right feet when sample i was walking along the jth way.

As WLj = 1
N

∑N
1 AL(i,j) and WRj = 1

N

∑N
1 WR(i,j) are the identification rates

for left or right feet when walking along the jth way, Wj = 1
N

∑N
1 W(i,j) denotes

mean identification rate of left and right feet when walking along j way. Data
acquired when those 19 testers walking according to above process are shown in
Table 4.

Table 4. Footprint identification rate

Walking
manner

1 2 3 4

ARj 0.980 0.987 0.975 0.963

ALj 0.987 0.992 0.975 0.962

Aj 0.983 0.989 0.975 0.963

It can be know from Table 4 that left foot identification rate, right foot identifica-
tion rate and mean identification rate of left and right foot was relatively high when
walking along the first 3 ways. However, when walking along the 4th way, identi-
fication rate of left and right foot was relatively lower than that of others walking
ways. The reason was that when walking along the 4th way, heel of the testers would
sometime off-ground which would influence identification accuracy rate.

Gait characteristic parameters of single step data such as landing time, off-ground
time and footprint area were calculated by segmenting, extracting and identifying
single step plantar pressure data. Parts of footprint sequence-relevant parameters
that calculated with researched method were shown in Table 5.

The study results showed that the researched method featuring high efficiency,
high intelligentization and well robustness, identified left and right foot and data
fast and accurately.

5. Conclusion

Data about acquiring and applying plantar pressure distribution were analyzed
based on flexible force sensor. Besides, plantar pressure data segmentation and
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dynamic footprint identification method was put forwarded, through which data
of left and right feet were accurately segmented and identified and gait analysis
and evaluation were more convenient. Further improvement was needed for the
researched clustering analysis algorithm and method for identifying left and right
feet, such as improved footprint identification rate and clustering conditions.

Table 5. Part of relevant parameters of each step in footprint sequence

Steps Left/right
foot

Landing
time
(ms)

Off-
ground
time (ms)

Footprint
area (cm2)

Hang
time (s)

average pressure
value of single
frame (N)

1 Left 770 1650 145 0 604.5

2 Right 1510 2170 150 0 574.8

3 Left 2080 2710 148 0.42 576.1

4 Right 2700 3210 154 0.42 557.9

5 Left 3050 3720 148 0.37 612.1

6 Right 3590 4210 146 0.38 580.2

7 Left 4090 4800 150 0.35 596.2

8 Right 4580 5180 149 0.36 587.0
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Application of EMG fatigue detection
algorithm in portable DSP system

Jianyun Han1

Abstract. Surface muscle fatigue detection is widely used in many fields, such as kinematics,
rehabilitation medicine and muscle damage diagnosis. Muscle fatigue testing can provide reliable
analysis data to determine the state of human muscle, so as to provide an effective analytical method
for rehabilitation assessment, physical exercise and intelligent analysis. Surface electromyography
has the advantage of being noninvasive, objective and convenient, so it has become a reliable tool for
people to study surface electromyography. In the full understanding of the state of muscle fatigue,
people can effectively avoid the damage caused by muscle fatigue. In this paper, the real time
TMS320C6748 DSP was used instead of Matlab to collect and analyze the surface electromyography
(SEMG), so as to realize the real-time detection of electromyogram (EMG) parameters. We use
the frequency domain feature extraction method to analyze the muscle fatigue, and study the
effectiveness of the EMG fatigue analysis. It is concluded that the TMS320C6748 floating point
DSP can be used as a monitoring device, which can monitor the muscle fatigue status of the athletes
and some patients who need to restore muscle strength.

Key words. Muscle fatigue testing, DSP, real-time detection.

1. Introduction

In recent years, with the deep research of electromyogram (EMG) acquisition and
processing methods, the real-time requirement of EMG acquisition system is getting
higher and higher. The real-time equipment can effectively capture the changes in
EMG signals, so as to achieve real-time monitoring of the state of the human muscle,
and to understand the state of their muscles. In the process of exercise, some muscle
fatigue can be perceived from the body’s own muscle discomfort, and some muscle
fatigue cannot be perceived. In the absence of awareness, excessive exercise can lead
to muscle strain or other body damage [1]. Therefore, it is necessary to monitor the
EMG in real time. In addition, some of the hemiplegia patients such as stroke, they
need to do the right body movement to promote muscle activity, and the normal
movement of the upper limb for a person’s rehabilitation is particularly important

1Zhengzhou Institute of Technology, Zhengzhou, Henan, 450000, China; E-mail: hanjianyun_
edu@163.com
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[2].
Therefore, the scientific development of rehabilitation programs and real-time

monitoring of patients with muscle status can effectively promote its muscle recovery.
And for some athletes, if they can plan a good training program, and real-time
understanding of the state of their muscles, they can not only make each piece of
muscle have been trained, but also can effectively avoid the excessive training caused
by muscle strain and other conditions [3]. In this paper, we use the advantage of the
floating point DSP processor TMS320C6748 which can do high-precision floating-
point operation, and design the algorithm on DSP to process the data collected by
EMG and compare with the MPF value obtained by Matlab. Take the place of
Matlab to do algorithm processing in a certain range, and analyze the fatigue state
of the electromyogram, which can make people understand their own muscle state,
so as to make a scientific exercise program according to their own characteristics.

2. Acquisition and algorithm design of face trial EMUs

2.1. Surface EMG signal acquisition

Surface electromyrography (SEMG) signal is a kind of weak and non-stationary
bioelectrical signal, and its effective range is concentrated at 20Hz∼500Hz [4], and
it is collected by Ag-AgCl electrode. Before the experiment, use alcohol to clean the
collection site, remove the surface dead skin and oil, and apply the conductive paste
evenly to cover the contact surface.

The placement of the electromyor electrode is divided into two kinds of reference
electrode placement and test electrode placement. The placement of the reference
electrode is mainly to exclude the non-human self-generated voltage, and it can be
placed in the body surface of the bony mark or placed in the test muscle that does
not participate in muscle tendon. In the test, the reference electrode cannot collect
the electric signal of autonomous motion. In this experiment, we use the wrist as
the reference electrode. The test electrodes are placed parallel to the direction of the
muscle fibers. In this experiment, we have to collect extensor communis digitorum,
musculus biceps brachii and musculi extensor carpi radialis longus.

2.2. Feature extraction of surface electromyography

The method of surface electromyography is divided into time domain method,
frequency domain method and time domain combined method [5]. The commonly
used time domain analysis method includes measuring integral myoelectric value
(iEMG), zero crossing point (zc), variance (VAR), etc. [6].

Time domain method is very simple to extract features of SEMG, but with the
change of muscle contraction force, a lot of time domain parameters change greatly.
However, after the Fourier transform in frequency domain, the change of the wave-
form is very small, so it has good stability in frequency domain. The commonly used
frequency domain analysis method includes the mean power frequency (MPF) and
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the median frequency (MF) of the SEMG power spectrum, which are defined as

MPF =

∫ +∞
0

f · P (f) df∫ +∞
0

P (f) df
. (1)

In this equation, P (f) is the power spectral density function of the signal.
The median frequency can be solved by equation∫ MF

0

P (f) df =

∫ +∞

MF

P (f) df =
1

2

∫ +∞

0

P (f) df . (2)

The time frequency domain analysis method can combine the time domain and
frequency domain analysis methods, and the time-frequency domain analysis method
applied to SEMG mainly includes short-time Fourier transform, Wigner-Ville distri-
bution, Choi-Williams distribution, wavelet transform and so on [7].

Compare the three kinds of analysis methods, the time-frequency joint analysis
method has the unique advantages in the SEMG analysis, which can reflect the
information of the time domain and the frequency domain [2]. However, for surface
EMG analysis, MPF and MF in the frequency domain have been able to well reflect
the difference between normal and fatigue in the muscle, and many studies have
shown that the average power frequency is more sensitive in reflecting muscle activity
and functional status. Therefore, this paper uses frequency domain analysis method
to obtain MPF values and perform algorithm implementation.

3. Algorithm implementation

3.1. Algorithm implementation method

Algorithmic implementation usually has two methods: direct implementation
and indirect implementation. The direct implementation methods usually need to
consider the following questions:

1. DSP system processing capacity.
2. The support of the storage space and the corresponding library
3. Keyword matching and other issues.
And then through the DSP to program the algorithm needs to implement, so

that it is consistent with the results before and after implementing the error within
the allowable range. The specific steps of direct implementation are:

1. We have a more comprehensive understanding of the implemented algorithm,
so as to ensure that its Matlab, VC platform or other platforms have been able to
operate, and the results are accurate.

2. We have a comprehensive assessment of the degree of difficulty of the imple-
mented algorithm and estimate the possible problems.

3. Compare the results of the program before and after implementation, so as to
ensure that the results of the program before and after implementation error within
the allowable range, and carry out program optimization for the parts that do not
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meet the requirements.
4. In the premise of not affecting the accuracy of the program, we strive that it

works in real time and is efficient.
The indirect implementation is a method that can be simplified by Matlab to

simplify the programmer’s algorithm,and it requires users to install the full version
of Matlab or install components in the installation of Matlab Coder components.
The specific steps are as follows: First, the algorithm needs to be implemented into
function. Second, call it in the command window. After the test is successful, use
the Matlab Coder component to write the M file into a C language source file that
can be called by the DSP. Finally, open CCS, copy the Matlab build file to the CCS
project directory, add the reference path to the header file, and write the calling
program. This method can reduce the difficulty of programming, but not all of the
function can be converted into the target source file through this method, because
some functions do not correspond to the C language library, so it needs to be further
improved.

Based on the two methods of implementation, the second method is simple,
but there is no C language function library corresponding to this article. In this
paper, the algorithm is implemented to Matlab to DSP hardware platform, and the
purpose of this paper is to get rid of the upper computer and improve the real-time
requirement of signal processing. The TMS320C6748 floating point DSP has the
advantages of high processing accuracy and good real-time performance, and it has
little effect on the results of the collected surface EMG signal processing, so it is
more practical to choose direct implementation.

3.2. DSP algorithm implementation

For the surface of the EMG signal fatigue analysis, we need to carry on the
frequency domain FFT processing to the EMG signal in DSP, and then calculate
the MPF value after each experiment. It should be noted that, in Matlab, in order
to meet the FFT transformation requirements, the system will not meet the 2 N -
side data to take the automatic zero processing, making it meet the computing
requirements, and the DSP also has this function. However, it requires the user to
define a buffer area that is large enough to accommodate the collected data. The
system will automatically zero the memory bits that are not defined by the user.
The error in the processing result is relatively small, and it can ensure the integrity
of data collection.As the collected EMG signal data is generally relatively large, so
this article through the following methods to store the data in the definition of the
data cache, and then processed by FFT.

3.3. Matlab to DSP algorithm implementation

From Matlab to DSP algorithm migration, there are usually two ways. One is the
indirect generation of executable code through Matlab software for DSP reference,
and the other is directly through the C language to program the function in the
DSP. For the first method, we first program the algorithm that needs to implement
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into a function, and through the Matlab command window call to verify whether
the algorithm is executable. Then, through the Matlab Coder component, convert
the M file into a c language source file that can be called by the DSP. At last, open
the CCSV5.5, copy the Matlab generated file to the CCS project directory, and
write the call code.This method can save programming time, but not all functions
can be written as source files for CCS use. Because some functions do not have a
corresponding C language library, so its use is limited obviously. The second method
is to write the program directly in the DSP. It should be noted that in Matlab, some
functions need to be replaced by the corresponding c language function, in order to
achieve the same effect. Although this method looks more complex than the first
method, for this experiment, the second method is more applicable.

4. Results and discussion

First, the MPF value of the EMG signal is calculated by Matlab, and then
calculated by DSP. The calculation results are shown in Table 1 and Table 2, and
they are expressed as double real numbers. (where M represents the MPF value
obtained by Matlab processing, D represents the MPF value after DSP processing,
QXL, LL is female, GJ, YY is male, the following table is not indicated and the
units are Hz).

Table 1. QXL experimental data Matlab processing results

Collection site M first
time

M sec-
ond
time

M third
time

M fourth
time

M fifth
time

M sixth
time

extensor commu-
nis digitorum

0.220374 0.229343 0.219162 0.211829 0.208613 0.198264

musculus biceps
brachii

0.243682 0.244132 0.241766 0.240734 0.220412 0.202575

musculi extensor
carpi radialis
longus

0.243537 0.243614 0.242489 0.240247 0.228134 0.207103

It has been proved through the analysis of experimental data that the error of
Matlab processing result and DSP processing result is 0 0.000002Hz, and the error
is within the allowable range. Therefore, the use of frequency domain calculation
MPF value is suitable for implement to the DSP. After finishing the four subjects’
EMG signal MPF values, their line charts are shown in Figs. 1–4.

As shown in Figs. 1–4, the MPF values of the four subjects show a significant
downward trend after treatment. The spectral values are shift to the low frequency
region, and the slope MPF is negative, which is consistent with the results of other
researchers. And the absolute value of the slope increases, especially after the fourth
and fifth times, the absolute value of the slope value is significantly increased. For
different individuals, the beginning of the MPF value corresponding to the slope is
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relatively flat.

Table 2. QXL experimental data DSP processing results

Collection site M first
time

M sec-
ond
time

M third
time

M fourth
time

M fifth
time

M sixth
time

extensor commu-
nis digitorum

0.220178 0.219383 0.219183 0.211579 0.208815 0.198604

musculus biceps
brachii

0.244559 0.244146 0.241462 0.242354 0.222615 0.200739

musculi extensor
carpi radialis
longus

0.243443 0.253466 0.242269 0.240244 0.228333 0.205131

Fig. 1. Subjects QXL surface EMG signal processing MPF value line chart

After a period of exercise, subjects YY, LL after the third experiment, they
have appeared the situation of the slope increased,and the other two subjects have
also appeared this situation after the fourth time, which indicates that the four
subjects have shown a muscle fatigue state at this time. The time of occurrence is
different due to individual differences in muscle fatigue, and it is related to the fat
content of each individual, people who exercise regularly have relatively low levels
of fat, so the EMG signal conduction velocity is significantly faster than that of the
subjects with relatively little exercise. And for the placement of the electrode, we
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Fig. 2. Subjects LL surface EMG signal processing MPF value line chart

Fig. 3. Subjects GJ surface EMG signal processing MPF value line chart

cannot guarantee absolute accuracy, and only to determine the approximate location
of the region where the muscles are, so it will also have a certain impact on the
experiment. The size of the specific MPF value is caused by individual movement
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Fig. 4. Subjects YY surface EMG signal processing MPF value line chart

force. For different subjects, some people exercise force frequency is faster, so the
experimental collection is relatively fast, which will have a certain impact on the
experiment.

5. Conclusion

In this paper, through comparing the line charts and MPF values which are
obtained by TMS320C6748 and Matlab processing EMG data, we can see that the
use of TMS320C6748 can effectively deal with EMG signals. Through the analysis
of the surface EMG data, it can be seen that the slope of the electromyogram MPF
increased significantly after a certain period of motion, which indicates that the
fatigue state of the muscle is further deepened. In the future, we can use DSP
visualization to further analyze the EMG fatigue, and supplement and improve the
research.
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Control system of fitness equipment for
physiological index monitoring with

Bluetooth

Yunan Jin1

Abstract. A treadmill system communicating with Bluetooth was built to study control sys-
tem of fitness equipment based on monitoring physiology parameters. First, physiology parameters
and movement data collected and recorded for a long time were analyzed. To collect heart rate
data, Bluetooth 4.0 of few relative interference and heart rate chest belt and normal hand-holding
heart rate sensor was used. Then, practical suggestions was made for physical condition, exercise
effect and fitness scheme according to analytic results. For one-time exercise, parameters of exercise
effect and physical reserves evaluation were given according to body builder’s dynamic physiological
parameter and movement data. Thus, body builder knows better about his physical condition and
exercise effect, which helps improving exercise effect and avoiding over-exercise and hypomobility.

Key words. Bluetooth 4.0, physiological index, fitness equipment, heart rate monitoring,
control system.

1. Introduction

Muscle and bone can be strengthened by running. With the improvement of ma-
terial life, more emphasizes were put on physical conditions. Thus, monitoring and
recording basic physiological parameter and its change were significant to medical
science when diagnosing, treatment and nursing clinically. Basic physiological pa-
rameter includes blood pressure, pulse and body temperature [1], which was the first
to be abnormal when people being ill or injured [2]. In conclusion, monitoring basic
physiological parameter was crucial to improve people’s quality of life. Therefore,
health monitoring technology was used to collect various physiological parameters
in order to evaluate users’ movement conditions when workout on a treadmill.

1Hangzhou Vocational and Technical College, Hangzhou, 310018, China; E-mail:
yunanjinhangzhou@126.com
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2. Literature review

At first, treadmill was of single function- running. With the development of
science and technology, there were many additional functions for treadmill such as
speed display, slope adjustment and heart rate monitoring [3]. Besides, treadmill
was developing from heart rate monitoring to heart rate control [4] and some elec-
tronic treadmills were already with heat rate control function. However, there were
also some transitional fitness systems which formulated personal fitness program
according to height, weight and age. And those transitional fitness systems were
unscientific because it did not take individual differences and dynamic change of
physiological parameters into full consideration.

Thus, below fitness system was designed: collecting and recording physiological
parameter (heart rate) and movement data (speed, distance, slope and time) in a long
period. Parameter definitions and corresponding formula for health keeping, weight
control, aerobic exercise and sports training according to single movement were put
forwarded in order to evaluate exercise effect. Besides, a filtering algorithm that put
forwarded according to wire and wireless heart rate data acquired a relatively ideal
effect, which applied interpolation operation at first and then weight compares mean
value.

3. Research method

3.1. Overall structure

Hardware was made up of treadmill hardware, upper computer main board, car-
diotachometer, frequency converter, display, keyboard and mobile terminal. The
structure is shown in Fig. 1.

Fig. 1. Diagram of overall structure

Treadmill hardware was mainly made up of motor, belt and metal framework.
And the core device motor was mainly used to adjust speed and slope. Bluetooth
4.0 was used to communicate with mobile terminal wirelessly. Upper computer was
the bridge between mobile terminal and frequency converter, which was used to
transmit status of frequency converter to mobile terminal and transmit order of
mobile terminal to frequency converter. And frequency converter was mainly used
to control speed and slope of the treadmill. Cardiotachometer was the feedback
signal of physical condition, which was directly related to exercise intensity, energy
consumption, respiratory degree and physical condition. When buying electronic
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fitness equipment, people regarded performance of heart rate measurement system
as one of the important reference standards. Hand-held heart rate sensor and wireless
heart rate chest belt were popular in modern industry. Bluetooth 4.0 with low power
dissipation protocol was used to achieve above functions such as control and display.

3.2. Model selection of heart rate sensor

Principle of heart rate sensor to collect heart rate [5]: heart was like a power
supply, through which blood circulates around body to maintain normal activity.
Complex weak currency was produced by cardiac muscle during heart beat, and the
currency was transmitted to different tissues. Because distances between heart and
different tissues was varied and tissue in different body part was different, electric
potential varies in different body parts. Weak electrocardiosignal can be collected
by two different electrodes that randomly put on the human body surface.

Hand-held heart rate sensor, wireless heart rate chest belt and Bluetooth 4.0
with low power dissipation were popular in modern fitness industry. Hand-held
heart rate sensor compatible with Bluetooth 4.0 chest belt were chosen instead of
common wireless heart rate chest belt with relatively loud noise.

3.3. Filtering processing for heat rate data

Filtering processing was needed again because there were noises for most signals
outputted by heart rate module (wireless heart rate and wire heart rate). Heart
rate data was collected by electrocardiogram (ECG) which contained physiological
information that reflecting performance of cardiac system [6]. Standard electrocar-
diogram (ECG) is shown in Fig. 2.

Fig. 2. Standard electrocardiogram



98 YUNAN JIN

Most of the frequency spectrums of weak electrocardiosignal collected from hu-
man body was varied from 0.05 to 100Hz and amplitude rage was around 10 uV-
4mV. Feature of electrocardiosignal was demonstrated by waves with bandwidth of
0∼8±3Hz, 0∼11±2Hz and 0∼55±19Hz. Besides, electrocardiosignal was vulnera-
ble to external factors, such as power line interference, electrical interference, base
line drift and electromagnetic interference.

Flow for signal acquisition is shown in Fig. 3.

Fig. 3. Signal acquisition flow

Electrocardio energy normally worked at 17Hz, whose frequency was around
0.05∼100Hz and range was 5mV. Besides, frequency of 0.5∼30Hz was regarded
as useful monitoring frequency. Butterworth band-pass filter of forth order that
consisted of general operational amplifier LM324 whose bandwidth was 15Hz and
frequency was 17Hz was used to test. After filtering, around 0.5V electrocardiosig-
nal can be obtained by reverse phase proportional amplification in 100 amplification
times which was made up of LM324. Band elimination with relatively narrow band-
width was named wave trap circuit. Generally, double T band-block filter circuit
featuring low cost and well performance was used, which was mainly used to elimi-
nation signal at a certain frequency band and power line interference of 50Hz.

Existing filtering algorithm for heart rate was made up of median filtering, mean
filtering and slicing filtering. For mean filtering, filtering effect was well with stable
data while in vigorous exercise with unstable data, filtering effect was poor. Under
circumstance of poor contact and interference, filtering effect of mean filtering was
better than that of median filtering though there were certain of fluctuation. Slic-
ing filtering can effectively overcome impulse interference caused by chance factor.
However, it could not restrain seasonal interference and poor smoothness [7].

Besides, another two filtering algorithm was put forwarded, interpolation opera-
tion method and method of weight comparing mean value.

1. Interpolation operation. If interval time between two pulses was close enough,
median value can be eliminated. Normal heart rate of 45∼180 times/min was used in
experiment and the corresponding time interval was 1.33∼0.33ms. If time interval
was longer than 1.33ms, a pulse should be added. If time interval was shorter that
0.33ms, comparing the two time interval next to it and found out which one was
shorter. Then the time interval should be included into the shorter one. With this
method, it can avoid missing pulse and collecting noise of the wrong pulse.

2. Method of weight comparing mean value. Principle of this method was com-
paring to the neighboring points. Weights were given according to the difference
value between those neighboring points and the mean value. Then, mean value
was calculated. Given filtering window was 9 and the collected original data was
a1, a2, · · · , a9 ranged according to time sequence. Value of a5 was to be solved.



CONTROL SYSTEM OF FITNESS EQUIPMENT 99

First, mean value ā should be calculated. Then, absolute differences between those
neighboring points and average value were calculated: Kn = |an − ā|. If Kn was
large, it meant difference between this point and the other 8 points was large. Thus,
weight of this point should be lowered. Given weight of this point was 1/Kn, and
formulation of normalization constant was identified as 1/α =

∑9
n=1 1/Kn. Thus,

the value of this point was α′ = α ·
∑9

n=1 (αnKn). Calculating the mean value with
this method results in effective elimination of the influence of noise to mean value. It
can be seen from Fig. 4 that weight comparing mean value can effectively eliminate
noise and achieve accurate value.

Fig. 4. Filtering effective diagram of weight comparing mean value (a was original
data, b was data obtained after margin calculation, c was data obtained after

mean value filtering)

3.4. Software design

CC2540 chip from Texas Instruments Company was used in lower computer stud-
ied (see Fig. 5).

Comparing to Bluetooth 3.0 version, Bluetooth 4.0 with low power dissipation
protocol was featured low cost, low latency of 3 millisecond and AES-128 encription
[8]. Bluetooth 4.0 can be widely applied to fields such as pedometer and heart rate
monitor. There would be a heavy demand for Bluetooth 4.0 in the next 5 years. How-
ever, single mode was incompatible to classic Bluetooth device. There are two wire-
less technologies for Bluetooth standard 4.0, basic rate (BR, also called BR/EDR,
enhanced data rate) and Bluetooth lower power dissipation (BLE). Equipment that
supports both BR and BLE was called double module device. BLE protocol stack
was shown in Fig. 6.

Lower computer should be able to connect to upper computer to transfer orders
from upper computer to frequency converter and collect state of frequency converter.
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Fig. 5. CC2540 chip

Fig. 6. Structure chart of BLE protocol stack

Thus data of computation speed, slope, and distance were transferred to the upper
layer computer. Besides, lower computer can collect wire heart rate and transfer
those data after in Fig. 7.

The protocol should include speed, slope, heart rate, fan, safety switch and send
or accept. Protocol establishment is shown in Table 1.

3.5. Hardware design

CC2540 chip was adopted in wireless communication technology of lower com-
puter and interface of module was shown as following:

Power interface: providing 5V direct-current supply to module.
Serial interface: for communicating with frequency converter. Serial interface was

mainly used to lifting and drop treadmill and transfer state of treadmill to CC2540
chip.
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Fig. 7. Design flow chart of lower computer

Table 1. Protocol establishment

Bytes Orders iPad → Lower computer Lower computer → iPad

0 Message header FF FF

1 Command number 00 11

2 Data 1 High speed High speed

3 Data 2 Low speed Low speed

4 Data 3 High slope High slope

5 Data 4 Low slope Low slope

6 Data 5 Heart rate: value of Blue-
tooth chest belt received
by iPad

Heart rate: hand-held
heart rate

7 Data 6 Fan(0∼255) Fan(Retain)

8 Data 7 Safety switch(00 Open) Safety switch(01 Close)

9 Data 8 0(Retain) 0(Retain)

10 Checksum Checksum Checksum

11 Data 10 00 00

Wire heart rate interface: collecting heart rate signal through wire heart rate
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module and transferring it to CC2540 chip after process.
Safety switch interface: monitoring state of safety switch. When safety switch

was opened, safety switch would transfer this information to master chip. This
interface was adopted to transfer the stop information to frequency converter and
upper computer (iPhone and iPad) when user stopped it urgently.

Bluetooth wireless interface: mainly used to transfer data to upper computer
(iPhone and iPad) wirelessly.

3.6. Experimental design

This experiment was designed based on IOS system and Xcode development
environment and its specific design was shown as following.

1. Convert speed and slope to distance and calorie Distance increased = Speed *
Time, and Total distance: S =

∫
dS, whose code was

float mDistIntervalKm = 0;// Distance increased

mDistIntervalKm=((double)[self GetSpeed])*(mIntervalMS/60. 0/60. 0/1000.
0);

m_Distance+=mDistIntervalKm;// Calculate distance

Calorie increased:

Calorie= Speed × Weight/(1.3×(38-Slope)×150×0.45)×Time.

Among which, speed unit was km/h, weight unit was kg (defaulted as 60 kg)
and slope was integer within 0–20. Total calorie: Q =

∫
dQ and the corre-

sponding code was:

float m_Energy;// Total calorie M_Energy+=

=DistIntervalKm*3.6*1000.0*60/ (1.3*(38-selfGetSlope)*150*0.45)*0.3;

2. Evaluation for effect of single exercise: American College of Sports Medicine
(AcsM) put forward that it was obtained by using this equation: limiting value
of heart rate in each minute = 220−actual age. If heart rate was higher that
this value, it was deemed to be harmful and may be dangerous. This value was
regarded as one of the most important indicator for exercise program. Target
heart rate can be simplified according to Cassette formula as follows:

The maximum heart rate 50——60,% Keep fit.

The maximum heart rate 60——70,% Weight control.

The maximum heart rate 70——80% Aerobic exercise.

The maximum heart rate 80——100% Sport training.

It was known that the effect of single exercise can be evaluated by detecting
heart rate proportion in every section. When one was under the same exercise
intensity, the larger the heart rate, the poorer the physical reservation. When
different people were under the same exercise intensity, the larger proportion
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of actual heart rate to the maximum heart rate means the poorer physical
reservation.
Thus, a variable reflecting physical reservation L was given

L = 1− 1

Pmax

∫
P dt .

When under the same amount of exercise, value L can reflect people’s physical
reservation.

Open software on the iPad, the main operation interface would show 6 buttons,
such as accelerate, decelerate, increase the slope, decrease the slope, start, and stop.
Besides, it also displayed value of speed, slope, distance, time, calorie, and heart
rate. What’s more, two icons were displayed, speed table and slope table. Bluetooth
connection interface was made up of two buttons, one progress bar, two switches and
a table, which was used to search and connect to treadmill. Data analysis interface
was made up of function buttons such as velocity curve, heart rate curve, distance,
time, calorie, and evaluations and an icon, which was used to display those recorded
historical data. Interface design would not be described.

4. Result and analysis

Control variate method was adopted. Four experimenters were requested to
jogging 20min (male: 6 km/h, female: 5 km/h) at 5:00 p.m. every day. Change
of heart rate curve was analyzed and physical reservation and exercise effect were
evaluated. Those were required for one month.

Data and analysis results on 14th August, 2016 were selected, which was shown
as below.

Experimenter A: male, 25 years old in good health, sometimes outdoor exercise.
Experimenter B: male, 44 years old in good health, hardly outdoor exercise.
Experimenter C: female, 22 years old in good health, hardly outdoor exercise.
Experimenter D: female, 41 years old in good health, sometimes outdoor exercise.

Table 2. Experimental data

Experimenter Physical
reservation
parameters

Keep fit Weight con-
trol

Aerobic ex-
ercise

Sports train-
ing

A 0.28 4.7% 24.9% 66.2% 0.8%

B 0.22 5.5% 0.5% 31.7% 57.2%

C 0.32 3.4% 34.6% 59.8% 0.0%

D 0.27 3.2% 28.7% 53.5% 12.3%

It can be known form Table 2 that different experimenters were different in
physical reservation. Experimenter B was in poor physical reservation because of no
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regular exercise and relatively older that the other experimenters. Experimenters
A and C was in good physical reservation because of young. Experimenter D who
was relatively elder than the other experimenters was in middle level of physical
reservation because of regular exercise.

Besides, it can also evaluate their exercise effects by comparing it to the expected
ones. Physical reservation of experimenter A in August, 2016 is shown in Fig. 8.

Fig. 8. Physical reservation of experimenter A in August, 2016

It can be known that after a long-term exercise, experimenter’s physical reser-
vation was improved, which meant his physical reservation was enhanced. This was
comforted to human physiological feature and proved that those physical reservation
parameters were reasonable.

5. Conclusion

Based on hardware and communication technology of traditional treadmill, hard-
ware device Bluetooth 4.0 of lower power dissipation was designed, which was able to
control treadmill and communicate with iPhone. IOS Client software was developed
to store, operate and display relevant data. By dividing heart rate section, users
can check effect of each exercise at a glance. Besides, physical reservation parameter
concepts was put forwarded and was proved with a month’s experiments.
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System research on pressure source’s
prediction and analysis for athletes

with improved hierarchical K-Means
algorithm

Huichao Li1

Abstract. With the development of competitive sports, psychological factors become the
key to success or failure of athletes. The feasibility of predicting and analyzing the pressure source
of athletes based on improved hierarchical K-Means algorithm is explored. Firstly, hierarchical
clustering is used to obtain the results of initial pressure source clustering. Secondly, the K-Means
algorithm is used to continue clustering. The improved algorithm has high speed and efficiency as
well as good clustering effect. Meanwhile, this algorithm is viable to predict and analyze athlete’s
pressure force.

Key words. Data mining, hierarchical clustering algorithm, athletes, pressure source, pre-
dictive analysis.

1. Introduction

With the development of competitive sports, the scale and number of spectators
are gradually expanded, and the intensity of competition on the sports field is also
increasing. These will have some psychological impact on the athletes’ psychologi-
cal pressure. Stress response has become a serious problem in today’s competitive
sports. If athletes want to do best in stadium, they have to overcome psychological
factor. Therefore, many scholars and experts pay more attention to the research
field of competition pressure.

Generally, the traditional psychological counseling is usually conducted through
the inquiry of psychological professionals, or some questionnaires are provided to
evaluate the psychological status of athletes. However, this method has poor effi-
ciency and cannot give effective suggestions. Through participating in the develop-
ment of “Athletes Race Stress Management System” from scientific research project
of the General Administration of Sport, it is known that this traditional method is
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applied to the competitive pressure guidance in sports field. The method of data
mining is applied to cope with psychological pressure. It cannot only solve the situ-
ation of large number of athletes and complicated psychological conditions, but also
effectively solve the problem of coping with stress [1].

Cluster is an unsupervised method of machine learning. It aggregates data items,
observation value or feature vectors into groups. At present, clustering technology
has experienced rapid development. As an important branch technology of data
mining, clustering technology has a variety of applications in various fields such as
machine learning, data mining, information retrieval, picture segmentation and pat-
tern classification. It even involves biology, psychiatry, archaeology and other fields.
Cluster, as one of the steps of exploratory data analysis, always has been researched
and discussed by many experts in many fields. This reveals the facts that cluster
have a broad appeal and practicality [2]. But, there is not a general concept and
method to evaluate the cluster because of the differences between different disci-
plines. Clustering analysis is particularly suited to explore the internal relations
within the data set and the structure evaluation due to its feature. Stream data
mining is a more active research direction in data mining field. Recently, clustering
algorithm is widely applied in streaming data research. Generally, streaming data is
a data generated by a lot of dynamic such as network data stream [3]. Some schol-
ars put forward an improved K-Means algorithm called - Stream KM++ algorithm.
This algorithm achieves convection data mining algorithm through improving data
structure and distance formula, and it also obtains a good result [4].

Therefore, clustering algorithm and content-based recommendation algorithm
are applied to competitive stress psychology analysis and recommendation. After
clustering, the corresponding coping strategies of the athletes are obtained, which
can improve the mental state of the athletes when facing the pressure. The athletes
have the ability to resist compression, and the psychological level is improved when
they suffer setbacks.

2. Improved K-Means algorithm

For sports competition pressure source data, it has a small data size and large
data feature. If only use the K-Means algorithm, it is found that there exist many
problems in early experiment and no good discrimination. Therefore, in the cause
analysis, the small amount of data and more data dimensions are considered, which
may affect the clustering results. According to the characteristics of the competitive
pressure source data, the improved algorithm is considered [5].

In order to obtain a better initial center and time complexity, an improved hier-
archical K-Means algorithm is proposed for the traditional hierarchical K-Means al-
gorithm. It is assumed that X is [x1, x2, · · · , xn] and it is a data in n R-dimensional
spaces. In view of the need to determine the K value problem ahead of time, the
algorithm firstly uses a silhouette coefficient to confirm the number of cluster [6].
When reaching this level after using hierarchical clustering, the number of clusters
and the initial center of the iteration are locally adjusted. In this way, it greatly saves
the computation for multi-layered cluster. In addition, the criterion of intra class
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similarity is adopted when the initial centers are adjusted locally. It decomposes the
smallest cluster into two new clusters. In this way, a partial adjustment is carried
out for the cluster with poor condensation and misclassification. This will make the
choice of the initial center more reasonable and also facilitate the operation [7].

Step 1: The original data is processed and the contour coefficient is calculated by
formula (1). This value is used as the initial value when the K value is the maximum

s(i) =
b(i)− a(i)

max {a(i), b(i)}
. (1)

Step 2: The agglomerative hierarchical clustering algorithm is used to merge
adjacent two clusters to form new clusters.

Step 3: The new cluster centers of the merged clusters are calculated, and the
average values of the two cluster hearts in the upper layer are calculated.

Step 4: Step two and three are repeated until the number of cluster reaches
(K −R) (0 ≤ R ≤ K − 2). If K = 2, then R = 0.

Step 5: The intra cluster similarity of all the assigned clusters is calculated.
Step 6: The cluster within smallest cluster similarity is selected, that is the cluster

within largest class-radius. The cluster is divided, while the cluster center ci and
the farthest sample point xi1 are found. In the cluster, the farthest sample point xi2

from xi1 is selected.
Step 7: Points xi1, xi2 and other cluster center are selected as the new cluster

center to do the K-Means clustering again.
Step 8: If the center of mass changes, then it returns to step 6; otherwise the

algorithm ends and outputs the result.
It is observed that hierarchical clustering algorithm is used to cluster the original

data first from step one to four. And then the process enters the K-Means cluster
from step five to six. The number of clusters is reselected according to the number
of clusters calculated by the previous hierarchical clustering algorithm. In addition,
the initial clustering center of K-Means algorithm is also selected. From step 7 and
8, it enters K-Means algorithm to perform twice clustering.

The improvement of this algorithm:

1) Because the small sample data has a small size, it will male big error if we di-
rectly do K-Means algorithm. It is bad for us to analyze and decide data. Therefore,
cluster is used to combine the hierarchical clustering and −Means.

2) The initial clustering center of K-Means algorithm no longer does random
selection, and it will confirm the operation situation of former hierarchical clustering.
Divide the cluster with lowest cluster similarity to save the operation time.

In order to verify the effectiveness of the algorithm, Iris Data, Breast Cancer
Data and Abalone data from UCI database are selected. The data set number
and characteristic number are shown in the following table. The experiment test is
carried out in a PC computer (2.4 GHZ Intel CPU. 2 G Memory, Windows system).

In order to compare the algorithm performance, the K-means algorithm and the
improved H −K algorithm are used to cluster the data downloaded from the UCI
website. The results of clustering are compared from the aspects of efficiency and
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aggregation. The run time contrast time of the CPU is shown in Fig. 1.

Table 1. List of test data set

DSN Data set name Date set size Cluster number
Iris 150 3

Breast cancer Wisconsin 286 2
Abalone data 4177 29

Fig. 1. CPU run time contrast broken line graph

From the above figure, as the number of data sets increases, the running time
of CPU is significantly increased. the improved hierarchical K-Means clustering
algorithm has a more development on run time compared to traditional K-Means
algorithm, and the increasing range is obvious. Because the improved algorithm
estimates the value of K in advance by using silhouette coefficient, it only optimizes
the small range near the K value, which effectively reduces the time complexity of
the algorithm.

In addition, in order to show the cluster degree, the accuracy rate is used to
evaluate the algorithm efficiency, while iris data is used to verify cluster effect. The
details are shown in Table 2.

Table 2. Accuracy comparison of two algorithm in Iris data set (%) run time

Cluster 1 Cluster 2 Cluster 3
K-Means 100 94 72

Improved H-K 100 96 76

From above, improved H −K algorithm has a high accuracy compared to tradi-
tional K-Means algorithm. Although it has a little increase, the effect is closer. It
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shows that the improved algorithm has great development on efficiency and accuracy
to small sample data set.

3. Application of improved K-Means algorithm in sports
competition pressure source data

According to improved algorithm, it is known that cluster analysis is needed after
data cleaning and transformation. Firstly, silhouette coefficient is used to work out
the general cluster number K. Figure 2 shows the contour coefficient (re) value curve
when K values range from 2 to 100. It is known that silhouette coefficient obtains
the maximum value when cluster number reaches 2. It means that the number of
clusters is better at 2, but this is not the final result. Based on hierarchical clustering
algorithm, the cluster is carried out first. Then the next initial clustering center of
K-Means is figured out according to the improved algorithm, which is convenient
for later calculations.

Fig. 2. Silhouette coefficient graph

The improved hierarchical K-Means algorithm is adopted to cluster the data set,
clustering the 22 dimension such as competition pressure source, social support and
athlete burnout. The final cluster center is shown in Fig. 3.

The overall similarity between the first classes (Series 1) and the second (Series
2) is relatively large, and parts of the property are different. The third class (Series
3) accounts for less than the total number, but it is significantly different from the
first and second classes. It means this kind of athletes have a poor psychological
level (low overall score shows that the pressure source is non-conformance and they
have less pressure).



112 HUICHAO LI

Fig. 3. Sketch map of final clustering center

4. Conclusion

In this paper, the improved K-Means algorithm will be applied to the data of
sports competition pressure source. Firstly, the experiment determines the cluster
number of initial hierarchical cluster according to the contour coefficient and makes
first hierarchical clustering. Secondly, the initial clustering center of new K-Means
algorithm is figured out again according to the improved algorithm. Finally, the
K-Means algorithm is used to cluster the data sets, and the clustering results are
obtained. In a word, improved algorithm has high speed and efficiency as well as
good clustering effect. The improved hierarchical K-Means algorithm is feasible for
predicting the pressure source of the athlete.
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Data acquisition system for football
based on ZigBee

Qing Ning1

Abstract. More and more attention is paid to football player’s scientific training and ways to
collect their movements’ data, thus team skills and tactics are improved. Ways to achieve a better
result is now a popular research topic among many professional football players. Wireless network is
built based on ZigBee technology in order to collect movement data of football players in the field.
Centroid locating algorithm and trilateration algorithm are studied from the aspect of location,
thus improved location algorithm-centroid multilateral algorithm is put forwarded. Based on this
algorithm, football players’ movements’ data are collected and analyzed by k-means clustering.
Therefore, players’ running ability are analyzed. Movement data of players in 5 groups are taken
as sample data and above method is used to analyze the relevant data. Experiment verifies that
this method is good for analyzing football players’ physical power and the corresponding strategic
cooperation.

Key words. ZigBee, location algorithm, k-means, movement data, application.

1. Introduction

Wireless data-built network is made up of nodes with signal acquisition ability,
transmittability and data-handling capacity. Those node are used for monitoring
observing zone as much as possible, thus smart task can be completed. All nodes
are made up of data acquisition module, data receiving and storage module, data
transmitting module and battery module. ZigBee is widely applied because of its
low-power dissipation, networking and good expansibility. One of its significant
advantages is that it can be used to build large network freely, whose coverage area
is enormous.

Comparing to other network construction mode, ZigBee-based network has more
practical functions than others. However, its construction is also more complex.
Manufacturer who thinks highly of ZigBee technology, chip maker and soft giant
establishes a technical alliance in order to standardize ZigBee technology.

Advantages of ZigBee can be summarized as (1) low power consumption because
1School of Physical Education, Henan University of Science and Technology, Luoyang, 471000,
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ZigBee node is of short working time and low transmission rate; (2) reliable signal
data transmission because mechanism of TCP signal transmission is reliable; (3)
8 bits kernel-needed because requirement of hardware storage is relatively low; (4)
relatively short corresponding time for different states; (5) large network capacity
and many sub-ZigBee network can be added in one area; (6) improved network
security because encryption algorithm of 128 bits can be used to set security level
at will.

2. Literature review

After the introduction, practical ZigBee technology was applied to many fields
of production in a short period of time [1]. Comparing to other countries in the
world, ZigBee was introduced to China very late. For ZigBee network, data col-
lected by sensor were analyzed and transmitted by ZigBee controller [2]. ZigBee is
a wireless communication technique which is often compared to WIFI technology.
WIFI technology is of great transmittability [3] in a limited time because of large
power dissipation. Corresponding standards for physical layer and network layer in
network structure construction were established by ZigBee technology. In physical
layer, wireless transmission function was achieved by enable control [4] and network
layer was used to construct and allocate resource of ZigBee network [5].

Appropriate network topology was needed when constructing network. Generally,
star topology featuring simple construction, easy networking and convenient adding
or deleting node [6] was used as long as site area was not too large. Though it is
of low practical security, practical security of star topology is higher than that of
mesh topology structure. Network constructed with star topology was coordinately
working with nodes. Nodes were equal, thus, data can transmit among different
nodes [7]. When designing hardware of ZigBee network based on node, embedded
single chip microcomputer (SCM) of CC2530 [8] or DHT11 type [9] can be used
as control chip. As for software, IAR compiler [10] was adopted, which supported
different types of single chip computer.

Wireless location technology can be used to collect data once ZigBee network
was built. Location technologies based on ZigBee can be classified into ranging and
range-free [11] according to whether it was related to measuring distance or not.
Trilateration of ranging algorithms and centroid locating of range-free algorithms
were selected as the research objects. Considering that trilateration was demand-
ing for hardware and centroid locating was demanding for signal quantity, centroid
multilateral algorithm was put forwarded which integrated the advantages and dis-
advantages of these two algorithms.



DATA ACQUISITION SYSTEM 117

3. Research method

3.1. Network covering football court built based on ZigBee

Star topology (see Fig. 1) was adopted to construct network before acquiring data
when the running range of football players was relatively small. This network was
made up of a main coordinator and several terminal nodes. Coordinator (hereinafter
referred to FFD) was core of the network, which was used to receive data transmitted
from different terminal nodes. Generally, FFD was located near to terminal node for
the sake of convenient networking and maintaining. Terminal nodes (hereinafter re-
ferred to RFD) were used to assist coordinator to collect data acquired from football
players and sent signals to players’ sensor in order to interact with them.

Fig. 1. Star network

One of the biggest advantages of star topology structure was easy management
because its structure was simple and total path direction was relatively less. In order
to cover the whole football court, several star ZigBee networks were set (see Fig. 2).
Coverage area of star network was relatively more concentrated than the others’.
Every football players in the field was carrying a small signal tracker, thus RFD can
track their movement trail, collect their movement data and send those data back
to coordinator. Then, all data received will be sent to PC by coordinator.

Fig. 2. Layout of ZigBee nodes
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Hardware can be classified into coordinators, terminal nodes and PC processing
and display terminal. For coordinator, CC2430 single chip microcomputer (SCM)
was used as core control unit to receive data from network built by ZigBee and those
data were transmitted to PC centralized controller through corresponding commu-
nication port (see Fig. 3), thus network was maintained in real time. These data
collected was sent to CC2430 processor. ZigBee technology was used to commu-
nicate with surrounding terminal nodes (see Fig. 4) and DHT11 chip was used by
terminal nodes to collect movement data of players those send by their sensors. Gen-
erally, this sensing device was used together with CC2430 single chip microcomputer
(SCM).

Fig. 3. Master node structure

Fig. 4. Slave node structure

CC2430 was used as control chip for coordinator because it had many advan-
tages of ZigBee technology, such as communication technology module of standard
IEEE802.15.4 is included.

CC2430 single chip microcomputer (SCM) was also featured: (1) high signal
receiving sensitivities; (2) low power dissipation in non-working state and RTC was
used to start it; (3) CSMA/CA communication standard was supported; (4) lowered
energy consumption because supply voltage relocatability is good; (5) easy to analog
signal receiving because port of 14 bits was integrated in CC2430 chip to change
modulus.

Terminal node was used to collect players’ movement data, which was embedded
with DHT11 chip. Because serial bus communication was used in DHT11 chip, num-
ber of IO port was reduced and transport protocols was simple. When transmitting
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signals through DHT11 sensing device, coordinator was used to send request signal.
After around 40 microseconds, Response signal at terminal node was read. If signal
status bit was 0, it means Response signal has been sent by sensing device; when it
was sending, the status bit will be changed into 1. Thus, data can be transmitted
between terminal induction system and coordinator. When transmitting data and
status bit of data package was start from 0, high level signal was sent, which means
DHT11 equipment was abnormal and examination was needed.

3.2. Location algorithms

Given X, Y and Z as fixed nodes, corresponding coordinates are (tX ,fX), (tY ,
fY ) and (tZ , fZ). Distance between those three nodes and destination node D
were LengthX , LengthY and LengthZ , respectively. Given center of a circle with
coordinate of D(t,f) and radius was distance between node and node, the below
equations can be obtained

LengthX =
√
(t− tX)2 + (f − fX)2 , (1)

LengthY =
√

(t− tY )2 + (f − fY )2 , (2)

LengthZ =
√
(t− tZ)2 + (f − fZ)2 . (3)

According to equations (1–3), the coordinate of the destination node D can be
given as: [

t
y

]
=

=

[
2(tX − tY ) 2(fX − fZ)
2(tY − tZ) 2(fY − fZ)

]−1 [
t2X − t2Z + f2

X − f2
Z + Length2Z − Length2X

t2Y − t2Z + f2
Y − f2

Z + Length2Z − Length2Y

]
.

(4)
Range-based localization algorithm was of high accuracy and hardware require-

ment is demanding. From the point of cost and power dissipation, some algorithms
irrelevant to ranging were studied by many scholars. This Range-based localization
algorithm, different to ranging-based algorithm, does not need ranging information
and localizes node based on network connectivity.

Centroid locating method, one of the typical algorithms, was put forward by
scholar of University of Southern California. This algorithm was easy to apply
because it was to solve mean value of corresponding polygon vertices of polygon
geometry area. This algorithm scene was facing a similar network structure. In this
structure, a signal was sending signals around continuously. When the corresponding
destination node received this signal up to a certain amount or a certain period of
time, this destination node was regarded as within the communication range. Mean-
while, when destination node received a certain amount of signal that distributed in
several geometry areas, corresponding centroids can be calculated. And those cen-



120 QING NING

troids can be used to locating destination node. There are obvious drawbacks in this
algorithm. For example, though layout of signal range was reasonable, insufficient
signal number would cause sparse area and decreasing number of centroid. Thus,
locating accuracy would be lowered.

Two above algorithms were typical for ranging algorithm and range-free algo-
rithm, respectively. In complex engineering, locating algorithm was based on trilat-
eration, so trilateration was widely applied. However, this algorithm was limited by
hardware of node and odds power dissipation. Generally, expected locating result
cannot be achieved when measuring distances between destination node and three or
more fixed node. Centroid locating algorithm based on centroid has a relatively low
hardware requirement and communication overhead but requires a certain number
of signals. Based on those two algorithms, centroid multilateral algorithm was put
forwarded.

This ranging-based algorithm was similar to trilateraion in many aspects. How-
ever, it can be seen form Fig. 5 that this algorithm was different to trilateraion
because regions were used in this algorithm.

Fig. 5. Multilateral algorithm

In this figure, X, Y and X are fixed nodes and D is the destination node. Dis-
tances between the destination node and these fixed nodes XD, Y D and ZD can be
measured by trilateraion and these were expressed as Lx, Ly and Lz. Under ideal
condition, X, Y and Z are the centers of three polygons that mutually intersect.
The intersection area was simplified into a small rectangular area (see shadow area
in Fig. 5). Centroid of the rectangular area are regarded as destination node D, and
the coordinates of destination node D are identified.

The algorithm is based on finding intersections of several polygons, so this can
be simplified by solving rectangle intersection of two polygons. Given two polygons
and rectangles T1 and T2 correspond to these two polygon intersections. Four ver-
tex coordinates of rectangles T1 and T2 were marked. The reason for simplifying
these two polygons as rectangle was that calculation can be much easier than used
to because less vertex coordinates mean less calculation. According to the vertex
coordinates, the larger value of the X-axis was obtained by comparing the left mar-
gins of T1 and T2; the less value of X-axis was got by comparing right margins of
T1 and T2; the less value of Y -axis was got by comparing upper boundaries of T1
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and T2 and the larger value of Y -axis was got by comparing lower boundaries of T1
and T2. Thus, location of the rectangular region is defined using these four values.

Given four vertexes of T1 and T2 distributed according to 2 × 2 and described
by two-dimensional array, the vertex coordinates of the rectangle can be described
as

RT1 = {(XT11,YT11) (XT12,YT11) (XT11,YT12) (XT12,YT12)}

RT2 = {(XT21,YT21) (XT22,YT21) (XT21,YT22) (XT22,YT22)}

Based on solving method for solving the above question, the larger or lesser value
can be calculated by comparing the corresponding sides of the two rectangles. Thus,
location area ofRT1 andRT2 is shown as {(XZ11,YZ11) (XZ12,YZ11) (XZ11,YZ12) (XZ12,YZ12)}

XZ11 = max(XT11, XT21),
XZ12 = min(XT12, XT22),
YZ11 = min(YT11, YT21),
YZ12 = max(YT12, YT22).

(5)

Coordinates of these three fixed nodes are X(a1, b1), Y (a2, b2) and Z(a3, b3) The
distances between these three fixed nodes and destination node were Lx, Ly and
Lz, which were calculated by the same method as before. Thus, the corresponding
vertex coordinates of rectangles Rx, Ry and Rz corresponding to the three polygons
can be expressed as

Rx = {(a1−Lx, b1+Lx), (a1+Lx, b1+Lx), (a1−Lx, b1−Lx), (a1+Lx, b1−Lx)} ,

Ry = {(a2−Ly, b2+Ly), (a2+Ly, b2+Ly), (a2−Ly, b2−Ly), (a2+Ly, b2−Ly)} ,

Rz = {(a3−Lz, b3+Lz), (a3+Lz, b3+Lz), (a3−Lz, b3−Lz), (a3+Lz, b3−Lz)} .

Intersection rectangles of two rectangle areas were solved and marked as ZRi,Rj =
(a11, b11), (a12, b11), (a11, b12), (a12, b12). For rectangle ZRi,Rj, left margin was ex-
pressed as a11, right margin was expressed as a12, upper boundary was expressed as
b11 and lower boundary was expressed as b12. The intersection rectangle of Rx and
Ry was derived according to the above solution method and equation (5).

a11 = max(a1 − Lx, a2 − Ly)
a12 = min(a1 + Lx, a2 + Ly)
b11 = min(b1 + Lx, b2 + Ly)
b12 = max(b1 − Lx, b2 − Ly)

(6)

The area of the location rectangle can be obtained as long as the same calculation
was made in the other polygon areas based on equation (5).

3.3. Analysis to movements data based on K-Means

Motion trail of football players in court was obtained by the designed location
algorithm. Those data including position coordinates based on which data mining
can be used to obtain speed and running range. There were many algorithm cat-
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egories and clustering algorithm was one of the typical algorithms. In clustering
algorithm, every record was seen as an integral whole and several records formed as
a set. Thus, clustering algorithm was about a process for dividing this set according
to a certain standards.

One of the widely used clustering algorithms (see Fig. 6) was partial clustering.
Under partial clustering, all records were divided into clusters, thus set of center
points were obtained. Every record was then put into appropriate set of center
points. Center points would be re-calculated by subset and all records would be
divided by new set of center points. This was a process of repeated iteration which
stops when the center points would not change when iterating. Take K-Means
algorithm as an example, and Mahout algorithm for data mining (DM) was used to
further analyze data.

Fig. 6. Processing of K-Means with Mahout

Mahout is a machine learning library (MLL) which included many algorithms
such as data mining algorithm and machine learning algorithm. Those algorithms
were MapReduced to make large-scale data analysis on distributed cluster and
Hadoop.

[root@newHad1 ∼]# mahout kmeans \
> -i /mahout/kmeans-ex/reuters-sparse/tfidf-vectors \
> -c /mahout/kmeans-ex/reuters-clusters \
> -o /mahout/kmeans-ex/reuters-kmeans \
> -k 10 \
> -dm org.apache.mahout.common.distance.CosineDistanceMeasure \
> -x 10 –clustering -ow
Here, the operating parameters (-i) and (-o) denote input, parameter (-c) denotes

information of initial center point, parameter (-k) denotes cluster numbers after
dividing and parameter (-x) denotes the maximum number of iterations.

With K-Means cluster, running range and physical power of players in court can
be obtained by analysis. According to previous location algorithm, players’ data can
be obtained, which is shown as follows.

Wang Ming: (15.063, 17.042, 5.64, 10.85, 11.75, 16.95, 30.45, 42.75.....)
Li Liang: (4.953, 7.102, 6.75, 5.47533, 6.12, 8.745, 7.11, 8.175........)
These are the movement data of players at a certain position. All center data of

players and distance between players and center can be obtained through K-Means,
thus:

Wang Ming: (c: 18.811875, 1:3.748875, 2:1.769875, 3:13.171875, 4:7.96175......)
Li Liang: (c: 6.8037912, 1:1.850791, 2:0.208208, 3:0.0537812, 4:1.32846......)
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Parameter c denotes the mean distance of movement distances and after being
analyzed with K-Means, it can be know that Wang Ming’s running range was larger
and mean movement distance was longer while Li Liang’s mean movement distance
was much shorter. Thus, Li Liang should have more physical training.

4. Experimental results and their analysis

4.1. Transmission performance of ZigBee

Reliability of data transmission and acceptance of wireless network built based
on ZigBee was tested in different speed and different numbers of data packages-sent.

Given the sent data package was fixed, transmission distance was progressively
increasing, data units- sent were initially set as 2000 and sensor carried by players
sent 5 times per minute. Area of football court was 50m×95m, thus two subnets
of star topology were set to collect data. The principal data concerning the wireless
transmission is in Table 1.

Table 1. Wireless transmission 1

Transmission
distance

Data units sent Data units re-
ceived

S-R efficiency

15 10000 10000 100%

25 10000 9989 99.8%

30 10000 9965 99.6%

40 10000 9932 99.32%

50 10000 9875 98.75%

It can be seen from Table 1 that data acceptance efficiency was not lower than
90%. In the longest transmission distance, such as 50 meters, successful rate of data
transmission can be further tested by changing sending rate of sensor.

Under the premise of same transmission distance (see Table 2), acceptance effi-
ciency was reduced with the increasing number of data units- sent. Sending times
of sensor was set less than 25, thus collection of players’ movement data would not
be influenced and acceptance efficiency was ensured no lower than 80%.

4.2. Analysis to location algorithm

Central positions of different rectangles were obtained through simulation. Based
on the improved centroid multilateration algorithm, the experiment verified that the
central position of rectangle was at the centre of intersection area. However, there
are errors in practice. Provided the maximum rectangle included in intersection area
is A′B′C ′D′, the test position is the midpoint of corresponding crosswire which is
marked as O.

Practical center point is around point O and point P is defined as the maximum
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error. Rectangle A′B′C ′D′ and centroids X, Y , Z of three different polygons were
put in a plain domain F1F2YD. Point Y is centroid of the larger polygon. F1F2
parallel to point O is the shortest side of rectangle A′B′C ′D′. Line L is constructed
vertically to F1F2. Make a line across centroid Y and vertical to line L and their
point of the intersection is marked as point D. Thus, trapezoid F1F2YD is built
(see Fig. 7).

Table 2. Wireless transmission 2

Transmission
distance

Data units sent Data units re-
ceived

S-R efficiency

20000 19654 98.27%

30000 26864 89.54%

40000 35345 88.36%

50000 41752 83.5%

60000 47531 79.21%

Fig. 7. Scope of F1F2YD

In practical calculation, it is hard to perform calculations based on rectangle
A′B′C ′D′ because of these errors and calculation time is quite long. After a simple
logical derivation, absolute error point is located around point P on F1F2.

Deviation : e = PO = F1O − F1P . (7)

Make a line crossing point P and vertical to line DY , which intersects line DY
at point C. Thus, the below equation can be obtained

F1P = CD = Y D − Y C . (8)

Given Y D = 2F1D = 2d, the below equation can be obtained

F1P = 2d− 2d× cos(
−−−→
PY D) . (9)

Lines F1D and Y F2 intersect at point T . Thus, there is an imaginary trian-
gle DY T . According to theories relevant to centroid, the following equation was
deduced.

F1F2 = Y D × (1/2) . (10)
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According to equations (9) and (10), we get the relation

Deviation : e = Y D ∗ (1/2)× (1/2)− F1P ≈ 0.12d . (11)

After deduction, it can be seen that the error value is in direct proportion to
distance between the fixed nodes. In other words, if positions of the fixed nodes are
identified, there would be an error.

After analyzing the error value, the maximum location range of players is set
as 2m×2m. The average error and standard deviation of three location algorithm
in different coordinate range are compared. In Table 3, TM denotes trilateration,
LC denotes locating centroid algorithm and TC denotes centroid multilateration
algorithm.

Experiment was made in the maximum range of 2m×2m to collect movement
coordinates of players. Tape was used to record actual position of players and
several points were selected in each area. Signal was received at each point and
these three algorithms were used to locate. Location times were not less than 50
times. Average error and standard deviation (see Table 3) were obtained according
to errors between coordinates and practical results. Thus, it was known that centroid
multilateration algorithm was more accurate than that of trilateration and locating
centroid algorithms.

Table 3. Test results of 2m×2m

Coordinates
(m)

Algorithms Average coordi-
nates (m)

Error St. deviation

(0.46,0.18)
TC (0.67,0.157) 0.280 0.09

LC (0.69,0.07) 0.521 0.360

TM (0.73,0.13) 0.476 0.22

(1.78,1.05)
TC (1.50,0.88) 0.241 0.129

LC (1.76,0.82) 0.359 0.322

TM (1.65,0.82) 0.257 0.307

(1.32,1.89)
TC (1.54,1.52) 0.380 0.036

LC (1.79,1.58) 0.560 0.128

TM (1.70,1.70) 0.442 0.136

5. Conclusion

ZigBee technology was used to collect data of players in the field and two subnets
were built under new topology to cover the whole court. Area of Football court was
50m×95m, and the maximum movement range of players were set as 2m×2m. Each
player was carrying a sensor. More accurate centroid multilateration algorithm that
covered wider range was put forwarded based on improved trilateration and locating
centroid algorithm. Running distance of players and their physical abilities were
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analyzed based on collected data. Thus, reasonable tactics were identified.
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Measurement of surface
electromyography characteristics of

Wushu athletes in the technical
movement based on telemetry EMG

Lingling Deng1

Abstract. The development of the martial arts movement is essentially the development
of human potential. In order to improve the athletic level and to find out the shortage of ath-
letes’ martial arts, this paper intends to use the telemetry electrometer to measure the surface
electromyography characteristics of Wushu athletes during the martial arts movement. Compared
with the commonly used analysis method of surface electromyogram (EMG) signals, we choose the
time-frequency analysis method as the index of fatigue of muscle. Then, this paper takes the Sanda
movement as an example, designs the comparative experiment of the excellent athletes (group A)
and the general level athletes (group B), and analyzes the EMG signals during the movement of
the athletes.

Key words. Telemetry EMG, surface electromyography, martial arts movement.

1. Introduction

After the exclusion of other factors, the essence of the competitive sports de-
velopment is to explore human potential. It is very difficult to achieve constant
development on a high level of achievement [1]. Therefore, on the basis of respecting
the laws of nature, people need to use new technology to find out the subtle problems
in sports technology, and to correct them, so as to improve the level of competitive
sports [2].

Based on a large number of relevant literature, this study uses surface electromyo-
graphy to observe the activities of the athletes during the martial arts movement,
analyzes its surface EMG characteristics, so as to improve the technology of athletes
in the subtle aspects and promote the development of technology and performance
[3]. Compare the main difference between the excellent athlete and the general level
athlete, find out the nature of the difference, and provide the theoretical basis for

1Shenyang sport University, 110102, Liaoning, China; E-mail: deng_linglingdll@163.com
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the Sanda athletes in order to cultivate the fast and accurate response ability un-
der the complex game conditions, as well as providing a direct application method
for the coach to carry out the scientific, targeted and effective training. It is vitally
significant to elevate level of movement training and promote health of entire people.

2. 2. Methods applied to muscle fatigue assessment using
surface myoelectric signals

The surface electromyogram (SEMG) is a one-dimensional time series signal that
records the morphological changes of neuromuscular system [4]. There are different
degrees of correlation between time-frequency characteristics and muscle activity
state and functional state [5]. Surface electromyography spectrum analysis and
time-frequency analysis are used to study the muscle fatigue index of athletes.

2.1. Time domain analysis

The time domain refers to the evaluation index that can reflect the change char-
acteristics of the EMG curve in the time dimension [6]. The main indexes are inte-
gral electromyography (IEMG), mean amplitude (MA), root mean square amplitude
(RMS), duration (DUR) and so on. Electromyography (EMG) is an electrodiagnos-
tic medicine technique for evaluating and recording the electrical activity produced
by skeletal muscles [7]. EMG is performed using an instrument called an electromyo-
graph to produce a record called an electromyogram. IEMG refers to all the EMG
signal rectified by the filter. The specific formula is as follows:

IMEG =

∫ t+T

t

|EMG(t)| dt . (1)

Here, t is the lower limit of the integral, t+ T is the integral line, EMG(t) is the
time variation function of the EMG curve. Symbol MA reflects the intensity of the
EMG signal and the number of units involved in the movement and the frequency
of the same degree of change.

2.2. Frequency domain analysis

The frequency domain analysis refers to the evaluation of EMG signal in fre-
quency. The main method is to pass the fast Fourier transform (FFT) of the time
domain signal to obtain the spectral or power spectrum of the surface area electrical
signal, which can reflect the change of the surface EMG signal at different frequency
components, so it can be better to reflect the distribution characteristics of surface
area of the signal in the frequency dimension [8]. The parameters commonly used for
electromyography are the average power frequency (MPF) and the median frequency
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(MF). The quantity MPF is given by the formula

MPF =

∫∞
0

fP (f) df∫∞
0

P (f) df
. (2)

In formula (2), P (f) represents the electromyogram, and f represents the fre-
quency. Quantity MF is the intermediate value of the discharge frequency of muscle
fiber in the process of skeletal muscle contraction.

3. Measurement of surface electromyography characteristics
of athletes during technical exercise

In this study, we need to select the athlete’s fist and leg movements in the Sanda
Competition and training process to measure the surface EMG characteristics, in
order to collect the EMG signals of the athletes in the fist and leg movements. All
the subjects in this study are 12 boys aged about 20 years old, and they are in good
health. The subjects are divided into group A and group B. The group A is 6 martial
arts athletes selected from the Wushu Sanda Team of Xi’an sports institute, and the
group B is the same level of 6 athletes selected from the school Wushu Sanda team.

The surface EMG test uses the German MEGA company’s ME6000 16-guided
telemetry EMG instrument, the instrument used to collect experimental EMG sig-
nal, and the acquisition frequency is 1500Hz. We use Myo Research-XP software
to standardize the original EMG signal to obtain the corresponding data. In this
experiment, we compare the athletes of group A and group B, mainly to analyze
the changes of surface electromyography of muscle during the movement of athletes,
and use a variety of methods to carry out real-time synchronous monitoring of the
EMG in the technical action of athletes during the whole process. The specific
experimental process is shown in Fig. 1.

4. 4. Analysis of surface electromyography characteristics of
athletes during technical movement

4.1. Analysis of muscle discharge duration in action

The duration of muscle activity is the time between the beginning and the end
of the muscle activity, which is the duration of the muscle’s discharge. During the
course of the action, the coordination between the muscles is very important. If
the coordination degree between muscles is high, then the muscle discharge time is
neat and regular, so it can save more energy consumption in the work under the
same situation, and also can be used to determine the level of training athletes. The
discharge duration of straight punch muscle of group A and group B is as shown in
Fig. 2.

As can be seen from Fig. 2, the discharge duration of the triceps and brachiora-
dialis is the longest in the straight punch movement, and the discharge duration of
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Fig. 1. Experimental process

the deltoid is the shortest. On the whole, compared with group A, the duration of
the straight punch muscle of group B is relatively early, and the discharge duration
is longer. The duration of the round kick muscle of the different level athletes is as
shown in Fig. 3.

As can be seen from Fig. 3, the duration of the round kick muscle in group A is
the longest, followed by the order of gluteus maximus, abdominal oblique and biceps
femoris. The duration of the gluteus maximus muscle in group B is the longest,
followed by the order of musculus obliquus externus abdominis, rectus femoris and
biceps femoris. From the discharge duration, there is no difference between different
levels of athletes.

For the long discharge muscles, in the usual training, we should not only pay
attention to the strength of muscle exercises, but also pay attention to the duration
of long muscle endurance exercises, which can give full play to the main force of
muscle muscle strength, while increase the level of endurance of muscles that are
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Fig. 2. Duration of the straight punch muscle of the two groups

involved in the entire movement for a long time, that is, in the usual training, we
should not only pay attention to strengthen the reaction force, the greatest strength
and fast strength, but also to strengthen the strength of endurance training.

4.2. Analysis of mean square amplitude in action

The mean square root values of the block muscles in the group are significantly
higher than those in the group B. In the side kick leg technical action, the mean
square root value of the medial muscle, gluteal muscle and femoral component muscle
of group B is significantly higher than that of group A. In the group B, the medial
femoral muscle discharge is larger, the root mean square value is the highest, and the
discharge volume is the smallest. From the results of the root mean square amplitude
data can be found that, when the athletes complete the action, the muscles should
pay attention to coordination. In the case of saving energy to play greater muscle
strength, and the coordination between the muscles is also very important.

5. Conclusion

Based on the important role of the reaction ability in the technical movement,
this study takes the Sanda movement as an example. The results show that the
duration of discharge in group A is relatively short, and has better elasticity and
contractility. From the different levels of athletes’ straight movements of the EMG
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Fig. 3. Duration of the round kick muscle of the different level athletes

characteristics, which indicates that the upper limb muscle discharge is higher, and
the lower limb muscle discharge is smaller, this is consistent with the principle of
right straight action force. At the same time, the muscle force of the group A athletes
in the side kick action is reasonable. In addition to gastrocnemius, the duration of
muscle discharge in group A is shorter than that in group B, and the duration of
muscle discharge in group A is shorter than that in group B in the whip legs action,
which is reasonable for saving energy and a good contraction force. According to
the results of the study, we understand the muscle force situation of the whip legs
action, so we should carry out the specialized training to the main muscle.
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Simulation and mathematical
modeling for racket position and

attitude of table tennis

Jiansi Song1

Abstract. Racket position and attitude of table tennis robot are studied. First, relevant
knowledge and method to identify racket position and its attitude is elaborated and analyzed.
Then, equation-the mathematical expression, for locating racket position and attitude is set up ac-
cording to table tennis movement locus. Besides, possible racket position and attitude are analyzed
with practical situations. Finally, simulation platform for table tennis robot is built. Simulation
experiment verified that the studied method for identifying racket position and attitude can accu-
rately define the dropping point of the returned table tennis ball.

Key words. Table tennis robot, racket position and its attitude, mathematic modeling,
movement locus, simulation platform.

1. Introduction

Analog machine for training table tennis player was simulating opponent serve
and return. In order to obtain an in-depth knowledge of opponent’s strategy, table
tennis player should have a long-term training about a specific technical. Using table
tennis robot to have those boring training can improve sports level and technological
content, save labor and enhance automation level. Racket position and attitude
determines whether or not it can return the ball quickly and accurately. Study on
table tennis robot mainly focused on below aspects: visual measurement and control,
predicting and tracking movement locus of table tennis ball and predicting hitting
point [1]. However, few studies have focused on racket position and attitude. For
return the ball quickly and accurately, accurately predicted movement locus and
appropriate hitting point was needed because table tennis ball was moving quickly.
Besides, a specific racket position and attitude was needed. Thus, method to identify
racket position and attitude was studied.
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2. Literature review

Abroad, there were many studies on table tennis robot since 1980s. In 1983,
John Billincy launched a sport of robot playing table tennis [2]. In 1987, table tennis
robot developed by Russel L.Anderson from American AT&T Bell Labs made man-
machine competition come true [3]. Russel L.Anderson analyzed the three parts
of table tennis robot thoroughly: mechanical system, real time visual system and
control system. In Oct. 2012, Katharina Muelling and her team members researched
and developed a table tennis robot which could learn techniques from human coach
and the opponent and adjust strategies [4]. Based on those research results, various
algorithms were used domestically to improve accuracy of tracking movement locus.
Hitting position and speed of table tennis ball arriving at the hitting position were
studied [5].

Main purpose was to identify position and attitude of racket. First, study on table
tennis robot can promote the development of theories and technologies in relevant
areas such as machinery, vision and simulation. Second, table tennis ball of high-
speed moving was involved in table tennis robot. Besides, study on tracking rapidly
moving object, predicting track and controlling mechanical arm of robot to hit ball
accurately was not only critical to research on table tennis robot but also essential
to fields such as military and spaceflight. Thus, there was a promising application
prospect for visual tracking and track predicting of rapidly moving objects.

3. Research method

Table tennis robot that was made up of visual system, control system and me-
chanical system, was for table tennis training, fitting and entertainment. Visual
system was used to identify table tennis ball and predict its movement locus. Con-
trol system was used to control mechanical arm according to relevant data, thus,
table tennis ball would be returned at the most appropriate time and place. Me-
chanical system was used to control mechanical arm, which should rotate joints and
move arm quickly and identify and hit table tennis ball accurately.

Below three points were involved in predicting hitting point: distance between
hitting point and ground, distance between hitting point and human body in front
or back, and distance between hitting point and human body on the left or right.
Hitting rate and dropping point were determined by strength, speed and arc to hit
[6]. In order to hit, racket position and attitude should be adjust by moving it
toward the hitting point because table tennis ball was moving at high speed. Thus,
to improve accuracy and effectiveness of hitting, three-dimensional coordinates of
the hitting point should be predicted quickly.

Right-hand coordinate system was used for simulation platform; its coordinate
system is shown in Fig. 1.

OpenGL was adopted to design simulation platform. In order to display object
in the scene better, only numerical value of object was set and no units. Thus, when
it was applied practically, it can be zoomed in or out correspondingly. Parameters
of objects were shown as follows:
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Table tennis ball: radius 0.1, original coordinate (0, 2, 8).
Table tennis table: length 16, width 8, height 3.
Racket:1 radius 0.5, thickness 0.1, original coordinate (0, 2, –8).

Fig. 1. Setting of coordinate system for simulation platform

There were thousands of drooping points on hall table tennis table. Table tennis
robot was not as fast as players and not able to control dropping point as accurate
as players, thus, a center point on the half table was set as dropping point (0, 0, 4)
to determine racket position and attitude.

3.1. Determining racket position and attitude

Accurately predicted racket position and attitude and hitting point was needed
to return the ball to opponent’s table because table tennis ball moves quickly. Given
a hitting point was known and the center point of opponent’s table was the dropping
point after return. Air resistance and Magnus force caused by backspin table tennis
ball [7] was neglect, thus the ball was only influenced by gravity. Considering table
tennis ball was moving in a two-dimensional space vertical to table and net in the
middle, racket position and attitude was identified according to the known dropping
point and hitting point.

3.1.1. Mathematical modeling. First, the coordinate system was set in accor-
dance with Fig. 2.

In Fig. 2, table tennis ball was moving in plane that is parallel to plane yoz.
The ball was served out from point A, reaching hitting point P after rebound from
dropping point C and arrived at dropping point D after hitting. Let g denotes the
gravity acceleration, H denotes the height between the point P and table tennis
table, vP denotes the ball speed at point P, β denotes included angle (the angle of
incidence) between vP and horizontal direction, S denotes the horizontal distance
between point P and point D, and vback denotes the speed of ball rebound from
racket. Disregarding energy loss of ball rebound from racket, the formula vback = vP
was obtained. Symbol α denotes the included angle (the angle of reflection) between
P and horizontal direction and T denotes the time of ball moving from point P and
point D. This motion process was divided into two stages. The first stage was ball
moving from point P to another point with the same height of point P and T1 is the
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time spent. The second stage was ball dropping from point at the same height of
point P to dropping point D and T2 is the time spent. Thus, the below formula is
satisfied.

Fig. 2. Setting of coordinate system

S = vback cos(αT ), 2vback sinα = gT1,

H = vback sin(αT2) +
1

2
gT 2

2 , T = T1 + T2 . (1)

It can be obtained from formula (1) that

S2g2 tan2 α

v2back
− 2Sg tanα+

S2g2

v2back
− 2gH = 0 . (2)

As tanα is unknown, we can determine it as follows:

tanα =
v2back ±

√
v4back + 2gHv2back − S2g2

Sg
. (3)

Put ∆ = v4back + 2gHv2back − S2g2. It can be seen from formula (3) that table
tennis ball can arrive at the designated dropping point D only when there was no
force on racket and ∆ ≥ 0. When ∆ = 0, there is only one real resolution. In
this case, there is only one route that satisfies the condition and there is only one
corresponding racket position and attitude. When ∆ > 0, there are two angles
α that satisfy the condition and two corresponding racket positions and attitudes.
When ∆ < 0, there exists no real resolution and ball cannot return to the designated
dropping point. In this case, a certain amount of force should be given to hit the
racket.
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3.1.2. Identifying racket position and angle. It can be know from previous anal-
ysis that the prerequisite for study was the known hitting point and racket position
and attitude was identified accordingly. The racket angle was identified through β
and α, as can be shown from Fig. 3.

Fig. 3. Sketch map for the incidence direction and reflection direction

The figure includes acute angle σ between racket plane and horizontal direction
and acute angle ω between the direction vertical to racket plane and horizontal
direction. Angle α ≥ β or α < β, thus,

ω =
|α− β|

2
. (4)

Thus,

σ =
π

2
− ω =

π

2
− |α− β|

2
. (5)

4. Simulation experiment and analysis of its results analysis

VC 6.0 development environment of Windows 7 operating system was adopted
by the simulation platform. Single document application program was used as frame
for platform and OpenGL development library was used to simulate the scene. The
movement locus of table tennis ball was obtained using Runge-Kutta method [8] and
shown by animation. Flow chart for simulation system is shown in Fig. 4.

After simulating the scene, program designed was operated showing the main
interface of the simulation platform. For easy computing, it should be changed into
front view. Then, grade of difficulty and initial parameters was set, which included
initial three-dimensional coordinate of ball, initial velocity, included angle between
plane of x0y and x0z and gravitational acceleration. Thus, simulation experiment
would begin with those set initial value.

Click “hit” in the “simulation control” menu to hit the ball, thus there would
be two corresponding movement locus of ball. Figures 5 and 6 are two screenshots
of simulation platform for table tennis robot showing that when the designated
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Fig. 4. Flow chart for system of simulation platform

dropping point was the same, movement locus of table tennis ball was influenced by
the racket position and attitude.

Fig. 5. Movement locus 1 for table tennis ball

In this design, it can also play, suspend, stop and draw dropping point, which is
not discussed here.

5. Conclusion

Method to identify racket position and attitude of table tennis ball was studied.
Mathematical modeling for racket position and attitude was built based on move-
ment locus of table tennis ball. Thus, the method for identifying racket position
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Fig. 6. Movement locus 2 for table tennis ball

and attitude was verified with simulation platform. Air resistance and Magnus force
caused by backspin table tennis ball was neglected. Besides, table tennis ball move-
ment in a two-dimensional space was studied. Therefore, three-dimensional space
and those facts neglected should be included in further study.
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Design and application of climbing arm
assist system

Xue Wang1

Abstract. As a new research field, the human assistance has been developed according to
the needs of the application field, and has been reflected in the field of industrial and automotive
engineering and rehabilitation medicine, military equipment and so on. In this paper, we take
how to realize the human arm power as the research task, and through human - machine system
kinematics and dynamics analysis, establish the kinematics and dynamics of mechanical system
model of arm and exoskeleton. In addition, we use simulation technology to verify the correctness
of the dynamic model of the arm and the exoskeleton mechanical system, which provides theoretical
support for the research on tracking strategy control. We make detailed analysis of the control
strategy theory, establish the expression of the assistance characteristic curve for the typical control
strategy, and design the software and hardware to realize the control strategy. The data collected
by prototype experiment is rationally analyzed, and the experimental results verify the correctness
and feasibility of the control strategy. In addition, through the experimenter’s arm assist system,
we successfully complete the flexion movement of arms carrying the dumbbell. The effect is obvious
and it achieves the desired objectives of the design.

Key words. Arm assist system, exoskeleton, control strategy.

1. Introduction

The human assist system is of great significance to improve the body’s physical
quality and break the human motion and physiological limits. As the external ex-
ecutive part of human in few number, its executive ability will directly affect the
development of human beings and the survival ability to adapt to the harsh environ-
ment. It is the direct reason why the United States Department of Defense attaches
great importance to introduce the upper limb and the lower extremity exoskeleton
into the army, to assembly in each soldier’s body [1]. In the future, the arm assist
system can be used in the field of disaster relief and other fields, so as to improve the
ability of human beings to overcome natural disasters, which has certain significance
and value in saving human life and property.
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After the comparison and analysis of existing human assist mechanical system,
we try using different mechanical systems, demonstrate the feasibility of the arm
four-rod assist mechanical system, and conduct the mechanical system kinematics
and dynamics modeling. In addition, we use Matlab software for the analysis of
kinematics simulation of mechanical system, and modify the parts size of the arm
four-rod assist mechanical system; moreover, we use Pro/E to complete the 3D design
of the arm assist mechanical system, and introduce the 3D model into the dynamic
simulation software Adams environment for the simulation. Through comparing
Matlab dynamic simulation results with Adams simulation results, we manufacture
the power machinery of arm assist system.

2. Mechanical system

2.1. Motion function planning of arm assist system

The previous human-assisted robot was used in medical and military applica-
tions. As it needs to consider the effect of many unknown external environmental
parameters and its action function implementation in the military field, the technol-
ogy is challenging and frontiering. The Honda Corporation of Japan in 2007 saw a
gap in the application field, and developed a civil leg exoskeleton assist robot. The
robot is placed in the motor on the leg side, which is the Honda Corporation of Japan
motor R & D products: flat type brushless DC motor, quite small in the volume.
The motor completes the transmission through the connecting rod connected fixedly
together by the leg side [2].

In this paper, according to the different application fields of arm assist system,
several action function requirements are put forward. Firstly, meet civilian needs
and achieve the arm carrying heavy objects, pushing and pulling objects and further
assist actions; secondly, meet the needs of the medical field and realize the auxiliary
nurse nursing for the bedridden patient, patient arm rehabilitation training and
further assist actions; thirdly, assist actions can be achieved in military including
arm throwing objects, climbing obstacle and so on.

2.2. Mechanical system design and kinematics and dynam-
ics analysis

After deep analyzing the characteristics and performance of the existing mechan-
ical system, the four-bar mechanism [3] that can be analyzed by theoretical analysis,
and exploratory application of new mechanism is conducted in the field.

The application of four-bar mechanism in the human arm assist system is derived
from the following aspects:

First of all, in the arm assist action function defined in the paper, the tensile
force of the elbow joint plays a key role, restricting the realization and effect of arm
function, and even causing sports injury; in addition, the shoulder joints and elbow
joints, in the upper extremity throwing motion simulation, show that the elbow joint
tensile force safety limit is 3000N, and the shoulder joint tensile force safety limit is
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4500N [4].
Secondly, movement characteristics of four-bar mechanism meet the realization

requirements of arm assist action function (forearm reciprocating swings) [5]. If
taking the main arm and the forearm as two hinged connecting rods, the connecting
rod can achieve the swing action of the forearm, as shown in Fig. 1.

Fig. 1. A four-bar framework sketch map

Thirdly, the linkage mechanism has one of the biggest advantages. It is that the
agency itself can guarantee the safety of forearm swing, through good design and
size of the crank rod. Driven by a motor, the arms only repeatedly move in the
range of a certain angle, and it will not cause arm dislocation or fracture accident
caused by the arm movement overload because of the system and motor.

3. Dynamic modeling and simulation analysis of mechanical
system

In this chapter, the relationship between the rod 3 (forearm) angular acceleration
and other relevant variables and active torqueM1 of the rod 1 is established by using
the Lagrange equation [6]. With the help of Adamas dynamic simulation software,
the correctness of the mathematical model is verified by the simulation model of the
mechanical system.

3.1. Derivation of mechanical system dynamic equation

Lagrange kinetic equation is

M1 =
d

dt

(
∂T

∂θ1

)
− ∂T

∂θ1
+
∂U

∂θ1
. (1)

According to the mechanism model constructed in the paper, the quality of the
connecting rod can be ignored by selecting the lightweight material and optimizing
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the structural dimension, but only focusing on the quality of human forearm. And
the formula for calculating the quality of forearm is:

mtotal = mhand +mforearm = 0.247 + 0.595 = 0.842 kg . (2)

The l-hand centroid refers to the distance from the centroid the center point to
elbow, and elbow centroid indicates the distance from the forearm centroid to the
center point to the elbow. The data of the centroid position of each part of the
arm should be transformed to the center point of the elbow joint. Symbol T is
the system kinetic energy, and U denotes the system potential energy. The system
kinetic energy is

T =
1

2
(m2l

2
3c + J)θ̇23 . (3)

Also, the expression of function relation is established as

θ3 = λ1θ1 . (4)

After the above kinematic mathematical analysis, it was found that θ3 and θ1
have an ideally linear relationship. Now, equation (1) can be rewritten into the form

M1 =
d

dt

(
∂T

∂θ̇3
· ∂θ̇3
∂θ̇1

)
− ∂T

∂θ3
· ∂θ3
∂θ1

+
∂U

∂θ3
· ∂θ3
∂θ1

(5)

When θ3 = α · θ21 + b · θ1 + c, which is a second-order interpolation function
relation, then

M1 = (m3l
2
3c + J)θ̈3(2aλ2(θ3) + b) + (m3l

2
3c + J)θ̇3(2aλ2(θ̇3) + b) +

+m3g cos θ(2aλ2(θ3) + b) . (6)

Here, (4) may be reversely transformed as θ1 = λ2θ3 and θ̇1 = λ2θ̇3. It is neces-
sary to choose three typical coordinates Al≡(62.5, 54.9712), A2≡(117.5, 110.4102),
and A3≡(172.5, 155.2312) in allusion to the relation curve in Fig. 2(a), and the unit
is the length. After the calculation, we can get a = −0.0018, b = 1.3239, and
c = −20.9162.

3.2. Establish the M document of assist mechanism of dy-
namic mathematical model Matlab M

After taking a = −0.0018, b = 1.3239, and c = −20.9162 and the speed variation
range of the rod 1 as well as the average speed l0 rad/s of the setting rod 1, the
output torque changes with time, as shown in Fig. 2. The torque is negative, which
is indicated by the fact that the applied torque is oriented in the clockwise direction.
In 0.25 seconds or so, the rod 1 rotates about 145 degrees.
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Fig. 2. Rod l active torque variety curve with l0 rad/s input

3.3. Simulation results of mechanical system model in
Adams

In Adams/View, by setting the initial conditions of dynamics simulation opera-
tion, rod 1 adds a rotating Motion, the angular velocity is l0 rad/s, and the running
time is 0.3 seconds, to ensure being consistent with initial conditions of the mathe-
matical model of Matlab. The results are shown in Fig. 3 below. It is noted that the
torque unit of the ordinate is in Nmm, and the simulation torque units in Matlab
is in Nm. The torque value is positive in the simulation of the model, which shows
that the rotational torque applied in the simulation environment is counterclockwise.
There is no substantial impact on the next analysis of simulation results.

Fig. 3. Relationship between the drive torque and time of model in Adams

4. Conclusion

This paper makes full use of the dynamic simulation analysis software Adams and
3D mechanical parts design software Pro/E and takes reasonable size and shape of
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the mechanism. It greatly shortens the mechanical structure design and development
time, and preliminarily checks the strength of parts. Then we use mechanical parts
design software Autocad2005 to design part plane processing map, and eventually
process the components successfully. The hinge movement is flexible after assembly
and the fixed end connection is reliable, which meets the design requirements of
the mechanical devices, and provides a reliable mechanical system prototype for the
experiment.

It is necessary to add how to ensure the dimensions of the rod 3 and the rod 4
in the installation process. The size of the rod 3, because of choosing 79mm, can
be achieved by adjusting the distance between the fixed position of the arm and
the axis of the elbow. The rod 4 can also be implemented in the same way. The
elbow axis through the elbow joint differs from man to man, needing to be measured
through the actual elbow movement (the methods is to fix the main arm and make
the forearm rotating in the plane). In addition, according to the traces left by the
forearm in plane, judge which point position is most likely the axis of the elbow
joint.
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Research and design on
boxing-teaching robot of embedded

system and pressure sensor

Zhengxian Huang1

Abstract. As an exercise to enhance physicals effectively, boxing is very popular. To meet
market requirement of measuring punching power and interacting with boxers, boxing-teaching
robot is designed based on embedded system and pressure sensor. The design process is introduced
from three aspects - hardware design, embedded platform setting-up and software design. Processor
S3C2440 and embedded Linux operating system are chosen and LCD touch screen is used for
man-machine interaction. For setting up embedded platform, software development process and
operating system of embedded Linux platform are adopted and cross-compiling environment is
established. Qt/Embedded is used to design application program. Thus, five modules have been
designed. Embedded database SQLite is used for data storage. The designed boxing-teaching robot
promotes boxing teaching.

Key words. Boxing robot, punching power, S3C2440, embedded system.

1. Introduction

The origin of boxing dates back to a long time ago. When boxing, boxers keep
jumping and think fast and thoughtful for every punch [1]. Thus, both locomotive
organ and brain are trained, which results in strengthened strength and improved
reaction capability [2]. However, facilities of boxing are not popularized domestically.
Most boxing equipment in gym is boxing training dummy of tumbler or in shape
and figure of whole human body. Those traditional boxing equipment is only for
practicing punching and punching power and speed are not measured by it. Thus,
it is hard for a boxer to get a well training [3]. Boxing equipment abroad is similar
to that of home, which is only superior in durability and punching hand feel [4].

Electronization of sports equipment is greatly promoted by the developed mod-
ern science and technology, especially information technology and micro-electronic
technique [5]. Experts and scholars at home and abroad have studied sports equip-
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ment electronization, most of which is on ball game electronization. For example,
Y. L. Liu et al. [6] designed network communication of soccer robot achieving infor-
mation passing and sharing among robots. C.Tang et al. [7] studied an algorithm
of moving basketball robot based on color space and object shapes. However, there
have been few studies on boxing equipment electronizing. Thus, boxing-teaching
robot is designed based on embedded system, pressure sensor and computer com-
munication technology. And its software and software have been designed.

2. Hardware design for boxing-teaching robot

2.1. General structure of system

Overall structure of the designed boxing-teaching robot was made up of boxing
training dummy and man-machine interaction module. Boxing training dummy con-
sisted of punching airbag of head and chest, corresponding pressure sensors (on the
head and chest), air pump for airbag, mechanical arm, drive motor and photoelectric
sensor. Man-machine interaction module was made up of LED panel, control box
and voice broadcast. In terms of functions, boxing teaching system was divided into
five parts such as CPU, AD data acquisition, auto-punching, air pump control and
man-machine interaction. Block diagram of system functions is shown in Fig. 1.

Fig. 1. Block diagram of system functions

2.2. Specific module design

S3C2440 processor of ARM9 development board was selected for CPU module.
Almost all hardware components of this system were provided by this development
board. Besides, this development board can operate the needed embedded Linux
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operating system. The man-machine interactive module was made up of LCD touch
screen, LED result display and voice broadcast. 3.4 inches ultrathin liquid crystal
touch screen with resolution ratio of 320×240 and TFT true color from Samsung
company were chosen, which was characterized by no heat, low-power dissipation
and long working hours. Voice chip UDAl341 was used in voice module. Function
of voice module was driven by compiling UDAl341 and cross compiler arm-linux-
gcc3.4.1 was used here. AD data acquisition module was made up of pressure sensor
and ADC converter. MPX5100SERIES pressure sensor was selected, for which 5V
direct-current power supply and 100 kPa measurement range was needed. ADC
converter of S3C2440 was used by AD converter. Auto-punching module was made
up of photoelectric senor, direct-current dynamo, feedback switch, signal acquisition
and control circuit. Signal acquisition circuit of photoelectric senor is shown in
Fig. 2. Motor control circuit was made up of CD4093, optocoupler 4N26 and high-
power MOS tube IRF3025. Among them, pin 1 and 2 and pin 12 and 13 of chip
CD4093 were connected to pin 30 and pin 28 of processor S3C2440 respectively to
control and simulate left and right punch. Mainly, air pump control module is used
to re-inflate air bag, which schematic circuit diagram is shown in Fig. 3.

Fig. 2. Signal acquisition circuit of photoelectric sensor

3. On system of embedded software

3.1. Software development process and operating system of
embedded Linux platform

Embedded software development process of Linux is divided into five parts: em-
bedded processor and hardware platform selecting (according to users’ requirement)
→ Boot Loader porting → kernel tailoring and compiling → appropriate file system
generating → application development and system testing. Utu Linux operating
system provided by YangChuang TeK featuring small kernel, high efficiency and
open sources was selected. This operating system was designed based on processor
supporting MMU (memory management unit). It was easy to tailor the embedded
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Fig. 3. Control circuit of air pump

operating system because of its dynamic module loading. Those functions related
to utu Linux were also used: controlling development board with command, trans-
mitting data through PC computer and development board and operating program
automatically.

3.2. Cross-compiling environment establishment

When developing embedded system, apart from the existing development board
of S3C2440 processor, a host machine with Linux operating system was needed whose
corresponding development board was target board. Cross compiling was used be-
cause processors of host machine and target board were incompatible. Development
environment of embedded system is shown in Fig. 4. Two things have to be done to
establish a cross-compiling environment: for target machine, install Linux operating
system and Qtopia bank. For host machine, install Linux operating system and
tool chain arm-linux-gcc-3.4.1 and arm-linux-gcc-3.3.2 of cross compiling. Besides,
Linux system sound code and Qt sound code of target machine and host machine
were the same. Apart from embedded Linux operating system, Bootloader, ker-
nel and file system provided by YangChuang TeK was selected for target board,
which needed some modifications before application, such as selecting touch screen
supporting 290×320 for compiling Bootloader and kernel and using touch screen as
input equipment for generating file. When establishing environment for host ma-
chine, arm-linux-gcc cross compiler should be added to host machine firstly. Then,
compile kernel tree which is the same version of target machine. Finally, Qtopia
bank file of target machine was added to host machine [8].

4. Software design of boxing-teaching robot

Embedded system software was the key to design boxing-teaching robot, which
including AD data acquisition, UI (user interface), auto-punching, SQLite database
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and result display. Those five software modules were realized through multi-process.

Fig. 4. Schematic diagram of embedded cross development

AD data acquisition and processing module was made up of pressure data ac-
quisition and data processing. Data acquisition was an independent progress in
the system, which computedpunching power by dynamometry, displayed it by LED
display screen then wrote the power value in message queue. Data processing was
mainly for converting the pressure signal collected by pressure sensor into punching
power value.

Result display module was made up of voice broadcast and punching power dis-
playing. Voice broadcast received message sent by UI module by message queue then
voice broadcast it correspondingly. Punching power display function was made up
of a group of Nixie tubes which was made up of LED and controlled by single chip.
Single chip received punching power data that sent by ARM development board
with serial port. After verified effective, those data were displayed on Nixie tubes.
Punching power display module was made up of transmitting end and receiving
end. Transmitting end was operating on ARM development board while receiving
end was receiving data through R232 serial port and displaying it on LED display
screen. Display module of punching power is shown as block diagram in Fig. 5.

Fig. 5. Block diagram of power display module
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Auto-punching module was made up of signal acquisition program of photoelec-
tric sensor and punching control program. Signal acquisition program of photoelec-
tric sensor was used to identify whether there was human within the effective range
before boxing training dummy. After acquired signal, rand0 random function was
used to determine whether simulate punching or not. If it was yes, left punch or
right punch. Pause time after punching was randomly determined by the system.

Database SQLite module was used to save detailed data of boxer’s each punching
under fast punching module. This module was made up of data storage and data
query. Data storage was used to record detailed data of each effective punching
including punching position, punching time, total time and the minimum threshold
value of power. Data query was used to query the data base and provide the needed
data according to requirement when under demonstration mode.

In UI user interface module, LED touch screen was used for man-machine in-
teraction, through which user can operate system. In order to make it easier, the
whole system was divided into “mode selection” and “result display”. There were
three different modes – pressure testing, strong punching and fast punching. Result
display interface showed total punching time, each punching time, total number of
effective punching, each punching power and total number of punching.

5. Conclusion

The robot designed is a multi-functional integrated system with excellent hard-
ware equipment and software platform. Punching power is computed by pressure
sensor when boxers punch air bag. Thus, it is displayed in real time. Functions such
as abundant voice broadcasting and practical randomly punching increase man-
machine interaction, which makes the system instructs boxers well.
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Research on monitoring system of
physiological index of intelligent

treadmill based on sensor

Yanwei Yang1

Abstract. Based on the study of fitness system monitoring, we have established a treadmill
system through Bluetooth communication. By collecting and recording physiological parameters
and motion data, we analyze the data, and use the results of the analysis to give a scientific
evaluation of physical condition, fitness effect and fitness program quantification. For a single
exercise, according to people’s dynamic physiological parameters and exercise data, we give the
fitness effect of exercise and physical reserve evaluation parameters, so as to help people to better
understand their physical condition and exercise fitness effect. Therefore, people can get more
scientific exercise, to prevent excessive exercise or lack of exercise and other issues, and improve
fitness efficiency.

Key words. Heart rate monitoring, control system, physiological parameters.

1. Introduction

Running exercise is one of the most important activities for people to carry out
physical exercise and is one of the most popular fitness activities in the world [1].
It has a high rating in the medical profession and sports field, and it is also the
most effective way of exercise [2]. Running can effectively strengthen the function of
limb muscles, bone exclusion, heart and lung, and it has the obvious curative effect
for losing weight [3]. Due to some objective factors, such as: climate, environment,
venues, etc., people are increasingly concerned about the indoor exercise, so treadmill
fitness has become the preferred way of people to exercise [4].

The basic physiological parameters of the human body include blood pressure,
pulse and body temperature, which are closely related to vital signs, and we can use
these physiological parameters to determine the health of the human body [5]. At
present, the most commonly used indoor fitness equipment is electric treadmill, and
it enjoys features of small footprint, easy speed regulation and simple operations [6].
Some treadmills also support audio and video playback, with a simple heart rate
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measurement function, different environments and venues experience function, but
these treadmills in the human nature has not fully reflected [7]. From the point of
view of fitness, it did not achieve the best fitness effect. In view of the above situation,
we combine treadmill fitness with sports health monitoring, collect and store the
physiological parameters during people running. In addition, through a certain
analysis and processing, we present the people’s physical and sports situation in time,
so people can view their current health indicators in real time, and understand their
own exercise situation. Therefore, it has great application prospect and research
value to record and analyze motion data for a long time.

2. The basic structure of the system

2.1. Treadmill system requirements

1) Collect and record the physiological parameters (heart rate) and motion data
(velocity, distance, slope, time) for a long period of time.

2) Based on the statistical analysis of the data, we give a quantitative evaluation
of the physical condition, fitness effect and fitness program.

3) Based on the statistical analysis of the data, we give guidance to people’s later
fitness training programs.

4) For a single movement, according to people’s dynamic physiological parameters
and motion data, the system can adjust the exercise intensity and exercise time in
real time.

2.2. The hardware requirements of treadmill system

In hardware, the system consists of seven parts, namely treadmill hardware,
frequency converter, host computer board, heart rate meter, display, keyboard and
mobile phone side.

Fig. 1. System hardware requirements analysis chart

(1) Treadmill
Treadmill hardware is provided by Rizhao Kangli, mainly composed of motor,

running belt and metal frame. Model: AC9000.
(2) Frequency converter
The main task of the inverter is to control the speed of the treadmill motor speed
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and the size of the ramp motor, this part is the purchase of the sea frequency of the
inverter, the relevant agreement has been written.

(3) Host computer
In order to communicate with iPhone and iPad, here we adopt the Bluetooth

4 communication scheme to realize wireless transmission. On the one hand, Apple
released restrictions on the Bluetooth protocol, allowing programmers to add their
own protocol. On the other hand, Bluetooth 4 has been popular in the new Apple
and Android phones, so here we choose the CC2540 chip.

(4) Heart rate meter
Heart rate is an important feedback signal for human health. In the process

of rational control of fitness, heart rate is an important part of scientific fitness.
Heart rate is a relatively simple measurement of a physiological parameter, heart
rate changes can directly reflect the body’s exercise intensity, energy consumption,
breathing and physical condition. At present, the fitness industry is using hand-held
heart rate sensor and wireless heart rate chest.

(5) Mobile terminal
Here, we use the Bluetooth 4.0 low-power protocol to achieve the control and

display of the above functions. This can directly be arranged through the Bluetooth
4.0 to obtain the value of wireless heart rate chest, and then directly display it. Due
to the hardware limitations of Bluetooth 4, the support of system iOS7 is used.

3. Selection of heart rate sensor

3.1. Heart rate

Heart rate is an important indicator of human health feedback. In the process of
exercise, the reasonable control of heart rate is an important way of scientific fitness.
With the development of the heart rate measurement system, it has become an
important part of fitness equipment, so the purchase of electronic control equipment
is also an important reference for this. Heart rate is an important physiological
parameter in the human body, heart rate changes can directly reflect the body’s
breathing, energy consumption, physical condition and exercise intensity.

3.2. Heart rate sensor

The principle of the heart rate sensor: the heart is like a power supply, the reason
why the blood can continue to circulate in the body. As it is dependent on the rhythm
of the heartbeat, people can maintain normal life activities. Electrocardiogram
(ECG) signal is an important physiological signal of the human body, it contains
rich physiological information, which can reflect the function of the heart system,
and among them, the heart rate is an important one. Place two electrodes at any
two points in the human body, we can collect the body of the weak ECG signal.

Bluetooth 4.0 technology is the rise of a wireless transmission technology in recent
years. This program requires Bluetooth 4. G lungs without traffic, which has the
advantages of the small interference, low power consumption and no external power
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supply. It can develop their own communication protocol, and the communication
can be more flexible, as well as it can communicate with iPhone and other mobile
terminals, so as to save the treadmill computer research and development work. To
have an integrative consideration, we give up the noise of the larger common wireless
heart rate chest, and select the hand-held and Bluetooth 4.0 chest strap compatible
program.

3.3. Heart rate data filtering

Heart rate is an important feedback signal for human health. In the process
of reasonable control of fitness, heart rate is an important part of scientific fitness.
Heart rate measurement system as an important part of improving the value-added
fitness equipment, fitness equipment has gradually become an important criterion.

Fig. 2. Standard electrocardiogram

The standard human ECG signal waveform is shown in Fig. 3. The signal acqui-
sition process is shown in Fig. 4.

Fig. 3. Flow chart of ECG signal acquisition

The heart rate filtering algorithm: suppose that we need to find the value of a5,
where we select the filter window 9. The collected raw data by the time is in order:
a1 · · · · · · a9. First, find the average of these nine values: a = 1/a

∑9
n=1 an.
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Then, calculate the absolute value of the difference between the average of each
value: kn = |an − a|. The bigger the kn, the greater the difference between the point
and the 8 points around it. We need to reduce the weight of this point, where 1/kn is
the weight of this point. And then calculate the normalization constant. The formula
is 1/α =

∑9
n=1 1/kn. We can calculate the value of the point: α′ = α

∑9
n=1 αn/kn.

Therefore, when we calculate the average, it can effectively remove the effect of noise
on the mean.

Fig. 4. Mean filtering data processing

Series 3 is the original data, series 1 is the data after the difference operation,
and series 2 is the mean filtered data. The results show that the method can not
only effectively filter out the noise, but also can retain the accuracy of the values.

4. Conclusion

According to the traditional treadmill industry hardware and communication
methods, we design a hardware device that can control the treadmill, and it can
communicate with Apple’s Bluetooth 4.0 low-power transmission hardware device.
This paper analyzes the characteristics of various heart rate acquisition sensors, and
gives a heart rate acquisition scheme compatible with hand—held heart rate sensor
and Bluetooth 4.0 wireless heart rate chest. This study improves the heart rate
filtering algorithm, summarizes the predecessors’ algorithms and puts forward our
own algorithms.
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Discussions on multi-sensor Hidden
Markov Model for human motion

identification

Nan Yu1

Abstract. Based on acceleration sensor and gyroscope data fusion, a human motion iden-
tification method was put forward for tackling the problem of large error of monitoring human
motion with single sensor. Measurement accuracy of attitude angle was greatly improved by re-
vising attitude angle collected by acceleration sensor with human motion information outputted
by gyroscope and achieving information fusion for multi-sensor using Kalman filtering algorithm.
Hidden Markov Model (HMM) for identifying human motion was built based on characteristics of
human attitude angle. Experiment showed that to identify physical exercise was more accurate
with multi-sensor HMM based-method than with single sensor.

Key words. HMM, multi-sensor, human movement identification, data fusion.

1. Introduction

A human motion model for physical education was made up of head, the upper
part of the body, the upper part of big arm, the middle and lower parts of big
arm, forearm, hip, thigh, shank and feet. A new type of jointing element was used
among those parts. This mode was used demonstrate various exercises for students
or athletes to imitate and practice [1]. Therefore, recognition algorithm of HMM
was adopted to analyze angular information and extract characteristics of several
basic movements. Human movement mode was analyzed and identified in real time
with the matching input sequence and HMM model.

2. Literature review

Two basic approaches for identifying movement were video image-based monitor-
ing method and wearable device-based monitoring method. To collect and analyze
depth image features, video inductor was introduced to video image-based monitor-

1Tianjin University, Tianjin, 300072, China; E-mail: nprv5919@tom.com
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ing method whose typical image processing method was based on kinect [2]. This
method was featured limited monitored area, needing specific light for monitored
area and unguaranteed privacy security for users. Mature technology-MEMS sensor
was adopted by wearable device-based monitoring method, such as attitude detecting
system made up of accelerometer, gyroscope and magnetometer were used to iden-
tify human motion information [3]. This method was featured guaranteed privacy
security for users. This device was of low price and suitable for widely promotion.

Generally, acceleration sensor was used in motion detection technology because
of its accurate identification in uniform variable speed [4]. However, most physical
exercise was variable acceleration motion. Thus, there was large identification error
because of gravitational acceleration and accelerated speed. Therefore, a wearable
device was designed to collect data using acceleration sensor and gyroscope. More
accurate and reliable identification information was obtained by fusing multi-source
information with Kalman filtering. HMM recognition algorithm was used to analyze
attitude angle and extract characteristic value of motor. Common human movement
mode was analyzed and identified in real time by the matching input sequence and
HMM model.

3. Research method

3.1. Data collection and fusion

A space coordinate system should be built before collecting human motion in-
formation. Performance of different body parts was very different during the same
exercise because human motion was complex. Motion of the upper trunk (body
parts above waist and under the neck) was relatively stable in daily activities while
in walk, stand and fall down, its motion was evident. Thus, sensor was put on the
upper trunk to collect data.

Human trunk coordinate system oxyz (see figure 1) was built taking place of
sensor as original point. Ground coordinate system was taken as fixed Cartesian
coordinate system OXYZ. When human body stood still, human trunk coordinate
system oxyz was parallel to ground coordinate system OXYZ.

Fig. 1. Space coordinate system for human motion
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3.2. Algorithm for information collection and fusion

Tri-axial digital acceleration sensor MMA7660 was used to collect human gravita-
tional acceleration. MEMS tri-axial angular velocity sensor (gyroscope) L3G4200D
was used to collect human attitude angle. Sampling frequency was set as 50Hz.
The collected acceleration data and gyroscope data was transferred by information
acquisition module to PC to fuse. Angular value collected by system was revised in
real time by data that collected by acceleration sensor, thus deviation of attitude
angle measurement caused by single sensor was addressed [5].

Given G vector value measured by acceleration sensor when exercising. Accel-
eration magnitudes of G in three coordinate axes X, Y and Z are Gx, Gy and Gz.
Acceleration measurement should be converted to angular value and acceleration
magnitude should be converted to angular value, which, in principle, is shown in
Fig. 2.

Fig. 2. Principle for measuring angular value with acceleration sensor

The given acceleration sensor was in idle state:

G2 = G2
x +G2

y +G2
z (1)

First, normalize vector G.

Fx =
Gx

|G|
, Fy =

Gy

|G|
, Fz =

Gz

|G|
(2)

The vector value F a in the direction of normalized gravity is computed using the
formula

|F a| =
√
F 2
x + F 2

y + F 2
z = 1 . (3)

Included angles θa−x, θa−y and θa−z between the gravity vector and directions
of three coordinate axes were calculated with normalized vector value. Method to
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calculate the included angles was shown as follows:

θa−x = arcsin

 |Fy|√
F 2
y + F 2

z

 , θa−y = arcsin

(
|Fx|√
F 2
x + F 2

z

)
,

θa−z = arcsin

 |Fy|√
F 2
x + F 2

y

 . (4)

Given rotation angular speed measured by rotating angular velocity sensor around
coordinate axes X, Y and Z of components ωx, ωy and ωz. The measured angu-
lar velocity should be converted to corresponding rotation angle. According to the
collected rotation angular velocity at present and system sampling period, rotation
angle of gyroscope rotating around the direction of the three axes was calculated as

θgy−x =

∫
ωx dt, θgy−y =

∫
ωy dt, θgy−z =

∫
ωz dt . (5)

In the above formula, θgy−x, θgy−y and θgy−z denote corresponding rotation
angles of axes X, Y and Z after calculation, respectively. Symbol dt denotes the
sampling period of gyroscope data.

Kalman filter was used to fuse information collected by acceleration sensor and
gyroscope. Regard acceleration sensor-measured value as predicted value and gyroscope-
measured value as observed value. Predicted value revised by observed value was
taken as the output value. Drift error b of the gyroscope estimated by the accelera-
tion sensor was taken as the state vector, thus, the state equation and observation
equation of system were shown as follows

[
θ̇

ḃ

]
=

(
0 −1
0 0

)[
θ
b

]
+

[
1
0

]
ωgy +

[
ωg

0

]

θa =
[

1 0
] [ ω̇

b

]
+ ωa

. (6)

In formula (6), ωgy denotes the angular velocity representing the output by gy-
roscope with fixed deviation. θa denotes the angular value of acceleration sensor
after processing. Symbols ωg and ωa denote measurement noise of gyroscope and
acceleration sensor. These two measurement noises are mutual independent. For
the convenience of calculation, those two measurement noises are assumed to be
normally distributed white noises. Given measurement noise of system ω(k) and
sampling period is Ts. Thus, the state equation and measurement equation of sys-
tem are as follows:
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X(k) =

[
1 Ts
0 1

]
X(k − 1) +

[
Ts
0

]
ωgy(k − 1) +

[
ωg(k)Ts

0

]
Vi =

[
1 0

]
X(k) + ωa(k)

, (7)

Kg(k) =
P (k |k − 1)HT

HP (k |k − 1)HT + Γ (k)
. (8)

In formula (8),Kg(k) denote the Kalman increment at time k. Symbol P (k |k − 1)
denotes the covariance of system at time k − 1. Symbol H denotes output matrix
of measuring system and HT denotes its transpose. Γ(k) denotes the covariance of
measurement noise. Thus, the fused attitude angle is given as follows:

θ(k) = θgy(k) +Kg(k)(θgy(k)− θa(k)) . (9)

In the above formula, θgy(k) and θa(k) denote the output attitude angle of gy-
roscope and acceleration sensor at time k, respectively. Symbol θ(k) denotes the
output attitude angle after fusion at time k and the optimal value output by the
Kalman filtering at time k. The covariance of the system state at time k was calcu-
lated using the formula

P (k |k ) = (1−Kg(k)H)P (k |k − 1) . (10)

Formulae (6)–(10) represent the whole computing process of Kalman filtering.
Formulae (8) and (10) were used to guarantee recursiveness and continuity of the
filtering algorithm. When received output angular velocity of gyroscope at k + 1th
time, the system would go back to formula (6). Thus, the system entered filtering
algorithm at time k + 1.

The collected multi-sensor data after fusion was more close to true value because
measuring angle error of acceleration sensor was carried out. In order to explain
effect of fusion algorithm, comparison charts of measurement attitude angle before
and after fusion in X direction are shown in Figs. 3 and 4.

The attitude angle curve of stable walk is shown in Fig. 3. It can be seen from this
figure that there is a small attitude angle change before and after data fusion. Those
two curves were of high coincidence rate and data before fusion was of relatively small
curve interference because measuring error of sensor was small when doing slow and
stable exercise. Figure 4 shows attitude angle curve of fast walk, a strenuous exercise.
It can be seen that the measured angles before and after data fusion were very
different. When doing slow and stable exercise, angular value measured by sensor
was of small interference and high accuracy. When doing strenuous exercise, the
measured angular value was inaccurate because acceleration sensor was influenced
by gravity and zero drift of gyroscope. Thus, multi-sensor data fusion was introduced
to calculate the optimal estimated value in direction of motion vector, which method
greatly lowered gravity vector displacement and zero drift those occurred because of
interference of external force [6]. Therefore, smoothing and effective attitude angle
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was obtained.

Fig. 3. Angle comparison of stable walk in X axis direction (a: before fusion, b:
after fusion)

Fig. 4. Angle comparison of fast walk in X axis direction (a: before fusion, b:
after fusion)

3.3. HMM model-based identification algorithm for specific
motion

Markov chain is a Markov process with discrete parameters of time and state and
a specific situation in Markov random process. Markov chain can be described as
follows:

P (Xm+k = qm+k/Xm = qm, Xm−1 = qm−1, · · · , X1 =
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= q1) = P (Xm+k = qm+k/Xm = qm) , (11)

where q1, q2, · · · , qm, qm+k ∈ (θ1, θ2, · · · θN ).
Matrix of transition probability is

A =

 a11 · · · a1N
...

. . .
...

aN1 · · · aNN


and

0 ≤ aij ≤ 1,

N∑
a=1

aij = 1 .

Several parameters below are used to describe a Hidden Markov Model (HMM):
A: A = a(ij)N×N is the state probability transfer matrix. B: B = bj(k)N×N ,

j = 1, 2, · · · , N , k = 1, 2, · · · ,M is the probability matrix forthe observed value. N:
N is the state number of Markov chain in mode. Finally, π: π = (π1, · · · , πN ) is the
state vector of the initial probability.

Given a HMM was λ = (π,A,B). In other words, HMM was made up of two
parts. One Markov chain was made up of π and A, producing output state se-
quence. Another one was a random process described by B, producing observed
value sequence.

Standard Baum-Welch algorithm [7] was adopted to estimate HMM parameter.
This algorithm was featured by a high timeliness while computation complexity was
low. Updating weight with recursive computation effectively reduced its complex-
ity, thus the model parameter that explained sample sequence more accurately was
obtained. The computational process of this algorithm is shown below.

Defined variable δt(i, j) that corresponds to observed sequence O. Given Si and
Sj as the states at time t and time t+ 1 respectively. Thus,

δt(i, j) = P (qt = Si, qt+1 = Sj |o1, o2, · · · , oT ) =

=
αt(i)aijbj(ot+1)βt+1(j)∑

i

∑
j αt(i)aijbj(ot+1)βt+1(j)

. (12)

Defined variable ηt(i). Given ηt(i) denoted probability of observed sequence being
in state Si at time t. Thus,

ηt(i) = P (qt = Si |o1, o2, · · · , oT ) =
αt(i)βt(i)∑
i αt(i)βt+1(i)

. (13)

It can be seen from formulae (12) and (13) that

aij = P (S |S ) =

∑
δt(i, j)∑
ηt(i)

,
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bj(k) = P (O |S ) =

∑
t,k ηt(i)∑
ηt(i)

, πi = P (S) = ηt(i) . (14)

In this formula, aij , bj(k) and πi are HMM parameters after reevaluation, thus
new model was obtained.

Viterbi algorithm was based on dynamic programming. The optimal status
switch was obtained with the observed output sequence. Mode was identified by
Viterbi algorithm which was used to calculate likelihood. The computational pro-
cess of Viterbi algorithm follows:

σt(i) = maxP (q1 = Si |o1 ) = πibi(o1), 1 ≤ i ≤ N , (15)

Wi = 0 . (16)

Formula (16) represents the the initial condition for the system. After forward
recursion, the below formula can be obtained

σt(j) = maxP (q1, q2, · · · , qt) = Sj , o1, o2, · · · , ot),

= max[aijbj(ot) maxP (q1, q2, · · · , qt−1 = Si, o1, o2, · · · , ot−1)],

= max[aijbj(ot)σt(i)], 1 ≤ i, j ≤ N, 2 ≤ t ≤ T.

(17)

Formula (17) denotes the maximum value of σt(j) at time t in state i. Given,

P = maxσt(j), qT = argmax[σt(i)] . (18)

It was obtained with recursive operation qt+1 ← qt, t = 1, 2, · · · , T − 1. The
motion model corresponding to the maximum probability value is taken as identifi-
cation result, which means that the state motion at present is identified. Flow chart
for identifying human motion model is shown in Fig. 5.

4. Experiment and analysis

Based on characteristics of several basic movements, Weizmann data base and
ten common movements in this data base including bend, jack, jump, pjump, run,
side, skip, walk, wave1 and wave2 were compared to motion data obtained in exper-
iment in order to compute identification rate. Model was built based on regarding
those ten motion states as target object for identification. Ten athletes, ranging
in age from 22 years old to 30 years old with normal height and weight and no
limb illness, was chosen as monitoring objects. Two experiments (5 people in each
experimental group) were done and its results was observed and compared. Single
acceleration sensor was adopted by the first experimental group to collect human
motion information for identifying motion mode. Multi-sensor data after fusion was
used by the second experimental group to identify motion mode. Experimenters
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Fig. 5. Flow chart for identifying motion mode

should wear sensor across the upper limb and exercise randomly for one hour with-
out external disturbance. Data collected by information collection module of sensor
was transferred to upper computer through wireless communication module. Then,
data was analyzed and motion mode was identified. Results of the experiment are
shown in Table 1.

Table 1. Thermophysical properties of regular fluid and nanoparticles

State of motion Identification rate of
the first experimental
group (%)

Identification rate of
the second experimen-
tal group (%)

Bend 74.5 83.1

Jack 88.3 96.2

Jump 86.4 92.2

Pjump 81.3 88.4

Run 82.7 95.3

Side 75.3 82.7

Skip 86.9 91.1

Walk 83.5 92.3

Wave1 75.9 85.4

Wave2 79.1 89.7

It can be seen from Table 1 that the identification rate of the second experimental
group was much higher than that of the first experimental group. Experiments
verified that identifying human motion was more accurate with information fusion
than with single sensor.
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5. Conclusion

Acceleration sensor and gyroscope was adopted to collect changing information of
attitude angle in different motion. Multi-sensor data was fused to extract character-
istics of angular value. HMM motion mode was established to identify motion mode
according to fusion characteristics. Experiment verified that identifying basic move-
ments was more accurate with multi-sensor HMM based-method. Further study will
be focused on classification and identification of relatively complex movements.
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Research on the trajectory tracking
technique of table tennis servo

machine

Yu Zhang1,2, Fanyou Meng1, Qun Sun1, Huan
Meng1

Abstract. At present, the robot visual trajectory tracking algorithm can be divided into
two categories: One is based on the template matching algorithm, such as histogram matching and
background Gaussian estimation; the other is based on the kinematics model trajectory tracking
method, such as particle filter, Kalman filter algorithm and so on. However, there are still many
difficulties in the actual real-time trajectory tracking, such as the high speed of the table tennis
to make the image blurred, the ball in the flight itself by the air resistance, and camera imaging
distortion and other factors. It directly leads to the measurement results deviate from the real
motion trajectory. On this basis, this paper presents a discrete Kalman filter estimation algorithm
for adaptive measurement of covariance. In the different stages of trajectory tracking, the size of
the covariance is dynamically adjusted, which not only ensures the fastness and convergence of the
initial phase tracking, but also realizes the real-time and stability requirements. Finally, we carry
out the experimental test, and the experimental results verify that the tracking algorithm has a
good tracking effect.

Key words. Table tennis dispenser, regression tracking, Kalman filter, measurement covari-
ance.

1. Introduction

In recent years, a novel ping pong robot has gradually become one of the research
hot spots by reason of its difficulty and challenge in both real-time and intelligent
design [1]. Therefore, for the robots, a high efficient vision system with real-time
and adaptability for the environment is the base of the whole robot system. Visual
tracking is one of the most important topics in computer vision and artificial intel-
ligence [2]. In the target tracking system, the integration of airborne visual system
and navigation is used to locate the moving target in real time [3]. Particle filter can
model accurately in non-linear non-Gaussian system, and be widely used in object
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tracking [4]. Along with rapid descending of computation cost, particle filter algo-
rithm gradually becomes the mainstream [5]. At present, the robot visual trajectory
tracking algorithm can be divided into two categories: One is based on the template
matching algorithm, such as histogram matching, background Gaussian estimation
and so on; the other is based on the kinematics model trajectory tracking method,
such as particle filter, Kalman filter algorithm and so on. However, there are still
many difficulties in the actual real-time trajectory tracking, such as the high speed
of the table tennis to make the image blurred, the ball in the flight itself by the
air resistance, and camera imaging distortion and other factors, which directly leads
to the measurement results deviate from the real motion trajectory [6]. On this
basis, this paper presents a discrete Kalman filter estimation algorithm for adaptive
measurement of covariance. In the different stages of trajectory tracking, the size
of the covariance is dynamically adjusted, which not only ensures the fastness and
convergence of the initial phase tracking, but also realizes the real-time and stability
requirements. Finally, we carry out the experimental test, and the experimental
results verify that the tracking algorithm has a good tracking effect.

2. Methods

2.1. Modeling and discretization of table tennis movement

In the study of statistics and modern target tracking theory, based on time series
analysis, people have proposed hidden Markov model. In this section, we introduce
the basic principle of the hidden Markov model and the Kalman filtering method.

The object of this paper is the flight trajectory of table tennis in the air. In
theory, the flight trajectory of table tennis is the continuous motion equation of
time and space coordinates. That is

x = x (t) ,
y = y (t) ,
z = z (t) .

(1)

After tracking the position and velocity of the moving object, the literature [7]
gives an algorithm to predict the placement and bounce trajectory of table tennis.
Take the x-axis direction as an example, as shown in Fig. 1, the definition of two-
dimensional vector is x = [x, ẋ]

T, respectively, on behalf of the table tennis on the
x-axis position and speed.

The continuous state equation of table tennis is described as (note that subscripts
are different variables here, not time series labels)[

ẋ1

ẋ2

]
=

[
0 1
0 0

]
·
[
x1

x2

]
+

[
0
1

]
· ax . (2)

When ignoring the ideal situation of interference, table tennis in the x-axis di-
rection to do uniform motion, obviously deterministic input u = 0.
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Fig. 1. A three - dimensional coordinate system of table tennis servo machine

2.2. Trajectory tracking algorithm for adaptive measure-
ment covariance

For the elimination of noise in high-speed motion tracking, there are a lot of
filtering algorithms. However, a considerable number of algorithms are using fre-
quency domain feature filtering method. From the time domain to the frequency
domain, it needs a large amount of computation and it is difficult to guarantee the
real-time performance. Therefore, this paper uses a direct time domain filtering
method, namely, the discrete Kalman filter.

The algorithm introduces a dynamically modified measurement covariance for-
mula Rk = f (dk). Here, dk represents the k-th moment, that is the distance between
table tennis and binocular cameras in three-dimensional space. It is defined as fol-
lows:

dk =

√
(xk − xc)

2
+ (yk − yc)

2
+ (zk − zc)

2
. (3)

In the above formula, xk, yk, zk represent the coordinates of the three-dimensional
world coordinate system of the ball, xc, yc, zc represents the coordinates of the
midpoint of two optical centers of the left and right cameras. In the binocular vision
system used in this paper, the two cameras are placed symmetrically, so this also
reflects the depth of binocular vision of table tennis.

3. Experiments and results analysis

The physical device used in this experiment is shown in Fig. 1. In the figure, we
define the table tennis robot "visual world coordinate system", the z axis is vertical
up, and the xy plane is the table surface. The visual system of the table tennis
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robot gives the discrete (t, x, y, z) sequence by locating the spatial position of the
table tennis in real time. In this experiment, the robot that we used is the second
generation of binocular vision based on the development of the horizontal guide table
tennis robot. Consider that the acceleration of gravity is g = 9.8m/s2, so we can
set the perturbation acceleration to be a = 0.1g. According to the results of camera
calibration, the measurement covariance Rk is usually set to the maximum error of
measurement. In this experiment, the initial value of Rk is set to 10mm, and with
the decrease of dk the value of Rk increases gradually to 40mm.

3.1. Tracking results and contrast experiments

Figure 2 shows the results of the tracking of the axial velocity in the three-
dimensional world coordinate system, where the solid line represents the output of
the filter and the circle represents the result of the velocity difference directly based
on the position information obtained by sampling.

Fig. 2. Table tennis track tracking results indicate–y-axis speed tracking

3.2. Error and correction test

As shown in Figure 3, the anti-jamming performance of the filter is an important
measure of real-time visual tracking. In this paper, we introduce a sliding window
filtering algorithm (a dashed line) with a smaller computational algorithm, which is
often used in the field of digital filtering.

The figure describes the velocity tracking curve in the case of noise interference in
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Fig. 3. Tracking results after adding noise to the measured data of z-axis

the z-axis measurement signal. As shown in the figure, a measurement noise signal
is introduced near the time of 200ms, and the measurement result deviates from
the actual trajectory. The difference velocity is expressed as a large disturbance
(as shown by a circle point in the figure). From the output data curve analysis
of the filter, the adaptive measurement of the covariance Kalman filter (solid line)
can more effectively suppress the impact of noise on the output, resulting in smaller
fluctuations, and it has a large effect on the sliding window filter algorithm output
(dotted line).

Due to image processing, light or occlusion and other reasons, it cannot measure
the accurate information of table tennis, which means that there may be data loss
situation. In this paper, we analyze and simulate the problem of data loss. Figure
4 shows the trajectory tracking results in the case of loss of trajectory measurement
data on the z-axis during table tennis. In the case where the Kalman filter in
the z-axis direction is between 150ms and 210ms and there is no measurement
signal input, the track tracking result is shown in Fig. 6. From the velocity tracking
curve (solid line in the figure), the adaptive measurement covariance Kalman filter
algorithm (solid line) has better adaptability for the loss of data, and the output
is smoother, while the sliding window filter algorithm (shown in the dotted line)
output has a greater jitter.

4. Discussion of the results

The experimental results show that the initial value of the filtering algorithm has
a great influence on the convergence speed. If the initial value is set to a fixed value
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of [0, 0]T, and set a relatively large value P of the state covariance at the same time,
the resulting tracking process will be a big fluctuation in the first 100ms and the
results of the tracking can be closed to the true value after 100ms. Therefore, in
this experiment, the actual observations are taken as the initial a priori estimates.
Since it requires the initial value of the velocity, the difference in the previous two
measurements of the position is taken as a priori estimate of the initial velocity. It is
proved that the initial value of the measured initial value or multiple measurements
is taken as the initial state estimation, so that the follow-up tracking has a better
convergence effect. The effective tracking accuracy to ensure that the table tennis
drop prediction accuracy is less than 8 cm, and they are all falling within the racket
range. At present, the table tennis robot using this method has been able to complete
more than 10 rounds of continuous hit.

Fig. 4. Analysis of data loss occurs during the z-axis tracking process

5. Conclusion

In this paper, we use the table tennis robot as the research object, and the
high-speed flight (5m/s or more) table tennis as the tracking target, to build a
self-adaptive covariance Kalman filter tracking algorithm. The experimental results
show that the algorithm has good accuracy and convergence speed, and it can be
applied to real-time image tracking and video processing. In real life, a large number
of meaningful visual information is included in the movement, such as robot walking
positioning and traffic flow detection and so on. Therefore, the real-time motion
tracking method has a wider application prospect.
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Biomechanical analysis on force plate
of aerobics shoes

Yang Yang1

Abstract. A pair of good shoes is essential to aerobics, especially a pair of professional aerobics
shoes featuring shock absorption and injury avoiding. Huakang shoes, Reebok shoes (RBK) and
gymnastics shoes are selected as experimental subjects. Experiments on force plate of shoe sole
and plantar pressure are conducted to measure mean force value, FT value, PP (Peak Pressure)
value and MF value of 12 female aerobics athletes and kinetic analysis is conducted to analyze
those data. Thus, some useful references are provided for designing aerobics shoes. Study results
show that in experiment on force plate of shoes sole, PP value and MF value of bare foot rank the
first and the values of Reebok shoes rank the second among those experimental subjects. Huakang
shoes are proved to be better than Reebok shoes in terms of reducing movement FT and pressure.
In experiment on plantar pressure, Mean force of Huakang shoes rank the first, FT value and MF
value of Reebok rank the first and PP value of bare foot rank the first among those experimental
subjects. It proves that Huakang shoes are better than Reebok shoes in terms of reducing FT of
ground on foot and reducing vibration during exercise.

Key words. Aerobics shoes, force plate, plantar pressure, biomechanics.

1. Introduction

Medically, feet are regarded as “the second heart” of human, thus both walk and
health are influence by shoes [1]. Comprehensively, production requirement of sport
shoes was the strictest one among all kinds of shoes. Modern sport shoes should not
only be durable and comfortable but also should meet requirement of different sport
events to improve performance of athletes [2]. Aerobics is a form of physical exercise
for improving health, shaping body and entertaining [3]. With the development of
competitive sports, aerobics has developed into an independent sports competition,
in which aerobics shoes is of vital importance. Professional aerobics shoes are able
to adjust feet load when landing and reduce impact force of athlete when landing,
thus sport injury is reduced indirectly.

So far, there are many studies about shoes for basketball and football, S. Zhang
et al. [4] studied influence of midsole density of basketball shoes to rebound landing

1Shenyang Normal University, Liaoning, 110034, China; E-mail: jack_yangyang@yeah.net
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of players. E.M.Hennig et al. [5] studied athletic ability display and its injury with
different soccer shoes. However,there are few studies about aerobics shoes. Even
fewer studies are focused on foot injury of aerobics athletes from plantar pressure of
frequent lower limb movements [6]. Huankang shoes, Reekbok shoes and gymnastics
shoes are selected as experimental subjects. Experiments on force plate of shoe sole
and plantar pressure are conducted to analyze characteristics of plantar pressure of
frequent technical movement. Thus, plantar pressure of different technical movement
and different shoes are studied to provide a biomechanical reference for designing
and producing aerobics shoes.

2. Experimental subjects and method

2.1. Experimental subjects

Three kinds of shoes were selected as experimental subjects, among which two
of them were domestic brands for producing professional aerobics shoes – Huakang
specific-aerobics shoes for competition and Reebok specific-aerobics shoes for com-
petition (Hereinafter referred to as Huakang shoes and Reebok shoes respectively).
The other shoes were gymnastics shoes that used to simulated barefoot state and
its thickness of shoe sole was around 0.1 cm. Specific style of shoes was shown in
Fig. 1.

Fig. 1. Shoes for experiment

2.2. Experimental method

1) Experiment on force plate of shoe sole
Twelve females in good health and with normal feet morphologic function and

similar competitiveness were selected from professional aerobics team of the Physical
Culture Institute. After technical training and preliminary experiment, movements
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of those 12 athletes were stable. Thus, the measured data exhibited a high reliabil-
ity. Those 12 athletes were divided into 3 groups with 4 people in each group. Emed
measuring system was applied to measure indexes of plantar such as Mean force, PP,
FT and MF (The maximum ground reactive force) when athletes in the three groups
were walking on emed force plate wearing Huakang shoes, Reebok shoes and gym-
nastics shoes, respectively. Before formal experiment, preliminary experiment was
conducted. In processing data, standard five-area partition was selected. Detailed
standard five-area partition is shown in Fig. 2.

Fig. 2. Plantar-area partitioning

(2) Experiment on plantar pressure
Athletes in three groups wearing Huakang shoes, Reebok shoes and gymnastics

shoes those with insole of force plate were required to complete specific aerobics
lower limb movements in the set time, including knee lift jump, jumping jack and
skip jump. Plantar pressure testing system of insole was used to record partial
related mechanical parameter, such as Mean force value, PP value, MF value and
FT value. Before formal experiment, preliminary experiment was conducted. All
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data were analyzed by software “novel database essential”. Besides, EXCEL 2003
and SPSS 12.0 statistical software were used for multivariate statistical analysis and
statistical test.

3. Experimental results and analysis

3.1. Results and analysis of experiment on force plate of
shoe sole

Four indexes of feet were tested with force plated and the results showed that
there were no significant differences for the four indexes of feet. Thus, right foot
data of those athletes in the three groups were selected from experiment results
and analysis for further analysis. Kinetic parameter of different shoes and barefoot
was tested and those data were compared in pairs, and specific results are shown in
Table 1 and Table 2. It was shown in Table 1 that performance of Huakang shoes was
better than that of Reebok shoes in terms of reducing movement FT and pressure.
It was showed in Table 2 that there was a significant difference for Mean Force value
of Reebok shoes and barefoot and of Huakang shoes and barefoot. However, there
was no significant difference for kinetic parameter of three different kinds of shoes
in terms of the other three indexes.

Table 1. Results analysis of kinetic parameter of walking with different kinds of shoes (x± s)

Shoes Mean Force (N) FT (N) PP (N/cm2) MF (N)

Huakang 76.89±14.33 51.90±10.29 309.18±43.21 199.45±21.76

Reebok 80.27±13.63 60.61±19.28 313.54±32.29 258.33±73.61

Barefoot 112.38±23.65 73.63±15.17 501.32±187.25 282.67±37.90

Table 2. Difference comparison for kinetic parameters of walking with different kinds of shoes

Shoes Mean Force (N) FT (N) PP (N/cm2) MF (N)

Huakang & Reebok 0.894 0.557 1.002 0.198

Reebok & Barefoot 0.012 0.442 0.114 0.811

Barefoot & Huakang 0.005 0.087 0.112 0.059

On “shoes-ground” surface, there was no significant difference for Mean Force
and MF value of athletes in three groups wearing Huakang shoes and Reebok shoes
and those values were lower than that of barefoot. It indicated that resultant force
of ground cannot be changed by these two types of shoes, but Mean Force value
and MF value can be lowered to a certain degree by using difference materials and
structure to adjust component forces of plantar and material structure of shoes. In
this case, Huakang shoes were better than Reebok shoes. Thus, it can be inferred
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that there were no significant difference for active force on the ground of athletes
in the three groups wearing those two kinds of shoes. Specifically, Huakang shoes
can lower the maximum plantar pressure more than the Reebok shoes did. Thus,
Huakang shoes were better than Reebok shoes in terms of reducing movement FT
and pressure.

3.2. Results and analysis of experiment on plantar pressure

German insole plantar pressure measuring system was used for recording and
difference comparing related mechanical parameters of partial plantar areas when
experimental subjects were doing specific aerobics movements wearing different kinds
of shoes and barefoot, and the results are shown in Table 3, Table 4 and Table 5,
respectively. Data of those three tables show that for those three kinds of shoes,
there were some differences but not significant among them for the four indexes. It
can be inferred that Huakang shoes were better than Reebok shoes in reducing FT
of the fore sole of feet, protecting feet and absorbing shock.

Table 3. Results analysis of jumping jack in different kinds of shoes (x± s)

Shoes Mean Force (N) FT (N) PP (N/cm2) MF (N)

Huakang 148.09±42.78 207.48±88.53 418.79±83.47 352.36±102.69

Reebok 135.12±19.89 378.74±46.21 414.30±120.43 370.53±103.22

Barefoot 135.03±43.33 160.84±74.32 467.90±98.48 362.42±73.82

Table 4. Results analysis of knee lift jump (x± s)

Shoes Mean Force (N) FT (N) PP (N/cm2) MF (N)

Huakang 145.53±46.18 156.37±198.45 374.97±94.03 328.54±132.88

Reebok 133.28±56.90 408.21±189.56 408.79±118.64 358.39±125.34

Barefoot 135.36±53.65 127.67±135.89 423.44±121.78 328.78±138.96

Table 5. Results analysis of skip jump (x± s)

Shoes Mean Force (N) FT (N) PP (N/cm2) MF (N)

Huakang 151.53±56.09 435.61±134.37 401.53±150.02 263.34±132.74

Reebok 125.84±53.22 445.72±169.58 352.54±147.23 312.36±143.12

Barefoot 112.70±39.17 346.73±167.46 423.29±154.52 301.56±153.78

Research showed that plantar contacting area and pressure intensity of plantar
areas were increasing with the increasing velocity of movement, thus, ground reactive
force of plantar were increasing [7]. In jumping movement of aerobics, the fore sole
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of feet played an important part in bearing. Two kinds of sports shoes studied were
able be absorb shock of plantar to a different degree and reduce ground impact force
for feet. Shock absorption principle was different, but generally, it was made up of
shock absorption material and shock absorption structure. Mainly, the frequently
used material of shock absorption for aerobics shoes is EVA material. With EVA
material shoe sole, Huakang shoes are able to reduce body shock and absorb and
reduce reactive force in order to protect feet.

4. Conclusion

Below two conclusions were drawn through experiment on force plate of shoe sole
and on plantar pressure:

(1) Huakang shoes are better than Reebok shoes in terms of reducing movement
FT and pressure.

(2) Experiments on plantar pressure shows that Huakang shoes are better than
Reebok shoes in terms of reducing FT of the fore sole of feet and protecting feet.

These two experiments showed that high springback material is recommended
for shoe sole of aerobics shoes because it can improve shock absorption performance.
And shock absorption performance of material of the fore sole of feet should be
improved when designing professional aerobics shoes.
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Research and application of volleyball
target tracking algorithm based on surf

corner detection

Guowei Yuan1

Abstract. Real-time target tracking is a popular application in the field of computer vision,
and it is also a topic of practical significance. As the requirements of tracking speed and precision
in modern society are more and more high, corner point has the advantage in improving tracking
precision as the key feature of image. SURF corner detection algorithm is extensible, suitable for
combination with other target tracking algorithms, and it can be combined with motion detection
and other tracking algorithms to improve the speed. In this paper, the SURF corners detection
algorithm and target tracking algorithm are studied, and an improved method of combining the
SURF corner detection with the Kalman filter is proposed. The Kalman filter prediction and
updating algorithm is used to rapidly update the region of interest.

Key words. Target tracking, SURF corner detection, Kalman filter, tracking speed.

1. Introduction

In recent years, with the rapid development of surveillance system, the application
of real-time position tracking of monitoring image gets more and more widely used
in many areas, quantity demand also gets bigger and bigger, and the accuracy of the
tracking system is getting higher and higher. However, due to the real-time tracking
requirements, many tracking algorithms have to reduce the accuracy requirements,
it can easily lead to tracking failure [1]. The tracking will be seriously disturbed
when the tracking target is close to the target environment [2]. The corner is an
important local feature of the image, also known as the feature points, the video
sequences can be detected and matched. Although there is no definite mathematical
definition of corners so far, corner points are usually defined as points that can
contain enough information of the image, which focuses on the important shape and
edge information [3]. By using the rotation invariant feature of corner point and the
insensitive to light and the advantages of very few pixels, this method is applied to
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target tracking by optimizing the speed of corner detection.
In this study, the tracking algorithm based on corner detection is applied to

the volleyball test in order to track the movement of volleyball and calculate the
distance. Through this study, the human error in the process of volleyball testing is
solved, and the test results are more reliable.

2. SURF algorithm

2.1. SURF corner detection algorithm

There are different sizes of objects in the image. If an attempt is made to use fixed
dimensions to match the same corner feature in different frames, such as the Harris
operator, the strength response template will not match due to the scale change.
The principle and process of SURF corner detection algorithm are described in the
following.

Firstly, according to the definition of SURF corner, the algorithm uses the Hessian
matrix [4] to describe the corner of the image, which is used to represent the local
curvature of a pixel, that is, to find the corresponding pixel level and the vertical
direction of the second-order partial derivative. It is shown in equation

H (I (x, y)) =

[
∂2I
∂x2

∂2I
∂x∂y

∂2I
∂x∂y

∂2I
∂y2

]
. (1)

In the equation, I(x, y) is the pixel point in the image whose coordinates are
(x, y).

According to the specificity of SURF angular scale independence, Hessian matrix
needs to introduce scale variable. The so-called scale is the definition of clarity,
the larger the scale, the more blurred the image, on the contrary, the smaller the
scale, the clearer the image. In the field of image processing, Gaussian filtering can
be used to simulate the scale. Let σ be the standard deviation of the Gaussian
function, which implicitly defines the scale of the image. The filter with larger σ
value smooths the details of the image. The larger the image scale, the more blurred
the image. The Gaussian filtering equation is shown in (2).

G (x, y) =
1

2πσ2
e−

(x−m
2 )

2
+(y−n

2 )
2

2σ2 . (2)

In the equation, x, y are the coordinates of the corresponding position on the
template and m,n define the Gaussian template size that is expressed as m · n.

2.2. Optimization of SURF corner description

According to the study of corner detection algorithm in this study, the following
description of SURF corner points is studied and optimized [5]. Firstly, the process
of SURF corner description is described briefly. At last, the optimization scheme is
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given.
(1) Determine the corner orientation:
Using the detected corner features, the principal directions of these corner points

are determined, that is, the direction of the region with the largest gray-scale vari-
ation is described.

The method can be simply described as the center of the corner to calculate
the radius of 6σ (σ being the corresponding scale value of the corner) within the
neighborhood of pixels in the x, y directions of the Hall wavelet response. The so-
called Hall wavelet response reflects the gray-scale image changes, here used Hall
wavelet template side length is 4, respectively, 4×4 neighborhoods in x, y direction
of gray-scale changes. Then, in the range of 360 degrees, every 60 degrees to do a
Harvard wavelet response vector addition operation. And finally, select the direction
of the longest vector as the main direction of the corner. That is, the main direction
describes the direction of the most dramatic changes in gray, as shown in Fig. 1.

Fig. 1. Schematic diagram of main direction determination method

(2) Rotation corner neighborhood
After determining the main direction, we need to construct the descriptor of the

main direction of the corner point. The method is to center the corner point, take
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the square with a side length of 20σ as the neighborhood, and rotate with its main
direction as the rotation angle.

2.3. Target tracking algorithm

(1) Kalman filter
Kalman filter is the most typical representative of the predictor, the so-called

predictor refers to the completion of the target motion prediction method, which
can accurately predict the next frame of the target state of motion. Kalman filter
test phase to consider three kinds of movement [6].

(2) Optimized tracking algorithm
Based on the optimization of the SURF corner detection algorithm and the mo-

tion prediction function of the Kalman filter, a tracking algorithm combining the
improved SURF corner detection and the Kalman filter is proposed. The Kalman
filter is used to predict the center position and velocity of the target, and return
to the possible region of interest, that is, the region of interest. The SURF corner
detection is performed in the reduced area and the matching tracking is completed.

• The xk Kalman prediction system with target state vector A is established,
and the predicted position of the target can be predicted by Kalman filter. it
is given by the equation (3).

xk =


x
y
vx
vy

 . (3)

where x is the pixel abscissa of the target center in the image and y is the
pixel ordinate of the center of the target in the image. Symbol vx denotes the
moving speed of the target center point in the x-axis direction of the image
coordinates and vy stsnds for the movement speed of the target center point
in the y-axis direction of the image coordinates.

• The observation vector zk of the moving object is determined, as shown in the
equation (4).

zk =

[
zx
zy

]
. (4)

In this equation, (zxzy) is the observed center of coordinates of the moving
object.

3. Design of target tracking

3.1. Target detection design

(1) SURF corner detection
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According to the study and analysis of SURF corner detection algorithm, the
general steps of its implementation are shown in Fig. 2.

Fig. 2. SURF corner detection algorithm flow chart

(2) SURF corner description
Although the corner description process is encapsulated in the same function as

corner detection, however, due to the complexity of the implementation of the corner
description, the flow is described separately here. It is shown in Fig. 3.

3.2. Target prediction tracking design

(1) Target prediction
According to the optimized tracking algorithm, the realization of motion pre-
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diction is the realization of Kalman filter. The realization of the specific process
is shown in Fig. 4. The implementation of the prediction update of the region of
interest is described in detail below.

Fig. 3. Corner description implementation flow diagram

• When the tracking is started, the region of interest of the initial two consecutive
frames is set to the whole tracking window. After detecting the matching to
the target, the Kalman filter is initialized with its center position and velocity
and the region of interest is updated.

• When there is no match to the corresponding target, the entire tracking window
is set again as the region of interest and the variable representing the number
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of frames is reset to zero. According to the analysis of the Kalman filter, it
is necessary to set the transfer matrix F and gain matrix H, and transfer the
process noise covariance matrix Q and observation process noise covariance
matrix R. Matrices F and H are set as shown in equation (5).

Q =


0.01
0
0
0

0
0.01
0
0

0
0

0.01
0

0
0
0

0.01

 , R =

[
0.0001 0

0 0.0001

]
. (5)

(2) Target measurement output
In the output part of the results, the system must ensure that tracking and output

results are provided at the same time, that is, real-time output, which requires a
refresh function, refresh once per second.

4. Results and discussion

After the optimization, the speed of 512×512 Lena RGB image is described, and
the test result is shown in Fig. 4.

Fig. 4. Comparison of line charts of the corner description time after the
optimization

It can be seen from Fig. 5 that the optimized algorithm consumes only 50% of the
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time described in the original algorithm. The speed has been significantly improved.
Since the dimension of the corner vector is smaller after optimization, it will also
improve the speed in tracking and matching process. In this paper, two identical
512×512 Lena RGB images are tested for matching speed. The matching method is
based on the widely used Euclidean distance matching method.

Fig. 5. Comparison of line charts of corner optimization

It can be seen from Fig. 5 that the optimized description algorithm significantly
improves the speed of operations. The time in the Fig. 5 means the time required
for the corner point to complete the description. It is the time taken to describe
the corner points of the volleyball image shown in Fig. 5 after setting the different
thresholds for corner detection. The time used is only 33% of the original algorithm.

5. Conclusion

In this paper, based on the research of SURF corner detection algorithm, we
proposed a real-time target tracking method which combines the optimized SURF
corner detection algorithm and Kalman filter. The improved corner detection algo-
rithm is applied to the volleyball test and tracking system, and the tracking effect
of the system is tested by using the volleyball. It is verified that the algorithm can
track the real-time moving object accurately.
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Design and research of smart boxing
trainer based in physical education

practice on the sensor

Zhengmao Li1

Abstract. Since the 20th century, boxing has developed rapidly and become popular among
people. According to techniques and tactics and training requirements of all kinds of boxing, a
smart boxing trainer based on the sensor is designed in the study. The system of the designed smart
boxing adopts STC12C5A60S2 processing chip in hardware, including signal collection, deviation
compensation, voice announcement and other modules. In terms of software, Keil µVision2 is
used to realize the initialization driver to hardware modules, helping collect power signals and
eliminate interference and set the time and voice modules. BSDSOI S SD voice chip is combined
with Interphonic 5.0 to broadcast results of the training. Finally, the system is tested, the deviation
source is analyzed and the deviation is compensated. The experiment shows the training method
is effective, that the system is viable, and that the system can be used by coaches to make more
targeted training plan for trainees.

Key words. Sensor, boxing training, boxing training, trainer, system calibration.

1. Introduction

Boxing is a valuable event, which can improve the coordination of human body
and stabilize the respiratory system [1]. So in order to meet the requirements of
training, training devices designed for boxing emerge. In China, training devices are
relatively backward, which mainly includes hand target, training bag and simulated
target as a result of outdated technology and knowledge. The training devices are too
outdated, dull and stereotyped to systematically acquire training data [2]. Therefore,
it is difficult for coaches to make horizontal and vertical comparison for trainers,
which may affect their improvement. A new type of equipment, which works in
collecting data and integrating teaching, training and testing, seems to be very
important.

In box training, physical training device are interesting and scientific. At present,
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many types of training devices have produced in China, which can only record one
punching position [3–4]. Training devices produced abroad have many positions
and complete functions. But these devices are costly, so they cannot be generally
used in China [5]. For example, linear displacement sensor of the taekwondo trainer
manufactured in South Korea displays in spite of slow force, so the design of the
device has weakness in measurement. The cost of the trainer itself is so high that it
cannot be used widely in China [6]. Based on the above conditions, the simulated
training target of the smart boxing trainer is designed according to techniques and
tactics and training requirements. Computer technology is embedded in the device
to control it, realizing the digitization of boxing punching information. Sensing
technology is also used to exactly measure punching points and momentum and
other key moving parameters. Hence, an intelligent man-machine training is realized,
which makes it possible for coaches to make better plans for the trainees.

2. Hardware design of the smart boxing trainer

2.1. Realization of simulated system

Basic equipment used in the design is the primitive pile trainer currently existing
in the market. And meanwhile, kennel processing control chip is also implanted in
the trainer by electronic technology. Hardware function structure of the system is
shown in Fig. 1. The flow chart of specific modules is shown in Fig. 2.

Fig. 1. Hardware function structure of the system

In the designed system, pressure transducer is voltage sensor. Signal acquisition
and converter of the system are very important. The pressure sensor can convert
power signals of boxing trainees into voltage signals. And these tiny voltage signals
are converted into sample signals of A/D converter after amplification and wave
filtering. At last, A/D converter converts these simulated voltage signals into digital
signals again and send to microprocessor for processing. TH4805 pedal force sensor
in the design is adopted as signal acquisition unit.

TH4805 sensor works in a strain mode, and its working principle is shown in
Fig. 3.
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Fig. 2. Flow chart of modules data acquisition part

2.2. Realization of digital system

In designing the power module, voltage regulator in the system is LM317, en-
larging the input range of supply voltage. In order to enhance the stability of circuit
voltage, TL431L regulator chip is used in the system. 479µF capacitor and 104
filter capacitor are also used in the input part of the power module so as to reduce
interference. Serial communication circuits are added to the power module. Level
conversion chip of MAX232 is embedded in the system in the way of RS232 bus.
As for voice module, audio playback module BSD5015 SD is used. Therefore, a
LM317IC chip converted by a 3.3V voltage is employed. In terms of MCU pro-
cessing module, processor chip STC12C5A60S2 is used, which has high speed, lower
power consumption and strong ability of anti-interference. STC12C5A60S2 is the
main control part of data collection. 8/10 bit resolution through chip integration
makes analo-to-digital conversion for dynamic analog signals and sends the collected
data to the control memory.

3. Software implementation of the smart boxing trainer

3.1. Power signal acquisition and interference elimination

In the process of power signal acquisition, three threshold values are set as system
evaluation limits, whose determination system adopts the training quantification
standard of national boxing player. The power signal is amplified 10 times, the
acquired signal is sent to MCU, whose voltage signal ranges from 0 to 5V. As 8 bit
binary A/D conversion is applied in the system, the signal precision is 1/(28 − 1).
When the binary is x after receiving A/D conversion, the corresponding voltage
signal value is 5x/(28 − 1) and power signal value is about 5x/(28 − 1)× 1000/5N.
In the implementation of the program, three graders are set, standing for the grade
limit of three voltage signals, namely, 0x30, 0x80and 0xCC, and their corresponding
power signals are about 20 kg, 50 kg and 80 kg. The detailed data acquisition flow is
shown in Fig. 4.
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Fig. 3. Working principle of TH4805 sensor

Fig. 4. Process of force data acquisition

When the trainee punches the target, it can be seen from the oscilloscope display:
there is a nearly 10ms interval from the beginning of the wave form to the maximum
value. But the the precision the system requires is detecting 4 boxing data in a
second (the time to do a boxing is 250ms or so), so it takes just 200ms to know the
maximum value of voltage change. The system may be affected by glitch signal in
acquiring signals, so the time for AD conversion is set 5.5µs. And 100 conversions
takes about 600µs. The average value of 100 voltage values is taken as a signal
acquisition point. It takes 200ms to acquire 300 average values. By sequencing
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these averages, the maximum value is clear so that interference in signal acquisition
can be decreased.

3.2. Setting of time and voice system

It is concluded and found from the researches and experiments: in high state of
rapid boxing, the high-quality boxing of common training people is mainly in the
preceding 50 times. Therefore, in designing the system, 10 s is set as the round time
to evaluate the performance of users. Timer 0 working mode of MCU is applied in
designing the program. The crystal oscillator of MCU is 12MHz, and its mechanical
period is 50ms, hence, the time of 200 exactly corresponds to 10 seconds. Meanwhile,
voice announcement module is added in the system to report the training results
of trainees. BSD5015 SD card audio playback module used in the design combines
Interphonic 5 speech synthesis system made by Iflytek.

4. System detection of the smart boxing trainer

4.1. System calibration

The designed system in the study is calibrated statically and dynamically. The
process of static calibration is: within the 1000N measurement, as the amplified
sensor signal is converted to 0–5V voltage signal by AD, the correspondent pressure
of each 1V voltage signal is 200N or so. In addition, the calibration also includes
voltage detection by the potentiometer, which directly chooses the output voltage
(5V) of the chip. When it is rotated to the maximum, PI.0 port voltage of 60S2
is 4.99V and meanwhile the power of voice announce is 996N. The specific static
calibration results are shown in Table 1.

Table 1. Static calibration

Standard pressure (kN)

Voltage (V) 0 c c c c c

Stroke (1) (2) (3) (4) (5) (6)

Forward stroke (1) 0.000 1.002 2.006 3.008 4.006 5.007

Reverse stroke (1) 0.001 1.004 2.007 3.009 4.004

Forward stroke (2) –0.003 1.005 2.010 3.003 4.007 5.003

Reverse stroke (2) –0.004 0.998 2.005 3.006 4.009

Forward stroke (3) –0.002 1.007 2.009 3.011 4.012 5.012

Reverse stroke (3) 0.003 1.007 2.008 3.007 4.005

Average value –0.0012 1.004 2.007 3.007 4.007 5.008

Besides, when dynamic measurement calibration is carried on, as the human
target face is installed with cushion and spring device, the deviation is higher than
that of the static calibration. The whole dynamic measurement calibration work
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is done according to law of conservation of momentum, and the specific method is:
swing balls are placed in the same height. They are free to fall successively. The
force of punching area of human target and impact force induction balance after
these balls fall is collected. By comparing several experiments, it can be found
that the force collected dynamically is by 30–40N smaller than that of the standard
strength under rigidity. Different trainees are in different states, the training target
had better be more flexible. Under this circumstance, some deviations in dynamic
state can be ignored compared with the overall effect of the system.

4.2. Deviation compensation

The sensor in the system is relatively sensitive. In real-time detection, the system
automatically enters to the working statement in power-on condition and produces
deviation of measurement data because the sensor is embedded inside the human
target and creates mechanical pressure in fixing with the target. In order to solve
the above problems, the dial switch is connected in the system to set lower threshold
value under detection. The dial switch with 8 bit binary can be set to 255 to the
maximum. After debugging, the compensation of 0x10 is made in the system. It is
about 60N, namely, FR (R means real value) = FA (A means acquisition) – FC (C
means compensation).

5. Conclusion

After investigating the current situation and needs of boxing market at home
and abroad, the creation of the study and viability are approved, which means
modern electronic technology and boxing training are combined in an effective way of
designing a smart boxing trainer based on the sensor. Hardware circuit module plan
as well as hardware circuit controlling works of each module (acquisition module,
power module and voice module) are designed, thus making it possible to acquire
signal, eliminate interference and set time and voice module. In the latter stage of
circuit debugging, the system is calibrated statically and dynamically, which verifies
the viability of the system.
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Research on energy-saving
management and control of stadiums

& gymnasiums based on Android SHD

Lijing Cao1

Abstract. As people pay more attention to sports, the degree of participation is getting
higher and higher, the large and comprehensive gymnasiums are sprung up everywhere in the
country. Different from the small gymnasium, modern large-scale gym is more powerful, and the
control ability is more intelligent and humane, but there are still some inadequate. For example,
the control is too centralized and regardless of flexibility. Based on this, this study proposed the
use of Android SHD (smart handheld device) as a mobile terminal to match with the server work,
so as to further improve the system functions. This study is based on the bus of the gym intelligent
lighting control system, combined with wireless technology, to establish handheld devices and server
communications, to achieve the indirect control of the gym lighting equipment through the two
instruction interaction. The main work of this study is to select the communication protocol,
establish communication, collect the command set and design Android SHD interface and so on.
Through this study, we achieve the communication between client and server, and also set a more
detailed and comprehensive function for client system, and then improve the original gymnasium
intelligent lighting control system functions through Android SHD with the work of the server. The
energy-saving management has a great practical significance.

Key words. Android, SHD, gymnasium, low frequency, energy-saving management.

1. Introduction

As people pay more attention to sports, the degree of participation is getting
higher and higher, the large and comprehensive gymnasiums are sprung up every-
where in the country. Different from the small gymnasium, modern large-scale gym
is more powerful, and the control ability is more intelligent and humane. It not
only provides basic sports venues for sports activities, but also can host conferences,
cultural activities and exhibitions, greatly improve the comprehensive utilization
of the stadium and economic usefulness. Meanwhile, it offers a more comfortable
and modern place for people. Lighting, as an important manifestation of stadium
function, is an important part of the stadium design [1]. At the same time, when
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broadcasting the event, it is asked to show clear and comprehensive pictures for the
television audience. And in order to achieve the above requirements, the stadium
lighting should be ensured appropriate in vertical and uniform illumination, and the
color, temperature, color rendering index, three-dimensional all need to achieve the
standard parameter [2].

The gymnasium electric energy saving control system of this research is based on
the CAN bus technology, to establish the entire communication used for gymnasium
lighting, take the embedded web server as the entire intelligent lighting system con-
trol center. The user can achieve a variety of gymnasium lighting control through
the image of the page in the developed server [3].

This study aims at the lack of intelligent lighting control system in modern gym-
nasium. This study puts forward the idea of central controller through the co-
operation of mobile terminal. As Android development platform has a wealth of
hardware options and a strong software framework support, so Android SHD has a
wide application. Therefore, this study selects Android SHD as a mobile terminal,
with the central controller to work, so as to further improve the gym energy control
management research.

2. Basic communication experiment

2.1. The research of Android-based application

Before the establishment of the client and server communication, we need to
build Android development platform, it includes JJDK, SDK, eclipse plug-in, and
ADT plug-in. After successfully installing the above tools, you can use the AVD to
develop Android application. First, we need to start Eclipse and select "File" item,
then select "New", and then select "Android Application Project".

Before the establishment of the client and server communication, we need to
build Android development platform, it includes JJDK, SDK, eclipse plug-in, and
ADT plug-in. After successfully installing the above tools, you can use the AVD to
develop Android application. First, we need to start Eclipse and select "File" item,
then select "New", and then select "Android Application Project".

We need to respectively type the appropriate name on Application name, Project
Name, and Package. Usually, it should be noted that Application Name and Project
Name use capital letters, Package Name use lowercase letters, and the choose of
SDK version according to objective conditions and practical needs Select, when we
select "Finish", then a new project was born [4].

After the successful creation of Android AVD, we can test program in Android
AVD, this study only created a simple TextView, Button control, and separately set
their value: Hollow World, Hollow Android Activity and Hollow Android. When
debugging, we select “Run” option in the menu at the top of the Eclipse main in-
terface, in turn select "Run As", "Android Application" option. The first time it
needs a long time when you start the simulator, and wait a while before the program
operates successfully.
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2.2. Single thread Socket communication

Single thread Socket communication is client software development. Through the
learning for TCP protocol and Socket communication programming, we can achieve
the basic communication and simulation between client and server programmed on
the Android platform, which means the communication between mobile phone and
computer-side. As the program needs to be networked, so the network privilege
of system must have done before network permissions, otherwise the system will
be error, so in the initial of program creation, we need to add code in Android
Manifest.xml file to support the normal network access.

2.3. Multithread Socket communication

The use of multi-threaded Socket programming: there is a problem for single-
threaded Socket Programming. We need to deal with the accept operation and data
writhing and reading after the establishment of Socket with different threads [5]. A
single thread also can deal with this problem. For the connection request of each
client, after the production of Socket, the server will generate a single thread to
preserve the Socket and communicate with customer, so as to improve the efficiency
of the program to customers. After the end of a client communication, Socket will
exit, and the thread also will withdraw [6]. It also can make a further development
on reading and writing thread, so that read and write operations can be processed
in parallel; client processing is similar.

3. System design

3.1. Layout of system summary

Based on the CAN bus control of gym intelligent lighting system, this study
aims to improve the macro-function of gym intelligent lighting system through the
implementation of Android SHD and server communications.

From the structure of the system, we can see that the system adopts the client/
server structure, and has a good human-computer interaction performance. As the
only server in system, the central controller server is the data aggregation in the
entire system, and it is responsible for information collection and storage of lighting
equipment. As a client, Android SHD can provide a good user interface so that users
can control the gym lighting system flexibly through Andrews SHD.

3.2. Interfacial design of Android client

(1) User login interface
The identity of software user is divided according to the different needs for differ-

ent groups in the intelligent lighting control system, the software users are divided
into control and management personnel, maintenance personnel and ordinary audi-
ence. The user name and password of audience is empty, so we can login directly.
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When the user logs in, the client will pass the user name and password to the server
through Socket communication, and then the server will encrypt the data and store
it in server within an existing user name through MD5 hash operation after receiving
the data [7–8]. Different users select different options to log in different control sys-
tems, and they have different functional privileges. The related registration process
as shown in Fig. 1.

Fig. 1. Login authentication flow chart

The drop-down list shows the option entry for user’s type in Login processing.
When you click this option, it will pop-up four options like control personnel, main-
tenance personnel, professionals and system administrator.

(2) Control interface design for control personnel
According to the diversity of the function of large-scale gymnasium, the login

main interface of system control personnel is divided into emergency lighting control,
weather query and scenario mode selection. The flow chart shown in Fig. 2.

(3) Control interface design of maintenance personnel
Because the maintenance staff is only responsible for the maintenance of venues

lighting equipment, so the system only set two simple scene mode such as the lamp
full open and all closed mode, while providing the query of lamp life in order to
simplify the maintenance work. In specific maintenance, the maintenance personnel
firstly select the specific venue number, and click on the specific lighting options,
then we can see the lamp life.

(4) User interface design for expert
Expert users can query the working smart relay combination for specific scenario

and set connection with client server through the Socket communication. The client
will show the display information through the List View platform. The using method
is mentioned in the above, so here is not go into details. At the same time, the
expert user can edit the profile, and pass the modified information to the server,
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Fig. 2. Control module flow chart

then coverage the server-side data, so as to achieve the purpose of modification.
Expert user clicks on the audience mode, and the server diary record the client’s
request, the flow chart as shown in Fig. 3.

Fig. 3. Flow chart of scene editor

(5) System administrator interface design
If the user information does not exist, you need to apply a new number for

the administrator. After passing application, the administrator user login system
through the system management staff number, and fill in user type, user name,
password and other information in the new user page. The server information file
is updated after the success of new user added, and the flow chart of new user is
shown in Fig. 4.
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Fig. 4. Add user flow chart

4. Conclusion

In this paper, through the establishment of single-threaded client and server basic
communication, we explore the multi-thread client and service-oriented basic com-
munication technology. Through the overall framework of the system and functional
analysis, we set command set of client and server according to its function. The
system users are divided into control management, maintenance personnel, profes-
sionals and system management staff. Developing the software in the platform, we
can achieve the control for most of lighting on the platform, and the simple and
intuitive interface design brings some good feelings for user to experience the appli-
cation. Based on the gym power energy management of Android SHD, management
control for the stadium will be more centralized and efficient.
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Study on binocular stereoscopic vision
of Hawk-eye for tennis based on
three-dimensional positioning

Cheng Yang1,2, Li Guo1

Abstract. In the game of tennis, there always are some misjudgments or unfair penalties to
players. However, “hawk-eye” system, which is brought in, can significantly help referees to make
more reasonable penalties, and ensure the matches with justice and equity. A further processing
is made to receive the tennis positional data with analyzing the image-forming principle of “hawk-
eye” binocular stereoscopic vision, capturing the motion trail of the ball and transmitting to PC
end by using wireless sensing. From the perspective of three-dimensional positioning algorithm,
non-range-based positioning algorithm is firstly studied to come up with a three-moving beacon
positioning algorithm, which is applied to two dimension; directing at three-dimensional space,
this algorithm combined with hierarchy coordinated put forward multi-movable beacon hierarchy
positioning algorithm: from the perspective of image reconstruction of binocular stereoscopic vision,
camera calibration algorithm is studied and a further improvement is put forward. According to a
large number of experiments, the proposed positioning algorithm has a higher accuracy. A smaller
data size can reduce equipment the consumption. At the same time, the improved method imaging
standardization makes a further improvement on acquiring image accuracy.

Key words.
Binocular vision, three-moving beacon positioning, multi-movable beacon hierarchy positioning,

camera calibration.

1. Introduction

After a century of development, tennis [1] has become a commercial sport. Tennis
players need to gain critical scores as much as possible and make sure they can win
victory. However, in some critical balls, the referee may make some controversial
penalties. What’s more, the spectators would be disappointed by the matches with
more unfair penalties. From the perspective of developing tennis and maintaining
athletes’ rights and interests, it is important to bring “hawk-eye” [2] system into
tennis, which can identify the location precisely.
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Actually, “hawk-eye” system is an immediate playback system [3]. First, it makes
a millimeter partition to the place’s three-dimensional space in virtue of PC; then
using camera captures the basic data of tennis movement trail from different angles;
these data are received by computers to process three-dimensional images; lastly,
the images are transmitted to the screen, which can be on the live television. The
whole process only takes several seconds.

2. Literature review

As pattern of computer vision, binocular stereoscopic vision [4] can use camera
to acquire two located images from different positions. Positioning vanishing point
of imaging matching corresponded with computer also can be called anaglyph. From
that, the three-dimensional information can be acquired.

Geometric model of camera imaging [5] needs to take intrinsic parameter (cor-
responding parameter of geometrical characteristic and optical characteristic) and
external parameter into consideration. camera standardization [6], and data needs
to be collected to acquire the imaging, but the location [7] is the most important
step. Data is transmitted to PC end by camera with wireless network. Research
on wireless network is always a hot topic, and its related algorithm can be classified
into two ones: ranging and non-ranging algorithms. Based on RSS [8] is the most
typical algorithm in ranging algorithms. This algorithm can get the node position
through the relationship between distance and signal intensity; DV-HOP [9] is one
of non-ranging algorithms, which estimates the distance among nodes by using the
relationship between cop count and distance.

This paper studies the camera standardization algorithms, and we consider that
camera bracket can be adjusted, the semi-auto camera standardization is proposed
based on checkerboard plane template. Compared with conventional imaging algo-
rithms, the accuracy of acquiring imaging get further improved. From the viewpoint
of 3D, the DV-HOP algorithm is studied and combined with mobile beacon, and a
new improved algorithms is proposed.

3. Research methods

3.1. Binocular vision image-forming theory and epipolar
geometry

Generally speaking, two cameras are used in binocular vision. As shown in Fig. 1,
points C1, C2 are respectively the optical centers of the cameras. Point T is the focal
point of camera light. Points (V 1,W1) and (V 2,W2) are the light transmitting
nodes R1 and R2 projected by T on the camera. Points Q1, Q2 are the intersections
of the vertical direction corresponding to the camera optical center to surface. At
the same time, points (V 1,W1) and (V 2,W2) can also be expressed as the same
object T space, namely "conjugate point". Points C1 and C2 are connected by
points R1 and R2, namely R1C1 and R2C2 projection lines. They are respectively
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extended to point T , which can be represented as coordinates (x, y, Z)

Fig. 1. The Theory of Binocular Stereo Vision

Binocular stereo vision has two structural models: one is that two cameras’
optical axis are in a parallel position, which can make the imaging plane formed in
the P plane. And if signature is made to camera’s photo center, the corresponding
baseline is also parallel to the P plane. Optical axis in the plane is perpendicular
to the baseline; another is that two cameras are put in a mobile position, but the
binocular stereo vision still has some common rules that are unrelated to the cameras’
positioning place.

From Fig. 2, it is seen that the left coordinate system of the camera consists of
Q1A1B1C1, and right system is composed of Q2A2B2C2. Symbol G in the three-
dimensional space corresponds to projection starting point < g1, g2 > in the delin-
eation plane of the two cameras. And the two points are extended and intersected
at point G in space. A further assumption is put forward. Points Q1 and Q2 are
very close to their corresponding position. Therefore, Q1 and Q2 can be regarded
as corresponding photo center nodes. Points C1 and C2 have a consistent direction
vector with relative space of camera optical axis; G1 and Gr, respectively, repre-
sent the coordinates that intersect with G; a rigid body transformation defined by
a translation direction vector T c and the orthogonal rotation matrix EC represent
the geometrical relationship between G1 and Gr, which is expressed as follows:

Tc = Q1 −Q2 (1)
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Gr = EC(G1 − Tc) (2)

Fig. 2. Epipolar Geometry

Projection point < g1, g2 > of two cameras is in e′f ′d′s′ plane with space inter-
section point, which is also called pole plane. The rest points of the space are in
another plane with two projection points as well. At the same time, all the pole
planes are collinear, which is called base line. It is the pole ligature. Imaging point
of right camera’s center Q2 at the left image is kl, while center Q1’s image point is
kr. So the line is known as klkr. When the spatial point G is in an unstable position,
the pole plane β rotates with base line, which contributes to a gather of pole plane.
In pole plane e′f ′d′s′, camera plane is vertical to optical axis and intersected with
two cameras’ planes, so wl and wr in the intersection plane are called polar.

3.2. Improved methods of camera calibration

Camera calibration needs to solve parameters, including internal parameters and
external parameters. As shown in Table 1, the internal parameter is the setting
parameter of the camera itself, affecting light capture and image focus. It mainly
contains central point < rx, ex > that is regarded as center for the captured object.
However, it is affected by lens distortion and noise. Two focal distances fs and fz are
involved in the direction of S/Z. The focal length is the distance from the theoretical
center to the main focus of the camera lens, which is represented as the ratio of the
focal length of the camera to the distance in the horizontal and vertical directions.
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At the same time, the non-vertical factor of the camera is set to α. The external
parameter is the orientation relation of the camera coordinate system corresponding
to the world coordinate system, that is to say, the position relation between the
rotation matrix and the translation matrix. In addition, two linear classifications of
camera imaging models need to be considered. If it is a nonlinear imaging model,
the change parameter of radial lens is < v1, v2 > and the change parameter of the
tangential lens is < t1, t2 >.

Table 1. Camera parameters

Parameters Expression Degrees of
freedom

Internal pa-
rameter

V =


fs α rx

0 fz ex

0 0 1

 5

Distortion
(radial direc-
tion, tangential
direction)

< v1, v2 >, < t1, t2 > 4

External pa-
rameters (ro-
tation matrix,
translation
matrix)

R =



rm1 . . . rmm

.

.

.

.
.

.

.

.

.

. . . . rmn


, T =


lx

ly

lz

 6

Considering that stand of tennis “hawk-eye” is adjustable, a semi-automatic cam-
era calibration method based on plane template of checkerboard is adopted. A in
the template space is assumed to respectively represent the camera coordinate and
imaging coordinate of the projection point. In the camera coordinate system, the
space coordinate is (X,Y, T,m); in the image coordinate system, the space coor-
dinate of image point a′ is (s, z,m). Symbol m is a constant, and the projection
relationship between A and a′ can be expressed as follows:

Wa′ = V [RT ]A . (3)

In the above formula, W is a non-zero invariant and external parameter is [RT ].
Vector < rx, ex > serves as the central point, fs and fz are the effective focal lengths
in the S and Z axes, and α is the non-vertical factor in the S and Z axes, satisfying
the condition α 6= 0. The intrinsic parameter V has a form of matrix

V =

 fs α rx
0 fz ex
0 0 1

 . (4)
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It is assumed that the template plane is at world coordinate system C = 0;
matrix relationship between the template and image is fulfilled. In this formula,
mi (i = 1, 2, 3) can express the rotation matrix R in ith row

W [s z m]T = V [m1m2m3T ][XY 0m]T = V [m1m2T ][XYm]T (5)

Unit matrix between spatial objects A and a′ is expressed as 3×3 I-matrix,
including a nonzero constant factor such that (3) is transmitted into

Wa′ = IA, I = V [m1m2T ] . (6)

The fundamental constraint of camera intrinsic parameter needs to be counted.
And I is recorded as [I1I2I3], which is expressed as a product of (6)

[I1I2I3] = θV [m1m2T ] . (7)

In the expression, θ is a non-zero constant factor. Because the rotation matrix is
characterized by orthogonality, m1 and m2 also meet orthogonality condition. The
module value is equal to 1, and then intrinsic parameter of fundamental constraint
is {

I1TV −TV −1I2 = 0,
I1TV −TV −1I1 = I2TV −TV −1I2.

(8)

Here, V −TV −1 is curve of the second degree, and its corresponding unit ma-
trix has 8 degrees of freedom. In the external parameter, the rotation matrix has
three parameters and translation matrix also has three parameters. As a result,
in the intrinsic parameter, the matrix has 2 parameters, which means 2 constraint
conditions.

3.3. 3.3 Three-mobile beacon positioning algorithm and
multi-mobile beacon hierarchy positioning algorithm

Three mobile positioning methods of auxiliary beacon and non-ranging, which
is combined mobile beacon with DV-Hop algorithm. Considering characters that
beacon produces many virtual beacons in the movement process, one-off positioning
is fulfilled. Because it has a smaller consumption and it has a higher positioning
precision.

Three-mobile beacon positioning algorithm is a positioning algorithm for topo-
logical network and bouncing number accumulation. From Fig. 3, the real distance
and route information of every beacon is listed, andW1,W2 andW3 are the beacon
nodes. And the three nodes acquire their opposite position information respectively.
Bouncing numbers between beacons are gained by unknown node K through col-
lecting virtual data package.

According to distance computation formula, average bouncing distance between
W1, W2 and W3 can be worked out. Meanwhile, all bouncing information would
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Fig. 3. TMB-DV-Hop Net Work topology

be spread in the whole network.

Di =

∑√
(Ai −Aj)2 + (Bi −Bj)2∑

fi
, i 6= j . (9)

The distance from the node K to other nodes can be estimated according to
the minimum (Min(

∑
fi)) and average bouncing distance Di. This algorithm is an

improvement for DV-Hop, and the average distance Di is worked out unreasonably,
especially in the different network environment.

In the two-dimensional environment, with the help of mobile beacon auxiliary,
DV-Hop is improved by three-mobile beacon positioning algorithm. However, at
most of time, the positioning problem needs to be considered when received data
distributed in three-dimensional space. If positioning problem of three-dimensional
space is stressed, there will exist a problem—“common plane”, which means that
four nodes are closely in one plane, and two intersection points resulting from their
opposite nodes as radius. Therefore, the unknown node position cannot be esti-
mated. In order to solve this problem, “common plane degree” concept is brought
in to expand three-mobile beacon positioning algorithm to three-dimensional space.
As a result, multi-mobile beacon hierarchy positioning algorithm is put forward.

Four-side positioning technology is combined with three-dimensional DV-Hop
algorithm here. Three-dimensional DV-Hop algorithm also can be divided into three
stages:

1) Minimum bouncing number from the beacon nodes is respectively counted by
unknown node collection.

2) A minimum bouncing number multiplying average distance is considered as
an estimated distance HopSizei between beacon nodes.

3) When the unknown nodes acquire more than four HopSizei, the space posi-
tions of unknown nodes can be worked out.

HopSizei =

∑√
(Ai −Aj)2 + (Bi −Bj)2 + (Ci − Cj)2∑

fi
, i 6= j . (10)
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In expression (10), (Ai, Bi, Ci) are the space coordinates of the beacon node i;
(Aj , Bj , Cj) are the space coordinates of beacon nodej; fi expresses the bouncing
number counted from ith node to other beacon nodes. When distances of four or
more unknown nodes are known, a resolution can be carried out by multilateral
measurement. If multilateral measurement is changed into four-lateral positioning
method, the formulae could be expressed as follows:

(A1 −A)2 + (B1 −B)2 + (C1 − C)2 = L2
1,

(A2 −A)2 + (B2 −B)2 + (C2 − C)2 = L2
2,

(A3 −A)2 + (B3 −B)2 + (C3 − C)2 = L2
3,

(A4 −A)2 + (B4 −B)2 + (C4 − C)2 = L2
4.

(11)

In expression (11), Li is the distance from the unknown node to the beacon node
i, which can transform the expression into the form of XZ = Y and we can further
get the space vector of (X,Y, Z).

4. Experiment result and analysis

4.1. Standardization simulation and analysis

In the experiment, the adopting chessboard is 10×10 Black and White. There
are 81 grids in all except outermost layer. Every grid lens is 2 cm long. The camera
is a specialized vidicon for tennis. Out of experimental purpose, narrow baseline
configuration is adopted that is 13 cm long. The out image is set up as RGB, its
resolution ratio is 640×480 and pixel size is 15(10–3 cm)×15(10–3 cm).

The appointed chessboard is placed in camera shooting scale in front of the cam-
era; the light source is sunlight; a rotational movement is made by control templates.
However, the image is not parallel to optical axis. Every time the template is rotated
and standardization plank is shot by two cameras, so camera’s intrinsic parameter
can be counted by the three images. In order to reduce the standardization error, a
lot of images should be shot from different angles.

Tool cabinet of MatLab is used to make standardization. In the standardization,
the bigger error may occur. At this time, tangential or radial parameters can be
imported to reduce the error, but this method has no experience to refer and the
judgement is made only by naked eyes. In order not to influence the standardization
precision, the tangential or radial parameters are regarded as input value of optimiz-
ing standardization algorithm to improve its precision. Table 2 and Table 3 contain
the intrinsic parameter between after and before, and the optimized standardization
result is more close to actual value.

Adopting default standardization and improved one acquires the corresponding
result of Fig. 4 and Fig. 5. The error of extracting image is less than 0.5 pixels; and
error range of improved standardization method is more concentrated, so the error
is much less.
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Table 2. Default internal results of left camera labeling

Parameters Results

< fs, fz > [485.45754, 483.78545]±[0.94578, 0.93542]

< rx, ex > [375.45754, 342.78545]±[0.97578, 0.88542]

α 0.00000±0.00000

< v1, v2 >,
< t1, t2 >

[–0.02218, 0.02358, 0.00461, –0.00204, 0.00000]

err [0.13478, 0.0753]

Table 3. Refined internal results of left camera labeling

Parameters Results

< fs, fz > [484.45754, 482.78545]±[0.94538, 0.93552]

< rx, ex > [375.42554, 340.78545]±[0.95278, 0.89542]

α 0.00000±0.00000

< v1, v2 >,
< t1, t2 >

[–0.02222, 0.02358, 0.00461, –0.00210, 0.00000]

err [0.12408,0.0621]

Fig. 4. Projection result 1

4.2. Positioning algorithm simulation and analysis

In every same wireless network (like Fig. 6), the three algorithms have higher
positioning precision, which are all less than 0.5. Maximum and minimum average
errors of three-mobile beacon positioning algorithms are in lower level, which is
better than DV-Hop and MB-DV-Hop. At the same time, DV-Hop precision has
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Fig. 5. Projection result 2

a huge fluctuation and its algorithm is not very stable. In the different wireless
network (like Fig. 7), TMB-DV-Hop still has a higher precision and is very stable.
However, DV-Hop has a huge fluctuation, hardly having any reference.

Fig. 6. Precision with XX electricity

DV-Hop in two-dimensional space is extended to three-dimensional space by
multi-mobile beacon hierarchy positioning algorithm (like in Fig. 8). Compared with
improved algorithm, both improved algorithms and 3D-DV-Hop have lower error.
Maximum and minimum errors of multi-mobile beacon hierarchy positioning algo-
rithms are in a lower level. Nodes in 3D-DV-Hop are set up as 10 and 20, and
this algorithm precision has a huge fluctuation. As the number of nodes increases,
the error is gradually reduced. Generally speaking, however, the average error of
multi-mobile beacon hierarchy positioning algorithm is at a lower level and very
stable.
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Fig. 7. Precision with XY electricity

Fig. 8. Precision with 3D space

5. Conclusion

Camera imaging is disposed by binocular stereo vision. Image-forming principle
of binocular stereo vision is analyzed, and epipolar geometry is studied from the
optic conception. From the hardware, camera’s standardization method is improved,
which can improve imaging precision further. From two-dimensional plane, DV-Hop
is researched and three-mobile beacon positioning algorithm is put forward by virtue
of mobile beacon. It is expanded to three-dimensional plane, which results in multi-
mobile beacon hierarchy algorithm. A number of experimental results show that
when the beacon nodes are constantly changed, the improved algorithm has a higher
precision and is in a relatively stable state with smaller data fluctuation.
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ABS anti-fatigue training detection
system in classification and recognition
algorithm of inertia signal detection
movement training based on naive

Bayesian

Haidong Yang1, Liyan Zhang2,3

Abstract. The human body sensor network is the application of the traditional wireless sensor
network in the monitoring of the human body. It is a completely new human body monitoring
technology, which provides remote medical service of human health. Inertial signal is a common
method for human body sensor network to monitor the human body. In order to further expand
the application range of the human body sensor network, this paper presents a method of human
abdominal training monitoring based on inertial signal. The paper takes ABS bridging exercise
as a case for the study, uses Naive Bayesian classifier to identify different bridging exercises, and
achieves the supervision on the double bridging movement.

Key words. Inertial signals, ABS, double movement, anti-fatigue training.

1. Introduction

The abdominal muscles are important muscle tissues of the human body, and the
main function of the abdominal muscles is to bound the human spine. As a result,
it is difficult to provide strong constraints on the spine in the course of the exercise,
easily leading to spinal damage or other accidental injuries [1, 2]. In the process of
abdominal muscle strength training, it is necessary to monitor the training actions
of abdominal muscles.

Monitoring of abdominal muscle training actions can provide direct feedback
information of training effect for the patients and doctors, and help doctors to adjust
the treatment plan in time according to the patient’s recovery situation; moreover, it
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can prevent the occurrence of overtraining. As a result, it is not only not conducive to
rehabilitation treatment, but also affects the progress of rehabilitation of patients.
For example, studies have shown that asymmetric upper body strength training
will cause asymmetric compression on the disc of the human body, and long-term
asymmetric strength training will easily lead to spinal injury [3].

The use of Electromyographic (EMG) for monitoring human abdominal training
actions is the most commonly used method in clinical medicine and kinematics [4].
Through the calculation of average amplitude of ABS EMG signal in a period of
time, we can obtain abdominal EMG activity. As an important indicator of the
evaluation of ABS function, EMG activity is widely used in the existing studies
[5]. The inertial sensor is one of the most commonly used devices to monitor the
human body actions, and some studies have shown that there is a certain correlation
between the inertial signal produced by the human motion and the EMG signal of
the muscle [6]. This study uses the inertial measurement module to monitor human
abdominal training action, and to replace EMG sign alto calculate EMG activity
of ABS value by inertial signals, so as to realize the monitoring of the abdominal
muscle training action.

2. Detection of ABS training action based on inertial signals

If it is proved that the same ABS training action will produce the similar EMG
activity, then we can monitor the abdominal training action through sense network.
We make use of inertial sensors to collect the inertial signals generated by the abdom-
inal muscle training action, establish the relationship between the inertial signal and
the EMG signal of the ABS, and calculate the EMG activity of abdominal muscle
to achieve the monitoring of the abdominal muscle training.

2.1. Inertial signal acquisition device

This study uses the inertial measurement module (ADIS16405) produced by
American Analog Device Inc for the acquisition of inertia signal produced in the
abdominal training actions. ADIS16405 consists of three-axis accelerometer with
a high precision and a high precision gyroscope. The maximum range of the ac-
celeration sensor is + 18 g, the resolution is 3.33mg/LSB, the maximum range of
gyroscope is + 300 deg/sec, and the resolution is 0.05 deg per second/LSB. In the
experiment, ADIS16405 was installed on the data acquisition board (ADISUSBZ)
produced by American Analog Device Inc.

2.2. Naive Bayes classifier

Figure 1 shows the processing of inertial signals in this study. First of all, we make
use of Naive Bayesian classifier to identify different ABS actions by inertial signals,
and establish different RBF neural networks according to the different recognition
results. RBF neural network calculates the corresponding EMG signals through the
inertial signals, and further calculate the EMG activity of abdominal muscles.
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Fig. 1. Diagram of the processing of inertial signals

The Naive Bayes classifier is a classification algorithm based on the theory of
the Bayes decision. In the classification process, it is assumed that the different
dimensions in the feature space are statistically independent. Assuming that the
unknown samples in the L-dimensional feature space are X = (x1, · · · , xL). Based
on the independence assumption, X belongs to the probability of m-th category,
which can be obtained by equation

p (X |ωm ) =

L∏
l=1

p (xl |ωm ) , m = 1, · · · , M . (1)

The Naive Bayes classifier determines the classification category of unknown sam-
ples according to relation

ω∗ = argmax
m

{
p (ωm)

L∏
l=1

p (xl |ωm )

}
. (2)

The advantage of the Naive Bayes classifier is that it only needs to estimate L
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one-dimension probability density function p (xl |ωm ) in the training data, so that
the algorithm training speed is rapid. In this study, the Parzen window method
is used to estimate the probability density, and the Gauss function is used as the
window function of the Parzen window. Assuming that there are N training samples
belonging to the m class and xnl represents the lth component of the nth sample,
then p (xl |ωm ) is estimated by the relation

p (xl |ωm ) =
1

N

N∑
n=2

1√
2πσ

(
− (xl − xnl )

2σ2

)
. (3)

3. Experimental design and experimental data acquisition

In order to verify the feasibility of the proposed method in the paper, the paper
selects the double-bridge movement for the training of abdominal muscles. Double-
bridge movement is the common strength training action of abdominal muscles,
which can effectively stimulate the rectus abdominis, external oblique, internal
oblique and multiple abdominal muscles parts. In the experiment, we simultane-
ously use EMG signals and inertial signals for monitoring abdominal EMG activity
in double-bridge movement, and compare the difference of monitoring results of two
kinds of monitoring methods. A total of 10 volunteers (6 males and 4 females)
participated in the study, aged between 22–27 years old. None of the volunteers
had a history of abdominal muscle, back muscle, and spinal disability. Before the
experiment, all the volunteers were informed of the experiment objective, the ex-
periment process and the risks of the experiment. 3 participants participated in the
experiment, among them, two participants were responsible for the installation of
the experimental equipment and the assistance of volunteers to complete the desig-
nated movement, and one participant was responsible for the receiving and sending
of control collection system and data storage operation.

3.1. EMG signal acquisition of maximum voluntary con-
traction movement

In the standardized processing of EMG signal, it is necessary to implement the
MVCs action to find the maximum EMG amplitude for each abdominal muscle.
In this study, we selected 3 kinds of effective MVCs movements, the upper body
forwarding, the upper body turning left and the upper turning right. Volunteers
sat on the experimental platform, with his legs flat on the experimental platform;
an experimenter tied the two legs, the volunteers back straight on the body of the
other experimenter; the upper part of the body was bound by the experimenter. In
the experiment, after the volunteers and members were in place, the volunteer back
straight and forced forward bending of the body [7]. In this process, the experimenter
strived to bound IS and make his body keep static, to help the volunteers stimulate
the maximum EMG activity. And then, in this way, volunteers and experimenters
completed the upper body turning left and the upper body turning right two MVCs
movements. In the experiment, each MVC movement lasted for 3 seconds, and
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between the two adjacent MVCs, volunteers had 5 minutes to rest, to relax the
abdominal muscles. The sampling frequency of EMG signal in the experiment is
l kHz.

3.2. Inertia signal and EMG signal acquisition of double-
bridge movement

The characteristics of double-bridge movement is that the actions are basically
completed by the trunk. The upper limbs, lower limbs and other body parts still keep
static. As a result, in the study, we need only an inertial measurement module worn
in thoracic central to monitor the double-bridge movement. After completing all 3
groups of MVCs movements, the volunteers were given a 30-minute break. Then,
the experimenter helped volunteers to wear the inertial measurement module in the
thoracic central position. Volunteers conducted the double movement in 4 different
postures, including the supine and prone double-bridge movement, lying on double-
bridge movement, the left side lying double-bridge movement, and the right side
lying double-bridge movement. In the experiment, each double-bridge movement
lasted for 20 seconds, while volunteers needed to complete 6–7 action cycles. Each
of the volunteers repeated a double-bridge movement for 5 times, and two adjacent
double-bridge movement had the interval of 10 minutes. In the experiment, the
sampling frequency of the EMG signal is 1000Hz, and the sampling frequency of
inertial signals is 435Hz.

4. Analysis of experimental results

The inertial signals acquired in double-bridge are conducted with smooth pro-
cessing of moving mean window with length of 100m sec, and then we can get the
inertial signals with sampling frequency of 10Hz.

4.1. Classification accuracy of Naive Bayes classifier

1) Data preprocessing
The duration of each double-bridge movement in the experiment was 20 sec-

onds, including 6–7 operation cycles, so the sliding window segmentation length is 4
seconds, making each observation window contain a complete action cycle. The char-
acteristics of the inertial signals extracted from the observation window are mean
and variance, and each feature is 12-dimensional.

2) Validation method
In this paper, the remaining-one method is used to verify the classification ac-

curacy of the Naive Bayes classification. In 10 volunteers, choose the experimental
data of a volunteer as the test data, and the experimental data of the other 9 volun-
teers as the training data. The verification process is repeated 10 times. Take the
experimental data of different volunteers selected each time as test data, and the
final results of the verification take the average value of the verification process for
10 times.
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3) Experimental results
In the experiment, the recognition accuracy of all the 4 kinds of double-bridge

movements using the Naive Bayesian classifier all reached 100%. The reason for the
high accuracy is that the body showed different postures in the 4 kinds of double-
bridge movements, and it can easily distinguish by the acceleration signals. Figure
2 shows the acceleration signals of two kinds of actions, lying on the left and lying
on the right (unit for the gravity accelerating). The body lying on the left double-
bridge movement, axis acceleration signal value gets close to 1, while lying on the
right double-bridge movement, the axis y acceleration signal is close to –1.

4.2. Calculation of the EMG activity of abdominal mus-
cles by using the Radial basis function neural network
(RBF)

1) Data preprocessing
For the EMG signal collected in the experiment, first of all, the RMS smooth

processing and standardized processing are carried out.
2) Validation method
In the experiment, we established 4 RBF neural networks, and each network cor-

responds to a double-bridge movement. In the experiment, each volunteer repeated
a double-bridge movement for 5 times. The inertia signal and EMG signal of the
former 4 times double-bridge as the training data, and the test data is the inertial
signal and EMG signal of fifth time double-bridge movement.

3) Experimental results
As shown in Fig. 4, it is the mean and standard of myoelectric activity, external

oblique, EMG activity of internal oblique in four different double-bridge movement.
From Fig. 4, we found that myoelectric activity of EMG activity was obtained by
calculating the inertial signal and EMG activity obtained by EMG signal is very
similar. The average calculation error of the 8 blocks of the abdominal musclesin
the 4 kinds of double-bridge movement were 2.56 (MVC%), 2.99 (MVC%), 1.73
(MVC%) and 3.13 (MVC%). The experimental results showed that for the double-
bridge movement, we can use inertial sensor to replace EMG acquisition equipment
to realize the supervision of ABS training actions.

The mean errors in bridge motion were 2.56 (MVC %), 2.99 MVC %), 1.73 MVC
%, and 3.31 MVC %). The experimental results show that inertial sensors can be
used instead of EMG acquisition equipment to supervise the training of abdominal
muscles.

Experimental results show that different dual bridge motions can be accurately
identified by inertial signals. At the same time, the EMG activity of the abdominal
muscles computed by inertial signals can be well matched with the level of EMG
activation calculated by the EMG signal. It is worth emphasizing that the effec-
tiveness of the approach presented in this study is currently limited to dual bridge
exercise. For the feasibility of other abdominal exercises, a large number of exper-
imental verification and calculation methods are needed. For example, abdominal
exercises performed in Rutkowska-Kucharsk’s study required the upper limbs, lower
limbs and trunk to work together. If inertial sensors are used to monitor this train-
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Fig. 2. Acceleration signal of lying on the left double-bridge movement

ing, a number of sensor nodes needs to be worn on the arm, thigh and upper body.
Therefore, it is necessary to adjust the corresponding calculation process. In addi-
tion, some abdominal training exercises use additional load (such as dumbbells) to
enhance the abdominal muscle stimulation intensity. The weight of the load does
not have a direct effect on the inertial signal, but it can cause different EMG activity.
For one of these abdominal exercises, external factors need to be incorporated into
the calculation.
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5. Conclusion

In this paper, taking double-bridge movement as a case study, we analyzed the
feasibility of using inertial signal for monitoring abdominal training action. We
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Fig. 3. Mean and standard of rectus abdominis (up), external oblique (middle)
and EMG activity of internal oblique (bottom) in 4 kinds of different

double-bridge movements

studied and established the Naive Bayes classifier to identify different double-bridge
movements by inertial signals. The experimental results showed that the Naive
Bayes classifier achieved high recognition accuracy. In addition, the EMG activity
obtained through the inertial signal is similar to that obtained through using EMG
signal. The experimental results showed that for the double-bridge movement, we
can fully use inertial sensors to replace EMG acquisition equipment to realize the
supervision of abdominal training action.
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A study on the influence of the change
of football artificial turf’s particle filling

density on sports biomechanics
characteristics

Xiangde Mo1

Abstract. In order to research the influence of the change of football artificial turf’s particle
filling density on sports biomechanics characteristics, the density of rubber particle filled in artificial
turf is changed and its influences on traction on the interaction surface of football shoes and
artificial turf are also explored. Tests on kinesiology of the player’s 45 degree side cut and linear
start and dynamics are carried out to discover the changes of biomechanical characteristics on the
condition of different tractive forces, find out the influence on the sports performance and injury of
players when the interaction surface traction of shoes and artificial turf are changed and meanwhile
provide theory support and experimental basis for the standard making and instrument developing
of artificial turf.

Key words. Artificial turf, sports performance, biomechanics, traction.

1. Introduction

The traction on the interaction surface made by shoes and the field is the key
factor affecting action forms and performance of players, which support players the
starting, braking and steering. Interaction surface of low traction may lead to “slip-
ping” under the feet of players and feet may be “fixed” on the field if the traction
is too high [1]. It turns out that the interaction surface traction is an important
feature after shoes comfort through an investigation on football shoes. It is more
critical than stability, traction, weight of shoes and the speed and accuracy of foot-
ball playing. The type, fiber length, density, and type, size, depth and density of
fillings as well as different humidity around may give rise to changes of the traction’s
effect [2]. But at present, when evaluating on changed interaction surfaces caused
by different types of shoes, there are more studies about functions of the traction
rather than the change of field surface.

1Hainan Tropical Ocean University, 572022, Hainan, China; E-mail: xiangdemostudy@126.com
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2. Literature review

Playing football is a sport involving body moving. It is found that injuries
occurring in football are more common than other sports. Main injures are contusion,
sprain and strain, and the main injuring positions are knee and ankle joints and
muscle in ligament of the thigh and lower leg [3]. Combining former literature,
Inklaar figures out that 60% to 90% injuries occur in the lower limbs and discovers
that some internal factors such as age, old injuries and external factors including
lacking of training, low training or race rate and field environment can contribute to
injury decrease [4]. Studies about injuries caused by football playing focus on the
low limbs and some on cranial part. The injuries result from direct hit and upward
impact force after on the ground. Theobald et al. [5] test on cushioning property
of the third generation artificial turf and defined the standard of head impact to
evaluate the performance of moving surface and further offer proper suggestions for
decreasing the rate of mild head injury.

45 degree cut side movement is chosen in the study. In that direction change is
the common basic movement form in football, and meanwhile, the abrupt direction
change in rapid movement will give rise to much load to the legs and will injury
ligament structure easily.

On the other hand, the acceleration ability to start from static state can reflect
the basic quality of football player which is related with the traction in the interaction
interface made by shoes and the field.

3. Methods

3.1. Object

26 male football players from Hainan Tropical Ocean University, with the second
exercise level or over and the size of 42 (EUR) were chosen as experimental objects.
Before the experiment, they have not strenuous exercise 48 hours before the exper-
iment and there has been no obvious injury in the past a half year and dominant
foot of them are the right foot. They are 24.3±1.4 years old with the height of
174.9±3.2 cm, the weight of 70±7.1 kg and training period of 10.4±3.5 years.

3.2. Research data

Experimental shoes are from foreign sports brand with the size of 42 (EUR) and
the weight of 0.24 kg. Spikes of the shoes are short plastic spikes with the length of
0.5 to 1 cm which is suitable for players to train and race. The experimental artificial
turf is manufactured by special manufactures in China, and the turf meets national
standard regulated in Artificial Grass for Sports [6]. Fiber height of grass is 50mm
and the area of turf is the same as the ergograph with the length of 60 cm and width
of 40 cm. Fillings of the turf are rubber particles with the size of 0.5 to 2mm.

During the experiment, the weight of rubber filling particles are 0 kg, 0.5 kg and
1.5 kg. These particles are paved evenly and compacted tightly to create artificial
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turf with different densities, which are named Field E, Field H and Field F. Density
of Field E is 0 kg in that the non-density field is often chosen to make turf experiment
in lab in China and the rest of other countries in the world. Even if there is no clear
limitation in the density of real artificial turf, the paving of rubber particles is carried
out in 5–8 kg/m2 referring to advice from manufactures. Thus particles of 0.5 kg and
1.5 kg are chosen to simulate two fields which are within and lower than the above
density.

3.3. Data collection and processing

3.3.1. Traction test. The field temperature is 23.3 ◦C and the humidity is 46.7%
on the experiment day. The artificial turf is put in the environment for over three
hours before the experiment. In preparing the experiment, a unfilled artificial turf is
pasted on the ground son that there is no slipping between ground and the turf. A
shoe last with the size of 42 (EUR) is put in a shoe and later it is fixed on the traction
tester. The shoe is parallel with the long side. the shoe and other attachment devices
like shoe last weigh 4.748 kg. 30 kg weight is added in the vertical direction. Through
the electrode, traction tester drags the shoe at uniform speed of 0.3m/s. Relatively
stable traction values in the process of dragging are recorded and indicated through
the sensor. The dragging is repeated for 5 times. The shoe is adjusted to be parallel
with the short side of the turf, and the above test is repeated for 5 times. After the
test on the traction of non-filling artificial turf is completed, rubber particles with
the weight of 0.5 kg are paved in the turf. After they have been impacted tightly,
the above experiment process is to be repeated 5 times in terms of vertical and
horizontal traction and reaction vales are recorded. At last particles of kg are filled
in the turf. Traction test are done after they are impacted. As what have been done
before, the experiment process is repeated 5 time and the vertical and horizontal
traction values are recorded [7]. The average value and standard deviation of 10
traction values with both vertical and horizontal tests are counted on the condition
of same filling density so as to define the traction of shoes and the artificial surface
on the condition of different densities.

3.3.2. Kinematic and dynamics tests. 45 degree side cut requires that the object
should stats approaching 6 to 8m from the force measuring platform at the speed of
4±0.3m/s. The experiment players make side cut moving 45 degree inclined to the
left on measuring force platform of the artificial turf with the support of right leg.
3 minutes later they can stop running. At the regulated speed, the objects make no
other change in steps and at the same tine, only when their right feet step on the
measuring force platform fixed with artificial turf can an effective an effective test
be finished.

Linear starting requires that people involved in the experiment should step their
both feet on two measuring platforms. They make speed-accelerated start in the
standing posture they are familiar to. 3 minutes later they can stop running. Only
when both feet of them are on two measuring platforms, the measurement is effective
and the test can be finished.
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In the real test, the objects are required to make 45 degree cut side and linear
start in the non-filling artificial turf at first. Later they repeated the moving on
two artificial turfs with particles of 0.5 kg. They are required to repeated again the
moving on the artificial turfs with particles of 1 kg based on the turf of 0.5 kg. In
the process, every object should make 3 times of test in terms of each moving.

3.3.3. Data processing. 3D coordinates of marking points in the experiment
are smoothed through Butterworth low passing filter method with the truncation
frequency of 10Hz.

(1) Calculating the low limbs center
The center of knee joint, external knee center, center of ankle joint and external

center as well as hip center are calculated though Bell’s [8] research.
Local coordinate system of right hip joint (R.Hip.JC) is HR. The origin is the

right and right anterior superior iliac spine point (Mid.ASIS), X, Y and Z standing
for iHR,jHR and kHR:

jHR =
R.ASIS−Mid.ASIS

|R.ASIS−Mid.ASIS|
, kHR =

(V.Sacral−Mid.ASIS)× jHR

|V.Sacral−Mid.ASIS| × jHR
,

iHR = jHR × kHR . (1)

(2) Establishing local coordinate of lower limb
In the coordinate system of right thigh, the origin is right hip joint (R.Hip.JC),

and unit vectors of each axis are

kR.Thigh =
R.Knee.JC− R.Hip.JC

|R.Knee.JC− R.Hip.JC|
, jR.Thigh =

(R.Knee− R.Hip.JC)× kR.Thigh

|R.Knee− R.Hip.JC| × kR.Thigh
,

iR.Thigh = jR.Thigh × kR.Thigh . (2)

In the coordinate system of right foot (R.Foot), the origin is right ankle joint
(R.Ankle.JC), and unit vectors of each axis are

kR.Foot =
R.Toe.JC− R.Ankle.JC

|R.Toe.JC− R.Ankle.JC|
, jR.Foot =

(R.Ankle− R.Ankle.JC)× kR.Foot

|R.Ankle− R.Ankle.JC| × kR.Foot
,

iR.Foot = jR.Foot × kR.Foot . (3)

In the coordinate system of right foot (R.Foot), the origin is right ankle joint
(R.Ankle.JC), and unit vectors of each axis are

kR.Foot =
R.Toe.JC− R.Ankle.JC

|R.Toe.JC− R.Ankle.JC|
, jR.Foot =

(R.Ankle− R.Ankle.JC)× kR.Foot

|R.Ankle− R.Ankle.JC| × kR.Foot
,

iR.Foot = jR.Foot × kR.Foot . (4)
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(3) Lower limb joint angle
Joint angle is cardan angle between two neighboring local coordinate systems,

which is the movement of distal link relative to proximal link. Namely, R.Foot rel-
ative to R.Shank stands for ankle joint movement and R.Shank relative to R.Thigh
stands for knee joint angular movement to rotate around X, Y and Z to get the flex-
ion angle, adduction and inclination angle, and medial rotation and lateral rotation
angle.

(4) Calculating body barycenter
Revised inertial parameters of human body of DeLeva is adopted to calculate

body barycenter by combing striking point scheme of Helen Hayes. Smoothing
works are not done in the light of ground reaction. Three-dimensional moment of
knee and ankle joint are got through calculation in the use of inverse dynamics,
and the ground reaction is standardized to multiples of body weight and moment is
standardized to the multiples of height multiplying weight.

3.4. Data processing

Comparison is made through one-way repeated measures ANOVA and the subse-
quent pairwise comparison is made through LSD method. The first level of deviation
probability less than 0.05 means significant level. All data are dealt with by SPSS
17.0 software.

4. Results

4.1. Results of traction test

Interaction surface traction values of the shoe and turf on the condition of three
different filling densities are of significant difference (Table 1, p < 0.01) and subse-
quent pairwise comparisons are all of significance (p < 0.001). Thus, three interac-
tion surfaces Field e, Field h and Field f are turfs of low, medium and high traction
turf.

Table 1. About the turf with three different densities and traction values (n = 10)

Turf Field e Field h Field f

Qualitative Low traction Medium traction High traction

Weight of filling
particle (kg)

0 0.5 1.5

Traction (N) 233.68±16.71 347.79±5.4 414.03±33.8

a: Compared with Field e, there is of significant difference; b: compared with Field h, there is of
significant difference.
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4.2. Results of kinematic and dynamic tests

4.2.1. Results of kinematic parameters in the process of 45 degree side cut re-
tardation. Different tractions have no significant effect on the maximum of knee
flexion (p = 0.649), knee flexion range (p = 0.508), maximum of knee adduction
(p = 0.720), flex angle of ankle joint touching the ground (p = 0.269), maximum
of ankle joint enstrophe (p = 0.345), enstrophe range of ankle joint (p = 0.81) and
maximum of external rotation (p = 0.154). The results are given in Table 2.

Table 2. The influence of different tractions on the lower limbs parameters (unit: ◦, n = 13)

Lower limbs joint
angle parameters

Turf with low trac-
tion

Turf with medium
traction

Turf with high
traction

Maximum of knee
flexion

53.89±8.11 54.23±7.34 53.16±8.56

Knee flexion range 19.51±7.55 20.12±9.31 20.50±8.11

Maximum of knee
adduction

3.01±1.54 3.05±1.42 2.94±1.45

Knee internal rota-
tion range

14.93±7.19 13.99±8.29 13.87±6.62

Flex angle of ankle
joint touching the
ground

20.31±5.88 20.31±7.15 19.36±7.65

Maximum of ankle
joint enstrophe

11.76±2.74 11.68±1.83 11.24±1.65

Enstrophe range of
ankle joint

5.58±2.29 5.43±2.02 5.75±1.93

Maximum of exter-
nal rotation

21.55±6.02 20.31±5.24 21.11±5.23

Different tractions have significant effect on gravity acceleration in the pro-
cess of braking (p < 0.001). The effect of high traction on gravity braking (–
7.05m/±2.56m/) is higher than that of the low traction (–6.01,m/±1.77m/, p =
0.003) and medium traction (–5.88m/±1.79m/, p = 0.001) and the difference is
significant.

4.2.2. Results of kinetic parameter in the process of 45 degree side cut retar-
dation. (1) Results of peak value of horizontal and component of ground reaction
force

By comparing the peak torque of ground reaction force in side cut retardation
in turfs with different traction (Fig. 1), it is clear that different traction turfs can
significantly affect the horizontal resultant peak (p = 0.004). After checking, it can
be found that the difference of turf with high traction is obvious that that of turf with
medium and low traction (p = 0.001); turf with different traction can significantly
affect the vertical peak of ground reaction force (p = 0.05). And the vertical ground
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reaction through side cut movement in turf with high traction is larger than that
of turf with medium traction. Compared with turf with low traction, there is no
obvious difference of turf with high (p = 0.269) and medium (p = 0.161) traction in
term of peak value of vertical reaction force.

Table 2. The influence of different tractions on the lower limbs parameters (unit: ◦, n = 13)

Kinetic parameters Turf with low trac-
tion

Turf with medium
traction

Turf with high
traction

Peak value of hor-
izontal component
of ground reaction
force (BW)

1.11±0.35 1.13±0.34 1.25±0.43

Peak value of
vertical component
of ground reaction
force (BW)

2.62±0.91 2.41±0.95 2.77±1.05

Loading horizontal
component of reac-
tion rate of ground
force (BW/s)

41.96±20.12 49.13±21.77 53.14±26.49

Loading rate of
vertical component
of ground reaction
force (BW/s)

99.99±71.38 87.75±56.86 119.25±78.51

Peak torque of
knee extension
(BWBH)

-0.185±0.048 -0.194±0.043 -0.204±0.037

Peak torque of
knee adduction
(BWBH)

0.067±0.048 0.075±0.048 0.094±0.043

Peak torque of
knee external
rotation (BWBH)

0.015±0.004 0.016±0.005 0.018±0.002

Peak torque of
ankle flexion
(BWBH)

0.153±0.020 0.163±0.017 0.165±0.018

Peak torque of
ankle ectropion
(BWBH)

-0.054±0.021 -0.055±0.023 -0.059±0.021

hline Peak torque
of ankle external
rotation (BWBH)

0.017±0.012 0.021±0.009 0.023±0.005

(2) Results of loading rate of horizontal and vertical ground reaction force
By comparing the loading rate of horizontal and vertical ground reaction force

in side cut retardation in turfs with different traction (Fig. 2), it is clear that dif-
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Fig. 1. Comparison of the peak torque of ground reaction force in side cut
retardation in turfs with different traction

ferent traction turfs can significantly affect the horizontal resultant loading rate
(p = 0.001). After checking, it can be found that the difference of turf with low
traction is less obvious that that of turf with medium (p = 0.011) and high traction
(p = 0.001); turf with different traction can significantly affect the vertical loading
rate of ground reaction force (p = 0.01) and the difference of turf with high traction
is obvious than that with medium traction (p = 0.004).

Fig. 2. Comparison of the loading rate of horizontal and vertical ground reaction
force in side cut retardation in turfs with different traction

(3) Results of lower limbs three-dimensional peak torque
By comparing peak torque of knee joint in side cut retardation in turfs with

different traction (Fig. 3), it can be found that knee extension peak torque in turf
with high traction (p = 0.004) is obviously higher than that in the low turf (p =
0.004). Knee adduction force peak torque in field with high traction is obviously
higher than that of field with medium (p = 0.008) and low traction (p = 0.001).
And fields with different fraction have no significant effect on keen external rotation
peak torque (p = 0.624).

By comparing peak torque of ankle joint in side cut retardation in turfs with
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different traction (Fig. 4), it can be found that knee flexion peak torque in turf
with low (p = 0.001) traction is obviously lower than that in the medium turf
(p = 0.0.001) and high turf (p = 0.001). And fields with different traction have no
significant effect on knee ectropion (p = 0.226) and external rotation (p = 0.131)
peak torque (p = 0.624).

Fig. 3. Comparison of peak torque of knee joint in side cut retardation in turfs
with different traction

Fig. 4. Comparison of peak torque of ankle joint in side cut retardation in turfs
with different traction

4.2.3. Results of biomechanical peak time parameters of ground reaction force
in 45 degree side cut retardation. Related kinematics and dynamics parameters of
the first peak value of ground reaction in turfs with different densities of shoe-turf
interaction surface in 45 degree side cut movement are shown in Fig. 4. In the time,
different tractions have significantly effect on vertical ground reaction (p = 0.013).
After checking, it can be fund that the difference of turf with low traction and
high traction is obviously higher than that with medium traction (p = 0.024, p =
0.006). Different tractions have significantly effect on horizontal background ground
reaction (p = 0.001). After checking, it can be fund that the difference of turf
with low traction is obviously than that with and high and medium traction (p =
0.004, p < 0.001) and the the difference of turf with medium traction is obviously



244 XIANGDE MO

lower than that with high traction (p = 0.002). Different tractions have significantly
effect on knee extension torque (p = 0.007). After checking, it can be found that
knee extension torque on turf with medium traction and high traction is obviously
higher than that with low traction (p = 0.007, p = 0.03) and there is no significant
difference in turf with medium and high tractions (p = 0.51). Different tractions
have significantly effect on knee adduction torque (p = 0.02). After checking, it can
be found that the adduction torque on turf with medium traction and high traction
is obviously lower than that with low traction (p = 0.023, p = 0.005) and there is no
significant difference in turf with medium and high tractions (p = 0.51). Different
tractions have a significant effect on knee adduction and abduction angle (p = 0.004).
After checking, it can be found that the abduction angle of turf with low traction
is obviously lager than that with medium and high tractions (p = 0.005, p = 0.001)
and the abduction with medium traction is obviously larger than that with high
fraction (p = 0.015). In the peak time, it can be found from other related parameters
that different traction have no obvious effect on knee internal and external rotations
(p = 0.015), knee extension angle (p = 0.675) and internal and external angles
(p = 0.274).

Table 4. Biomechanical index of peak time of ground reaction force in turf with different
interaction surfaces (n = 13)

Parameter Turf with low trac-
tion

Turf with medium
traction

Turf with high
traction

Vertical ground re-
action force (BW)

2.87±1.0 2.54±1.05 2.97±1.1

Horizontal back-
ground ground
reaction (BW)

0.49±0.28 0.64±0.3 0.77±0.2

Knee extension
torque (BWBH)

0.024±0.096 -0.021±0.08 -0.013±0.06

Knee adduction
torque (BWBH)

0.074±0.049 0.047±0.04 0.049±0.04

Knee internal and
external rotation
torques (BWBH)

-0.001±0.006 -0.0002±0.007 -0.0003±0.008

Knee extension an-
gle (ş)

37.88±6.06 37.99±5.24 37.13±7.19

Knee adduction
and abduction
angles (ş)

-1.11±3.01 -0.75±2.7 -0.52±2.9

Knee external rota-
tion (ş)

11.25±7.94 10.48±8.39 10.03±8.05

4.2.4. Kinetic parameter results of 45 degree thrust phase. By comparing peak
values of horizontal resultant and vertical ground reaction on turf with different



A STUDY ON THE INFLUENCE 245

traction in thrust phase (Table 5), it can be found that turfs with different tractions
have significant effect on the two parameters (p = 0.015, p < 0.001). After checking,
it can be found that the horizontal resultant force of turf with high traction is
obviously higher than that with low traction (p = 0.001) and vertical force of turf
with high and medium tractions is significantly higher than that with low traction
(p = 0.043, p < 0.001).

Table 5. Peak vale horizontal and vertical ground reaction on turf with different traction in thrust
phase (unit: BW, n = 13)

Parameter Turf with low trac-
tion

Turf with medium
traction

Turf with high
traction

Horizontal resul-
tant force

1.21±0.19 1.25±0.18 1.27±0.1

Vertical force 2.34±0.28 2.45±0.2 2.47±0.2

a: compared with turf with low traction, it is of significant difference; compared with turf with
medium traction, it is of significant difference.

4.2.5. Results of linear start gravity acceleration. Turfs with particles of different
densities filled in have no significant effect on gravity acceleration of players. Grav-
ity acceleration indexes of starting process are of no significant difference on turfs
with low (12.49m±1.98m), medium (12.38m±2.44m) and high (12.95m±2.61m)
tractions (p = 0.425).

5. Conclusion

Translational traction tests are carried out in the study in terms of artificial turfs
with three different filling densities. And rotational traction tests are undone due
to limited experimental conditions. On the other hand, there are studies showing
that translational traction is related with the existing of rotational traction, and
when translational traction increases, the rotational traction will also increase pro-
portionally. Results of the experiment suggest: the change of filling density has an
obvious effect on the interaction surface of shoes and artificial turf. As the density
of particles increases, the traction also increases. Different filling densities lead to
the change of traction of the interaction surface but the movement form in side cut
phase remains unchanged. The increasing of traction of interaction surface will con-
tribute to the increase of ground reaction force, joint torque and other peak values,
thus increasing the risk of injury. Traction increase resulting from the changed filling
density will provide good braking and thrust force in side cut process, but movement
performance of linear start movement is of no significant difference.
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Athlete’s gait tactics analysis system
based on tactile sensor

Bing Li1

Abstract. Deficiencies of tactical information acquisition and analysis of existing methods
hinder the correct judgment of coaches, athletes and researchers on the ability of the athletes,
which seriously restricts the improvement of the training level and the competition quality. In
order to solve this problem, this paper first of all takes tactile sensor as the basis, gives gait
analysis model, and then, based on the model, designs and implements the athletes gait tactics
analysis system. In addition, the paper tests the accuracy of the system acquisition of plantar
pressure data and reflection of footwork technique information. The test results showed that the
system can accurately collect the data and reflect the footwork technique information technique,
and meet the requirements of coach, scientific research personnel and so on for tactic quantitative
analysis, conductive for coach and scientific research personnel making a correct judgment on the
athletic ability of athletes. In this way, it can provide effective basis for coaches and athletes making
a scheme for daily trains and competitions.

Key words. Tactile sensor, athletes, gait analysis.

1. Introduction

At present, the combination of sports, science and technology has become an
irresistible trend of development. The development level of sports to a large extent
depends on the level of scientific and modern sports. Deficiencies of the existing
tactics information acquisition method hinder the coaches, athletes and researchers
to make the correct interpretation and judgment of athletic ability of athletes, which
seriously restricts the improvement of the training level and the competition quality
[1]. Data acquisition is restricted by environmental change parameters calibration,
only obtaining local static information. As a result, in order to fully improve the
competitive ability, it is urgent to develop stronger real-time, adaptable, and special
tactical ability analysis system.

And the acquisition of gait tactile information in human motion based on tactile
sensing technology not only achieves access to relevant kinematic information, also
can complete the relevant dynamic information acquisition, so as to realize the real-

1Xinxiang University, Xinxiang, 453003, Henan, China; E-mail: alexbinglibl@163.com

http://journal.it.cas.cz
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time monitoring of sports information feedback. This is an important breakthrough
of the modern science and technology in research methods in sports science.

2. Gait analysis model

In order to design the athletes gait tactics analysis system, we should first of all
analyze the gait of the athlete in the designed gait analysis model. In this paper, the
flexible sensor array based on tactile sensor and its data processing system are used
to obtain the pressure distribution of the foot, the curvature and the acceleration of
the foot in the movement. Through the original data, it is difficult to complete the
tactics ability analysis of athletes within a time window [2]. As a result, we need
to preprocess the original data, and extract the parameters of gait characteristics
during exercise, so as to facilitate further analysis and processing.

2.1. Multi-characteristics parameters extraction used for
gait analysis

Set a rectangle on the insole, inner vertex of the heel set as the origin, set the
two adjacent edges of the origin to X axis and Y axis, and set the vertical direction
to the rectangle as Z axis, consisting of the coordinates.

In the coordinate system XOY , first of all, measure and obtain the position
coordinates of 8 flexible pressure sensors, recorded respectively as {(x1, y1), (x2, y2),
· · · , (x8, y8)}. Symbols (xi, yi), i = 1, 2...8 refers to the position coordinate of the ith
flexible pressure sensors, respectively [3]. We make use of 8 flexible pressure sensors
to obtain the pressure value of the 8 pressure sensors at the moment t, recorded as
{F1, F2, ..., F8}. After determining the distribution position of the pressure sensors,
we measure the pressure of 8 pressure sensors at the moment t, using pressure center
method. We also use the following equations to obtain the center point information
(xc, yc) of the pressure distribution.

xc =

∑8
i=1(xi × Fi)∑8

i=1 Fi

, (1)

yc =

∑8
i=1(yi × Fi)∑8

i=1 Fi

, (2)

The bending Ct at the t moment is obtained by the flexible tension sensor.
The accelerations atx, aty, and atz in the X,Y, Z directions at the t moment are

obtained by the inertial sensor, and the scalar value St of the acceleration at the t
moment is obtained by using the formula

St =
√
(atx)

2 + (aty)
2 + (atz)

2 . (3)

For gait analysis within a time window, we first of all select the characteristics
parameters of gait information within the window. In the previous part, we get 7
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kinds of gait sensing information within the window, and calculate four features val-
ues of the 7 kinds of sensing information discrete data within the window, including
the maximum and minimum value, mean and variance [4]. These 28 parameters are
used as the characteristic parameters of gait analysis within the window.

2.2. Gait analysis model

We make use of the neural network toolbox in MATLAB software, and establish
the mapping relationship between the 28 kinds of characteristic parameters and gait,
so as to determine the gait of athletes.

(1) Selection of neural network algorithm
In this paper, the feed-forward neural network is used to classify and recognize

the gait model of athletes. The most commonly seen in feed-forward neural network
are BP (Back Propagation) neural network and RBF (radial basis function) neural
network. About 80% to 90% of the neural network model use BP neural network
and its change form.

The BP algorithm is used for network training.The network consists of an input
layer, a hidden layer and an output layer. The results showed that the increase of
hidden layer number or unit number is not positively related to the precision of the
network and the ability to express. A hidden layer can also produce high accuracy,
and a number of hidden layers will lead to the increase of the amount of calculation
andslowing down the speed. Therefore, only one hidden layer is selected in this
paper.

In the case of the n input units X1, X2, ..., Xn of the input layer of BP neural
network, the input of the hidden layer neural unit is

Ij =

n∑
i=1

WjiXi = Tj , j = 1, 2, ..., n . (4)

In (4), Wji refers to the connection weights between the hidden layer neural unit
J and input layer neural unit I, while Tj represents the threshold value of the hidden
layer neural unit J .

The output of the hidden layer neural unit is

Oj = f(Ij) . (5)

In (5), the activation function f always takes continuous and differentiable S-
type function. The input calculation of the output layer neural unit is similar to
(4).

The output of the output layer neural unit is

Ok = f

(
m∑
i=1

WkjOj + Tk

)
, k = 1, 2, ..., q . (6)

BP neural network algorithm is a supervised learning algorithm. The main rule



250 BING LI

of this supervision method is, for a plurality of input samples (P1, P2, ..., Pq) and the
corresponding output samples (T1, T2, ..., Tq), through training, to make the squared
error between the actual output of the network and the target vector achieve the
minimum.

(2) BP neural network training
BP neural network can, through artificially prepared input and output sample

data with corresponding relationship, analyze the potential rules between the input
samples and output samples [5].

In this paper, the author selected the neural network toolbox in MATLAB soft-
ware to create a three-layer feed-forward BP network as shown in Fig. 1: the first
layer is the input layer containing 28 input nodes; the second layer is the hidden layer,
and the number of nodes in the hidden layer is determined in the training process;
the third layer is the output layer with 2 nodes. The components of two-dimensional
output vector (Y1, Y2)

T are used for the representation of the gait analysis results.

Fig. 1. Three-layer BP network structure for gait analysis

In the BP neural network, we are supposed to select the appropriate number of
hidden layer nodes on the premise of ensuring the gait discrimination rate. According
to these weight coefficients and thresholds, we can obtain the gait analysis model.

3. Design of athlete’s gait tactics analysis system

According to the purpose of the gait tactics analysis system, the system can be
divided into three modules, which are system management, data acquisition and
management module, and tactical analysis and report module. Its functional struc-
ture is shown in Fig. 2.
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Fig. 2. System functional structure

3.1. System management

The system management mainly includes parameter setting, parameter script
code processing and analysis, and system setting function. The script interpreter
realizes tactical information statistics and analysis. The delimiter uses "&" to repre-
sent the connection of two movements, "#" represents the end of the turn, followed
by the tactics used in the turn.

After the system reading into the script code group, the word is divided by
the delimiter, and then the word rules and the semantic rules are used to explain
the technique and tactics. According to this project, we need to design a special
interpreter. The main function of the interpreter is to input the script code group
and to explain and output the natural language.

3.2. Data acquisition management

Data acquisition management can be divided into video editing, digital site ac-
quisition, synchronous acquisition and data validation of storage. Video editing
mainly realizes video capture and playback, and video analysis. Clicking on the
corresponding button can classify and store the corresponding tactics analysis in-
formation along with the corresponding video clips; video analysis means that the
operator can refer to the competition video clips according to the query conditions
of the athletes, the technology, the tactics, the round and so on, and can also classify
and store again after editing.

The data confirmation storage module mainly completes the modification of error
data and data storage in the data acquisition process.

3.3. Tactics analysis and report

Tactics analysis and report can be divided into analysis function and reporting
function. In the tactics analysis and report module, the analysis function serves the
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on-site guidance and preparations, and training summary these two aspects; report
function mainly relies on the crystal report to realize, which can realize the report
presentation and print.

4. System test results

For testing the system acquisition plantar pressure data and reflecting the accu-
racy and effectiveness of gait technology information, this paper selects 50 badminton
players as the test samples, so these athletes play badminton at the same site. In the
test samples, 10 athletes defense samples, first of all use first guaranteeing and later
defensing tactics; 25 athletes attacking samples, use attack-after-service tactics; 15
athletes normal walking samples, without using any tactics. If the data information
collected by the system and the gait technology information reflected by the method
are consistent with the test samples classification, the test is normal. The final test
results are shown in Table 1.

Table 1. Test results

Test samples System analysis results Accuracy
First defensing
and later at-
tacking tactics

Attack-after-
service tactics

No tactics

Sample of play-
ers in defense

10 0 0 100%

Sample of play-
ers in attack

0 25 0 0%

Sample of play-
ers in normal
walking

0 0 15 0%

It can be seen from the test results that the system can correctly identify all
the test samples, and prove the accuracy and validity of the data collected by the
system.

5. Conclusion

The gait analysis system designed in this paper made use of script decoding
technology of digital encoding technology with strong operability, and realized data
automatic acquisition when the athletes are exercising. This paper designed the
actual tests to test the accuracy of the system data acquisition of plantar pressure
and reflection of gait technology information. The test results showed that the gait
tactical analysis system based on tactile sensor designed in the paper not only can
collect the plantar pressure data, but also can accurately reflect the gait technical
information and tactical information. At the same time, the system can well meet
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the needs of coaches, athletes, and researchers for the tactics quantitative analysis,
providing an effective basis for the coaches and athletes to do the daily training and
pre-competition strategies.
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Design and experimental analysis of
gesture analysis system of basketball

players for human kinematics

Guoqing Wang1

Abstract. Body motion is a complex process and the study of body motion has a far-reaching
influence on many research fields. In the basketball game, we can use the body movement measure-
ment to scientifically plan the training of basketball players. In the automatic control system of
robot, the human kinematics measurement provides a theoretical basis and verification platform for
motion control such as bionic robot. In clinical medicine, the human motion measurement provides
reliable data for the diagnosis and monitoring of medical staff. Gait is a branch of the human
movement. Human gait is a long-term formation of a regular movement, and the gait movement
contains a lot of sports information. In this paper, we use low-cost inertial sensors, including ac-
celerometers and gyroscopes, to measure human gait data, and through these data to analyze the
gait of human body. It is necessary to establish a gait database by collecting the experimental data
of many people, so as to lay the foundations for future gait recognition work.

Key words. Gait movement, inertial sensor, gait database.

1. Introduction

Human kinematics is a popular science. As the human body movement is a
highly-automated process, each person will have different movement patterns in
different environment, that is, the human body movement has a certain random,
so many studies are hoping to find the pattern of motion from human kinematics.
In human kinematics, human gait is a relatively regular branch. From the birth of
a human being to the learning of bipedal walking, the gait of a human being has
formed a basic pattern that can be observed and measured, and further analyzed.
There is no doubt that the theory of human gait movement can provide guidance
for many scholarships and practices. For example, the gait pattern can be used in
biped robot gait control strategy, so that the robot can be closer to people walking
habits movement, to achieve a high degree of intelligent bionic movement [1].

1Zhejiang Industry Polytechnic College, 312000, Zhejiang, China; E-mail: emailguoqingwang@
163.com
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In addition, the measurement of human gait can be applied to clinical medicine.
Doctors can use the patient’s gait data to determine whether the patient needs
treatment, or to provide strong data support for treatment [2]. Gait analysis emerged
in the European renaissance. In the early days, in order to understand and record the
gait information, most people use the method of observation and hand drawing to
understand the human gait. A variety of computer equipment are used to collect and
deal with human gait information. These methods include video image processing,
pressure sensor signal processing and inertial sensor signal fusion processing [3].
These methods provide a theoretical and practical basis for the development of
clinical medicine, intelligent robot control and other disciplines.

In this paper, we use low-cost inertial sensors, including accelerometers and gy-
roscopes, to measure human gait data, and through these data to analyze the gait
of human body. It is necessary to establish a gait database by collecting the experi-
mental data of many people, so as to lay the foundations for future gait recognition
work [4].

2. 2. Algorithm flow design of gait analysis

After the node’s hardware is filtered, the raw data of the inertial sensor is stored
in the computer. The host computer program separates the two-node data into left
and right node data, and each time the data packets are marked with time, so that
the data can be further analyzed to calculate the gait parameters. Figure 1 is a flow
chart of data analysis [5].

The data of the two nodes also contain information about the movement of
the feet. Through the acceleration and angular velocity data fusion, we can get a
single foot of the walking cycle. The original data of the acceleration and angular
velocity are the data at the inertial boundary system, so we must project it into the
navigation coordinate system and then obtain some spatial parameters such as step
size by further integration [6].

In order to automatically identify the number of steps, we use the sliding window
method to find the peak, so as to get the number of steps. The specific method is as
follows. In the collected N data points, starting from the Mth one, if the ith point
to meet the following relationship

θ (k1) ≤ θ (i) < θ (k2) (1)

where k1 and k2 are the serial numbers of the sampling point, and its range is
k1 : i − N ∼ i − 1, k2 : i + 1 ∼ i + N , i : M ∼ N −M , M being the size of the
sliding window.
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3. Walking cycle

3.1. Introduction of the walk cycle

The human walking process is a regular pattern. For regular movements, it can
study its periodicity, and a walking cycle is divided into standing and oscillating
phases. The stance phase is the time period when the foot is in contact with the
ground. On the contrary, the time period when the foot leaves the ground and moves
forward is called the swing phase.

The standing phase and the oscillating phase can be preliminarily divided into
gait cycles, which can be done using the pressure sensor to complete the division
of these two phases. Because of the use of inertial sensors, the complete process
of motion can be captured, so the station can be further divided into heel off, heel
strike, and foot flat.

In this way, our walking time can be divided into four stages as shown in Fig. 2,
which are full standing, heel to ground, swing phase, and the heel strike. Heel off
the ground is the experimental man still, or the heel first left the ground in the next
step, but at the same time, the toes are also connected with the ground. The swing
phase, as described earlier, is the foot that leaves the ground. Then, followed by the
heel hit the ground, when the swing phase is completed, the foot to fall back to the
ground, the heel first contact with the ground, and then flat the feet. Finally, when
the foot is completely stationary, the other foot will move, and then the foot cycle
of a single foot will end.

Fig. 2. Single foot walking phase

3.2. Motion decomposition of vector plane

Figure 3 shows the motion process in the vector plane, where X −O − Y is the
navigation coordinate system and x− o− y is the inertial sensor coordinate system.
Since the gait parameters are mostly in the vector plane, it is necessary to do a
specific analysis of the motion within the vector plane.
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Fig. 3. Motion decomposition of vector plane

When the experimenter stats the experiment, or at the end of the step, it is in
the complete standing stage, and this stage of the angle and acceleration are static
output; When the gait movement begins, we enter the heel off the ground. With
the movement of the experimenter, the sensor that tied to the ankle also rotates and
moves. At this time, the gyroscope will produce a negative angular velocity, and
when the negative angle reaches the maximum, the heel off the ground stage is end.
The gyroscope will measure a positive angular velocity change, and then turn off
the negative angle until it reaches the maximum angle, the swing phase is end. In
the very short time of the heel to offset the adjustment angle, complete a gait cycle,
return to the gait of the initial state, and prepare the beginning of the next cycle.

3.3. Sliding variance algorithm

For a sample value, if we want to know its fluctuation throughout the sample,
variance is a good choice. We can use the sliding variance to evaluate the fluctuation
of the sampling sequence in the experiment. The specific method of sliding variance
is as follows:

First, using formula (2) we calculate the moving average:

Ei(j) =
1

M

M∑
j=0

a(j + i) . (2)

Here, M is the size of the sliding window, a(j + i) is the data size of the j + ith
sample point and Ei(j) represents the moving average of the jth point in the window
M .

4. Discussion of the results

Through the study of the gait mode, we accurately divide the walking cycle into
four stance phases, which are heel strike, swing phase, heel off and foot flat. As
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shown in the follows, Table 1 is the average of the single-step gait time information
of the four experimenters. In the table, we give the form of (mean ± standard
deviation). In the table, HO refers to the heel off the ground, SW refers to the
swing phase, the HS finger abraded. Their units are seconds (s), and the table gives
the data of the left foot and right foot.

Table 1. The average of the single-step gait phase (mean standard deviation

Param. Experimenter 1 Experimenter 2 Experimenter 3 Experimenter 4

HO(s) Left 0.296±0.024 0.295±0.058 0.357±0.043 0.278±0.026
Right 0.284±0.038 0.273±0.026 0.336±0.032 0.273±0.036

SW(s) Left 0.437±0.024 0.425±0.024 0.387±0.058 0.382±0.059
Right 0.437±0.026 0.426±0.016 0.406±0.053 0.418±0.043

HS(s) Left 0.257±0.024 0.218±0.037 0.146±0.017 0.197±0.024
Right 0.354±0.047 0.203±0.037 0.154±0.017 0.183±0.17

From the above table, we can get that, when normal people walking, the time to
complete a walk cycle is about 1.2 seconds. In a walk cycle, the time of the heel off
the ground is about 0.3 seconds, the time of the swing phase is about 0.4 seconds,
the time of the heel strike is relatively short for about 0.2 seconds, and the time of
full standing is about 0.3 seconds. Everyone’s walk has a certain difference, and the
average of the walking cycle can reflect a general law of the pedestrian.

Figure 4 shows the percentage of the gait cycle of the right footers. For example,
the heel to ground of the right foot accounts for 24% of the entire walking cycle. The
swing phase of the right foot accounts for 36% of the total walking cycle. The heel
strike of the right foot accounts for 14% of the total walking cycle. The full standing
of the right foot accounts for 26% of the whole walking cycle. In this way, we can
see that the right feet is balanced in a normal walking process, so the comparison
results of the stance phases are also relatively symmetrical.

5. Conclusion

In this paper, we use the inertial measurement device to collect the acceleration
and angular velocity signals in the walking process of the human body, and make a
detailed analysis of the human gait movement. Through the error model to eliminate
the static error, we correct the sensitivity of the sensor, so as to get a more accurate
sensor data. We use the two inertial sensor nodes that are tied to the ankle of the
experimenter to collect the inertia signals of the human gait movement. Through
the study of the gait mode, we accurately divide the walking cycle into four stance
phases, which are heel strike, swing phase, heel off and foot flat. The results show
that the percentage of the gait cycle of the left and right swing phase is relatively
large, and the percentage of the gait cycle of the left and right heel strike is relatively
small.
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Fig. 4. Pie chart with the percentages of the walking cycle
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The application of characteristic
symbol detection and the scene

recognition in football match video

Kuan Wang1

Abstract. In some football game videos, video data need to be segmented into different
scenes to realize the retrieval of video data, thus analyzing the performance of different players
in the field. How to effectively segment video data, therefore, becomes a significant application
problem in the field of information retrieval. Video data is studied in the paper with camera
pictures taken as the appearance of stereoscopic effect. A scene recognition algorithm similar to
information pyramid is put forward at first so as to target at the moving scene of the player; the
moving player in the camera can be seen as a circle symbol, whose detection algorithm is studied;
meanwhile, in order to distinguish symbol pictures better, the algorithm of scene segmentation is
researched from the minimum unit of the video. According to the situation when the accuracy
and speed cannot be realized by using the current algorithm, a segmentation algorithm, based on
the characteristic symbol detection and scene recognition algorithm, is figured out, whose accuracy
improves gradually at a certain speed.

Key words. Scene recognition, characteristic symbol, scene segmentation.

1. Introduction

As a form of data, video [1] works better in helping people comprehend the
information than text and carries much more information. A football match lasts 90
minutes, and the 90-minute video contains many massages for the coach, players and
fans as well. People can see that the scenes and one scene switches to another very
fast. The coach may focuses on the defense of midfield player, because the result of
defense in midfield affects the pressure of defense line; players hope that they can
see the moving ways of their counterparts so as to know about their attack modes;
they care more about the wonderful moments of their favorite players.

When videos are uploaded to the Internet, they can be clipped and segmented in
various ways and then they can be edited with titles. The way to manually handle
with videos is inaccurate and time-consuming. Generally, the search engine defines
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video in the way of text, which is limited. If video retrieval [2] is to be realized, the
contents of the video itself should be taken into consideration.

2. Literature review

Scene recognition [3] is an important field of computer vision which is applied in
many fields. It works in the data vectorization [4] of pictures in the scene, designing
correspond data model and classifying different scenes. SIFT feature algorithm [5]
has good recognition ability, but it has lower recognition rate in spatial distribution.
Some researchers attempt to introduce certain information about spatial distribution
to the semantic meaning, thus raising recognition rate. The literature points out that
using spatial pyramid mode [6] to divide spatial area to extract SIFT features can
greatly improve the scene recognition rate. Census transformation [7] is combined
with special pyramid model in the literature, which works better than the former
algorithm.

Pictures in video is stereoscopic [8], which is based on stereoscopic vision detec-
tion including camera calibration, picture data correction and picture fitting and
three-dimensional positioning of objects. Characteristic symbol detection is crucial
to three-dimensional positioning of objects.

This paper combines with spatial pyramid model and refers to the concept of sim-
ilar information. A scene recognition algorithm is proposed and from the perspective
of testing logo, players are taken as circular logo, to extract the edge information.
And then a new symbol detection algorithm based on least squares fitting method
is put forward. Combining scene recognition algorithm with symbol detection algo-
rithm and from the perspective of scene segmentation, referring to the concept of
entropy, an improved shot segmentation algorithm is proposed.

3. Research methods

3.1. Scene recognition algorithm similar to information
pyramid

The traditional spatial pyramid mode uses the regular grid as the segmentation
unit and extracts the features of correspond unit. But this method lacks in the
description of semantic information of pictures. Based on spatial pyramid model,
segmentation method with the similar information is adopted in the study so that
the segmented grid units are of semantics.

The use of similar information can increase the computation of picture recogni-
tion, which normalizes small modules with several different colors to one color. This
segmentation method combining similar information is based on entropy rate, which
transforms the problem into another similar to clustering.

The function of the problem is expressed as

E(A) = F (A) + βG(A) (1)
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In the function, F (A) is used to compute the entropy rate. The incoming picture
is seen as an undirected graph. Panel points in the picture show the pixels, and
edges of the picture indicate the connection of pixels. The function adopts the way
of random walking to cover all points in the picture, so there are many pixel paths
which can be used to compute the uncertain rate, namely, entropy rate. Clustering
is analyzed based on several entropy rates and correspond pixel points. The bigger
the entropy, the closer the pixel placer. Thus, the region of picture modules can be
judged and divided. Expression βG(A) is used to avoid the entropy rate tends to 0.

In using the method of segmenting similar information, information of similar
modules of pictures can be clear, which lays a good foundation for the coming feature
extraction. As is shown in Figs. 1 and 2, the way of segmenting similar information
is applied and the picture is divided into several parts, and here there are 10 parts.

Fig. 1. Input image

Fig. 2. Similar image split

This kind of segmenting method ensures every pictures module has one or less
objects when they are segmented in different resolving powers, which reduces the
possibility that one picture module has more than one objects. This can improve
the semantics of the picture module, which is shown in Fig. 3.



266 KUAN WANG

Fig. 3. Similar image split with different pixels

When the picture is segmented, features will be extracted by Census Transfor-
mation (CT), which is often used in connecting partial regions. It sets a founder
with the size of 3 × 3. By comparing center point of the founder and the neighbor
points, the transformation value can be known.

CT (q) = ⊗
q′∈WT (q)

MinMax(U(q), U(q′)) , (2)

MinMax(U(q), U(q′)) =

{
1, U(q) < U(q′),
0, U(q) ≥ U(q′).

(3)

In formulae (2) and (3), CT (q) is the Census Transformation value corresponding
to pixel q, WT (q) is the transformation window corresponded to center point of the
founder and U(q) is the gray value of pixel q.

If the founder is [(32,54,60),(45,54,70),(50,54,80)]T, and has been transformed,
there are 8 numbers which can be compared. According to (3), it can be transformed
to [(1,1,0),(1,1,0),(1,1,0)]T, which corresponds to a binary number, whose range is [0,
255]. This is the CT value of the center point. Every change of pixel point through
CT will reflect the transformation effect of the picture, which is shown in Fig. 4.

CT retains all features of the picture, and the picture is describe 256 degrees of
vector, among which o and 255 is removed in that they go against the description.
From the perspective of matrix theory, the picture structured by this method is of
good sparsity and can help analyze main elements.
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Fig. 4. Image transform with census

3.2. The algorithm of edge-least square fitting detection

In football match video, the characteristic symbols of players should be positioned
if the moving track, the position and the defense in midfield of players are to be
observed. Circles are common in characteristic symbol, which are easy to deal with
and will not change with the pace of the geometry. In stereoscopic vision of the
video, circle, the characteristic symbol, will be transformed into oval through affine.
As the center of oval pictures does not mean the center of the three-dimensional
circle picture, there is certain deviation between centers, and the center of the oval
picture should be positioned.

The algorithms of least square oval fitting are:

3.2.1. Algebra fitting method. The method is to put discrete nodes to the equa-
tion to know the distances of deviation, and coefficient of the equation can be known
in the method of least square. The method is easy to get results. If certain con-
ditions are set, there will be less impossibility that the fitting result is oval. But
it tends to be affected by abnormal nodes and isolated nodes, so the stability of it
is not sure, which may lead to the difference of the least deviation function after
transformation.

3.2.2. Geometry fitting method. This method defines that the deviation distance
is the shortest distance from the point to the oval. It is different from algebra fitting
method for there is no difference of the least deviation function, but it shows the
exponential growth in computing.

3.2.3. Least median square method. The method requires that the median of
residual sum of squares is the least. After extracting from the edge every time, 5
characteristic points are used to get corresponding parameters through linear trans-
formation, this method features in excluding some characteristic points with great
deviation, but the group numbers of correspondent oval parameters affect the per-
formance of the algorithm.

In order to increase the precision of edge detection and make it the grade of sub-
pixel, Zernike matrix is used here. It is an orthogonal complex which is of orthogonal
invariant property.
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The correspondent T -order polynomial of Zernike matrix is as the following:

WTF (β, α) = CTF eiFα . (4)

In the formula, T and F are integers and conform to the condition: T ≥ 0 and
T−|F | is an even number. The parameter i refers to the imaginary unit. Polynomial
formula CTF is defined as

CTF (β, α) =

T−|F |
2∑

d=0

(−1)d(T − d)!βT−2d

d!(T+|F |
2 − d)!(T−|F |2 − d)!

. (5)

The T -order polynomial of Zernike is orthotropic in unit grid, namely, it conforms
to the formula ∫∫

a2+b2≤1
WTF (β, α)×W ∗RV (β, α) da db =

π

T + 1
. (6)

Formula (6) is right when T = R and F = V and W ∗RV f(x) means the complex
conjugate.

Two-dimensional picture corresponding to Zernike matrix is defined by the for-
mula (7):

QTF =
T + 1

π

∫∫
a2+b2≤1

f(a, b)×W ∗TF (β, α) dadb . (7)

Considering that the picture is made up of scattered signals, Zernike matrix of
two-dimensional picture f(a, b) is

QTF =
∑
a

∑
b

f(a, b)×W ∗TF (β, α), a2 + b2 ≤ 1 . (8)

Zernike matrix has less redundancy, strong ability of anti-interference, high pre-
cision and other merits. Good effects will appear if it is used in edge detection. The
principle of detection is to compute the parameters of every pixel points in use of
third-order Zernike matrix. According to the results, the pixel point will be judged
whether it is the edge point. Parameters of the pixel point are: p, the gray coefficient
of the background, p+k, the gray coefficient of foreground picture; om, the distance
the foreground projects to the edge; θ, the included angle of project line and X axis.
Symbol k is the span from the background gray value to the foreground.

At first, Canny operator is used to extract the correspondent pixel coordinate of
the oval, and then Zernike matrix is used to further improve the precision of edge
coordinate. According to the edge coordinate of sup-pixel, the parameter of the oval
fitting is known and the correct oval center is also clear in the way of the least square
fitting.

3.2.4. Scene segmentation algorithm In the algorithm of segmenting the scene,
it is easy to mix the moving of camera or objects and the switching of scene. But
the former is changing with the step of the position of edge, and the edge position
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is relatively stable when pictures are switched. Based on the feature, “interframe
information entropy is put forward.

Ep = −
W∑
t=0

|aYt − aWt | log |aut − avt | . (9)

In the formula (9), u means any frame, v means a frame after u, t means the tth
column of the histogram and t ∈ [0, 255]. 5 frames is an interval, which means that
the difference of v and u is 5.

When adaptive threshold function is used to segment a group of moving videos
with a camera or object, it will be mistaken as the switched candidate scene. Within
a particular range, “interframe information entropy” is computed through Gaussian
distribution formula. The related range can be changed by using the sliding of
windows. Threshold Rs is shown in the following:

Rs = η + βθ . (10)

In the formula, η and θ refer to mean value and standard variance, in which β is
the judging factor analyzed according to experiments. The parameter can be chosen
properly to increase the rate of misjudging.

When the candidate scene is certain, further selection works should be carried out
to remove the misjudging caused by the object or camera moving from the switching
of scenes. Considering that there is overall change between frames in the moving
video, but there change between frames in switching scene is partial. In accordance
with the feature, the algorithm of scene edge detection is figured out, and the flow
of it is as follows:

(1) Symbol Ai denotes the ith frame, and the interval is T1, here its value is 2.
At first, the pixel difference of two frames DAi is figured out, shown in subfigure
(b) of Fig. 5.

(2) The edge DAi is detected by using Canny operator, and thus, WAi (the
corresponding moving effect) is shown in subfigure (c) of Fig. 5. The moving edge
of switched scene is relatively stable and exhibits only a small change, but the edge
change caused by the camera or object moving is greater.

(3)WAi is simply expanded and segmented the effect picture of moving edgeWAi
in the size of 6 × 6 window. The number of edge pixel in each unit is respectively
collected. If one of them is over a pixel, it means the adjacent region of 6× 6 is the
edge. The edge expansion effect picture is shown in subfigure (d) of Fig. 5.

(4) After the edge picture of expansion is known, the edge information is gathered.
Here the edge picture is divided into Q × H regions, and the resolving power of a
single frame picture is q × h. The number of unit region is Q ∗ H/(q ∗ h). In the
experiment, the unit region is set as 60 × 40, and the resolving power of a single
frame is 1024 × 768. The information value of moving edge is figured out in the
method of interframe information entropy:
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Fig. 5. Process of scene boundary detecting algorithm

Ep = −
Q×H/(q×h)∑

v=1

F ov /(q × h) log(F ov /(q × h)) . (11)

In the above formula, F ov means the number of the edge pixel in unit region o,
and o ∈ [1, Q×H/(q × h)]. Then the same computation is repeated in every frame
so as to get the information difference of each frame using the formula

DAFv = |Fv − Fv+1| . (12)

By doing this, a group number, namely, DAF1 , · · · , DAFn misjudged in the video
sequence is known, in which n means the number of the frame.

The whole process of segmenting scene develops from the group to the fine. The
first step is based on interframe information entropy, which is to compute the candi-
date scene to be judged. As the similar performance of switching scenes and object
or camera scene in general algorithms, it is impossible to select further. Therefore,
in the second step, the distinguishing algorithm for switching scene and object or
camera moving scene is designed based on the feature that the change appearing in
switching scenes between frames is partial.

4. Experiment results and analyses

4.1. The experiment and analysis of scene recognition

In order to prove the algorithm put forward in the study is effective, different
picture databases are compared and analyzed. Similar segmenting is adopted to
segment the picture to two subregions with different grades: 128, 32, 8, 2. Owing
to Census transformation, it is just based on the pixel intensity and lacks of multi-
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dimensional information of pictures. Thus, some features of picture data are intro-
duced. The feature dimension under the two grades is shown as: (38+5)×(8+2+128
+32)=7310. To extract characteristics, adopt the clustering algorithm to establish
word dictionary for the characteristics, then get the word frequency of each scene,
and the overall feature of the picture will be known, whose feature vector is expressed
by 7310 dimensions.

10 kinds of scene are chosen here, and 300 pictures are used on average. The
standard number of pixels of each picture is 1024 × 768 with the color omitted. In
the data, the corresponding test set and training set are obtained based on Mahout,
and the rate of them is loosely 1:4. The experiment is repeated 10 times to select
the average recognition rate. Here the recognition rate is classified by using Bayes
approach and sparse matrix is taken as the judging standard.

Table 1. Film scene labeled with alphabet

Film Scene Alphabet

The Godfather a
American Beauty b

Raiders of the Lost Ark c
The Silence of the Lambs d

Paths of Glory e

Toy Story 2 f

North by Northwest g

The Sixth Sense h
Crouching Tiger,Hidden Dragon i

Homeless to Harvard j

As what is shown in Table 1, it shows the scene of 10 movies. Symbols [a, j] are
used for better marking. For example, the movie American Beauty corresponds the
letter b.

Table 2 shows that the scene recognition of each movie is high. From the main
diagonal of the table, the average scene recognition can be computed as

(0.85 + 0.78 + 0.85 + 0.8 + 0.9 + 0.86 + 0.88 + 0.89 + 0.96 + 0.76)/10 = 0.853 .

It can be seen that the average recognition rate put forward in the study is over
85%. 8 out of 10 items have the recognition over 80%, among which recognition
rate of the movie Crouching Tiger, Hidden Dragon is up to 96%, which shows the
distinctive scene characteristics.

4.2. Simulation and analysis of characteristic symbol detec-
tion

Circle, the characteristic symbol, is studied. The design of detection algorithm is
to solve the problem that project enter point of characteristics symbol is uncertain
due to the deviation. Circle is adopted in the study, which will be projected to oval.
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In the ideal state, the oval center is a point with the circle symbol projected. In
practical detection, the oval centers which are fitted on the oval edge are not at one
point.

Table 2. Scene recognition based on confusion matrix

a b c d e f g h i j

a 0.85 0.12 0.10
b 0.78 0.13 0.02
c 0.85 0.10 0.05
d 0.8 0.13 0.07
e 0.9 0.02 0.08
f 0.86 0.10 0.04
g 0.12 0.88

h 0.03 0.12 0.05 0.89 0.04
i 0.04 0.96
j 0.05 0.06 0.76

Fig. 6. Projection center deviation

As shown in Fig. 6, Oz-XzYzZz consists of the camera coordinate system. With
C1 as the circle center, it establishes the photographed plane. The plane where the
camera makes an image is the plane with C2 as the circle center. It is assumed that
L1 and L2 are the diameters of an ellipse on a plane. OzL1 and OzL2 are extended
to the space object plane, namely, they intersect with the plane whose center is C2
to L3’ and L4’. In addition, from the figure, it is easy to find that, between the
correspondent points, there holds L3 6=L3’ and L4 6=L4’.

L3’ and L4’ are connected and the center point C2’ is selected. And then it will
be clear that C2’ and C2 are not the same points. It means that the projection point
of the center on the space object plane is not in the circle point after it is transformed
in the camera imaging plane. In the pretreatment of video data, it is usually divided
into many pictures, so the deviation of the projection circle is common.
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In order to reduce this kind of deviation as much as possible and better depict
players in the field, it is important to compute the center of the projected oval.
The method put forward in the study is to detect the edge and then extract the
related edge coordinates of characteristic symbols, and get the edge coordinate of
sub-pixel in using Zernike matrix. Hence, the detection precision can be improved.
Through comparing the deviation of center of three-dimensional project imaging,
the advantage and disadvantages of this method can be found.

Table 3. Coordinates of ellipse center with different algorithms

Algorithm Center of grey Ellipse fitting Zernike fitting Installed center

Ellipse 1 241.55, 209.58 242.15, 211.45 241.07, 208.70 240.65, 209.01

Ellipse 2 269.80, 271.05 269.96, 270.15 269.11, 269.75 269.00, 269.01

Ellipse 3 284.80, 286.05 284.96, 285.15 284.11, 284.75 284.00, 284.01

Ellipse 4 521.75, 234.30 521.39, 234.15 520.60, 233.75 520.80, 233.55

Ellipse 5 412.86, 270.59 412.34, 270.19 412.41, 269.50 412.13, 269.50

According to what is shown in Table 3, the root mean square of the center
deviation, the pixel with maximum pixel, and the time for performance are computed
using the following algorithms.

Max∆Pix = max
√

(Xt −XOt)2 + (Yt − Y Ot)2 , (13)

RMSquare =

√√√√ 1

m

m∑
t=1

[(Xt −XOt)2 + (Yt − Y Ot)2] . (14)

According to formulae (13) and (14), it can be concluded that the edge detection
for the grade of sub-pixel is carried out by using Zernike matrix, and then the error
of the ellipse center coordinates by fitting is relatively small, and thus, the precision
is higher.

5. Conclusion

Focusing on football match video, a method of scene segmentation is put forward
to better know the performance of players in the field. In order to carry out scenes
segmentation, some pretreatment works should be done at first. The scenes images
are carried out with edge detection and classification from the aspect of characteris-
tic symbols and scene recognition. The algorithm of edge detecting of characteristic
symbols solves the center deviation appearing in the circular projection; and the
pyramid combined with similar information enhances the accuracy of scene recogni-
tion. As for the experiment, the picture pretreated is taken into consideration, and
by combining with the scene segmentation algorithm, the segmentation experiments
can be made in the condition of different scene pictures, which is the work in the
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further study.
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Application and induction properties of
novel piezoelectric thin film material in

the Wushu electronic gear

Xuelin Luo1

Abstract. With the continuous evolution of Wushu competition and the implementation of
the new rules, the Wushu martial arts equipment is no longer the pure armor, but an electronic
body protect having the protective function to achieve intelligent identification of hitting, automatic
scoring, display of strength value and other functions. By studying the advantages and disadvan-
tages of martial arts electronic gear at present, we designed and produced a kind of E-Touch based
piezoelectric thin film used embedded in the gear, without disturbance and anti-interference. We
can make it into different kinds of universal sensor used in Wushu competition, and prepare for
the following calculation of force size, duration, and force frequency, by taking the voltage follower
with fast response and good following feature as the calibration result for the conditioning circuit.
After the test, the martial arts electronic gear studied in this paper has rapid response, low power
consumption, and low cost, meeting the application requirements, suitable for popularization in
China Wushu team.

Key words. Electronic protector, piezoelectric film, martial arts.

1. Introduction

The electronic gear, from the beginning of development by Taishan Daedo and
Lajust company, has been concerned and disputed. In recent decades, the Wushu
electronic gear has been rapidly developed because the response is sensitive, it can
determine the force source, and its disturbance is small, even up on the stage of the
competition. But due to the rules of the game, the size and different gear using
force sensor, non-contact induction chip and the ID chip of recognizing the action,
the Wushu electronic gear sometimes take a long time to contact and sometimes
can easily get the score by getting close to each other. As a result, the penalties of
competition was sometimes questioned by the athletes, and the training difficulty
greatly increased [1].

Similarly as the core components of the electronic gear, the acting force, anti-
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interference, service life and further problems directly affect the usage and develop-
ment of the gear [2]. Aiming at the above problems and the impact of the electronic
gear on the competition events, we designed a new replaceable force sensor E-Touch
based on piezoelectric thin film without disturbance and anti-interference. There are
many flat hole structures in the E-Touch piezoelectric films, and there are permanent
positive and negative charges stored in these holes. When the piezoelectric film is
subjected to dynamic stress, the thickness changes and produces the corresponding
charge, and these charges accumulate in the electrode film, resulting in a charge
[3] corresponding to the size of the force. Combined with the conditioning circuit,
through the output waveform, we measure the force and the force time, calculate
the force frequency, and determine the position of the force by the different parallel
network areas. At the same time, according to the needs of different competition
event gears, using requirements of athletes in different genders and levels of corre-
sponding protective events, we produced force sensors that met different sizes and
stress ranges of event requirements.

2. Methods

2.1. 2.1 System overall design

Wushu, as a competitive sport, the regulations of venue have been relatively
perfect. Wushu competition venues are slightly different with the different projects,
generally no-obstacle level with 14 meters in length and 8 meters in width, built
on the platform with the height of 50 to 60 centimeters according to the needs [4].
Since that the physical fitness of different athletes is different, the gears will bear
tens to hundreds of kilograms of power. At the same time, considering the sweat of
athletes, the electronic gears need to be installed safely and reliably, and set some
waterproof measures or have the function of working under a certain humidity [5].

According to the application features and function requirements of Wushu elec-
tronic gears, the whole system is composed of MSP430F149 microcontroller as the
core processing chip, piezoelectric film sensor, charge amplifier circuit and wireless
transmission module Bluetooth 4.0. Figure 1 shows the schematic diagram of the
system.

In the gear part, we use the lightweight plastic of new piezoelectric thin film,
design large-area thin film pressure plate to fully cover the effective part of gears,
and then fill in the proper polyurethane high resilience foam to ensure the anti-
resistance of piezoelectric film for being stricken. At the same time, we realize the
basic functions of gears, and make use of piezoelectric features of piezoelectric sensor
to output different amounts of charges for the hitting in different intensities. After
suitable amplification of the charge amplifier, the current signal is transformed into
a voltage signal convenient for monitoring.
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Fig. 1. Schematic diagram of the system

2.2. System hardware design

In sports, there is not much room for choice because it is complex and irregular
and it cannot be monitored. In general, there are h kinds of sensors for measuring
the force, resistance, capacitance and piezoelectricity. In general, the resistance is
in block form, greatly affected by environmental conditions; the capacitive sensor
structure has high requirements, not suitable for large area sensors, generally in
cylindrical probe shape; and the acquisition of a capacitor and a resistor type sen-
sor belongs to static acquisition, low in working frequency, and not timely in the
response. The piezoelectric sensor was characterized by its high bandwidth, high
sensitivity, high signal-to-noise ratio, simple structure, and light weight. The early
piezoelectric materials were piezoelectric single crystals and common piezoelectric
ceramics. In recent years, polyvinylidene fluoride (PVDF), as a new type of polymer
piezoelectric material, has been widely used.

E-Touch piezoelectric thin film is a new organic film with patented technology,
which was launched in October 2011 by Shanghai Mstar Technology Ltd. The widest
application of E-Touch piezoelectric film is the sensor. In the field of sensor appli-
cations, it is necessary to package the piezoelectric film so as to protect it. The
E-Touch-SS sensor consists of a E-Touch piezoelectric film, an upper and a lower
electrode, a protective layer film or a shielding layer. In order to ensure the high
sensitivity, it has the characteristics of good flexibility, waterproof, anti-wearing,
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resistance and so on.
In the good arrangement of packaged sensors, the output signal is the charge of

a small charge or voltage, cannot be directly accessed to the system. As a result,
in the sensor and the system processor, it also needs to design a charge amplifier
circuit, and to amplify the change of a small charge and voltage to the great voltage
output that is easily recognized by the system. The basic principle of the charge
amplifier is shown in Fig. 2.

Fig. 2. Basic principle of charge amplification

The output value of the charge amplifier is determined by the piezoelectric charge
coefficient and the capacitance of the sensor. The output frequency is determined
by the ratio of capacitance and resistance of the RC circuit. When the frequency is
greater than (1/2π)×R×C, the amplifier output voltage can be approximated as

Vp =
1

C
× d× Fp (1)

In (1), Fp is the vertical force applied to the sensor surface.

2.3. System software design

The design selects the Bluetooth module BTMO608C2X following the Bluetooth
4 standard launched by Chongqing Jinli Science and Technology Development Co.,
Ltd. The module uses CSR8760 as the master chip, with built-in Bluetooth 4 driver,
and down compatible the Bluetooth protocol of the first few versions.

Not stricken, the sensors that the system read are the stable voltage value with
small amplitude clutters. When the strike occurs, the output voltage value began
to rise until the hitting energy all transformed into the sensor material deformation.
When the voltage value reaches the maximum value, then the combat force with
draws, and the elastic material springs back, starting the reverse pull sensor and
making the voltage decrease. At the same time, the piezoelectric material began
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to conduct reverse electricity effect, and release the excess charge, so the voltage
continues to decline, and gradually reduces the amplitude and tends to the initial
state. In the process of the electronic gear utilization, the flow charts of PC terminal
and gear terminal are shown in Figs. 3 and 4.

Fig. 3. Flow chart of PC terminal

Fig. 4. Flow chart of gear terminal
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3. Results and discussion

In the Wushu and other fighting projects the athletes get the score by hitting
the effective region of each other. This paper argues that the strike effect should be
determined by the change of momentum, that is, impulse. This design adopts the
way of "rock fall" for impulse calibration. The specific method is to place a ball with
the mass of m at a certain height of h, to allow it to fall freely and hit the packaged
sensor placed horizontally on the ground. At the same time, the output voltage
curve of the sensor is monitored in real time by oscilloscope, and the maximum
voltage value and the strike time t in the strike process are read.

For heavy objects, before the collision, the gravitational potential energy is trans-
formed to the kinetic energy. And then, according to the theorem of momentum, we
can calculate the average momentum. The theoretical value of impulse is obtained
by calculation, and the experimental data (g = 10m/s2) is obtained by reading the
voltage variation through the oscilloscope. The most important data are listed in
Table 1.

Table 1. Drop hammer realization data

Weight (g) Height (cm) Impulse (Ns) Crash time (ms) Maximum voltage (V)

500 10 0.707 38 0.82
500 20 1.000 74 1.20
500 30 1.225 74 1.46
500 40 1.414 67 1.72
500 50 1.581 65 1.88
1000 10 1.414 72 1.79
1000 20 2.000 64 2.16
1000 30 2.449 68 2.23
1000 40 2.828 72 2.34
1000 50 3.162 60 2.58

Compared with the experimental data, it is found that there is a clear relationship
between the impulse theory value and the measured maximum voltage value. The
relationship between the maximum voltage and impulse is shown in Fig. 5.

The experimental data showed that there is a good linear relationship between
the maximum voltage and the impulse, and the ratio is relatively determined, relative
to 1.1. In the program design, the voltage can be read directly through the impulse
by a certain proportion of the sensor, and it can be used as the general strike effect
characterization to effectively distinguish the strength of the strike.

3.1. System power consumption test

Through the tests of experiments for several times, the general strike action from
contact to each other to discharge lasted in milliseconds. The power consumption
contrast between Group A without adding low power consumption program imple-
mentation function and Group B with the design and writing of low power function
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Fig. 5. Relationship between the maximum voltage and impulse

implementation code is shown in Table 2.

Table 2. System power consumption application

Group A system Group B system

Test duration About three hours More than 18 hours
Test results Test accuracy without omission A few omissions

System anomaly Bluetooth module with serious burning Good, no obvious abnormality

3.2. Cost calculation

This system only completed a set of functional prototypes, which does not involve
the final product appearance and so on design costs. In the materials acquisition
process, the main cost comes from the piezoelectric film. This design uses the gears
in the middle level. Two sets of gears are purchased, and the price is 600 yuan in
total. Electronic components, modules and related supplies are not more than 30
yuan per unit price, but generally needed to be purchased in bulk. For instance, the
unit price of the resistance is a few cents, generally sold from 200–300. Currently,
in the industry, a single plate with PCB opening below 100mm×100mm area is
not more than 100 yuan. In the specific design, the system board opening is 60
yuan for 10 sets, and later, 5 yuan for one; charge amplifier circuit opening is 10
yuan for 10 sets, and later, 3 yuan for a piece. Based on the above situations,
and compared the price of the electronic gears in the market, it is seen that the
material cost of electronic gears in this design is relatively low. The main expenses
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incurred during the development phase where different instrumentation is needed
for repeatedly debugging, and finally specific equipment is needed for testing and
calibration of the system. For example, heavy bond testing machine, the market
price of a set of equipment is about fifty thousand. According to the estimation of
some Wushu professionals, the demand of national Wushu electronic gear is about
100 sets per year. If the design can at last achieve mass production, after considering
the premise investment, production costs and profits, the price is still lower than 70%
of the price of similar foreign products.

4. Conclusion

The research takes the electronic gear product realization as the ultimate goal.
We completed the intelligent identification of strike effective value in Wushu move-
ments, realized the scoring function of electronic gears used in the competition, and
quantitative monitored Wushu specialized strike ability training. These preparations
provide the theoretical basis for independent research and development of electronic
gears used in Wushu competition. The purpose is to complete the autonomous de-
sign of electronic gear as soon as possible and the replacing of the existing foreign
electronic gear products. In this way, unnecessary funds and energy investment for
Chinese Wushu team to adapt to foreign products can be reduced, and the popularity
of electronic gears can be further promoted.
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Design and research on the
information collection system of

digitized discus throwing

Zhao Chen1

Abstract. Information collection system of digitized discus throwing is designed to achieve the
diagnosis and analysis of the mechanical information about athletic technical movements. Firstly,
upper and lower covers and circle of the digitized discus as well as other parts are drawn according
to the general structure of discus measuring system, physical connection among all devices, object
appearance and its structural design. And then, hardware and software design are made for infor-
mation collection system of digitized discus throw. The achievement for hardware circuit system
function of digitized discus is depended on the software design. Hardware consists of power source,
SCM, sensor, A/D transformation, wireless communication and RS232 serial communication. And
anti-interference design is also made to hardware system. Lastly, throwing experiment is carried
out. Data collected in practical throwing is compared with data collected in the experiment, com-
bined with discus movement rules, which testifies the feasibility of hardware circuit system design of
digitized discus. And with stable equipment job, diagnosis and analysis of mechanical information
is made to athletic technical movements.

Key words. Digitized discus, information collection, wireless launch, sensor.

1. Introduction

In the throwing events, athletic discus performance needs to be improved through
technical means improvement as athletic break-out force is hard to improve. Before
throwing the discus, acting force applied on the discus by hands and discus pos-
ture at that time all influence the athletic throwing performance to some extent.
Therefore, a research is made from the discus posture in the throwing process and
forced direction of discus [1]. At present, interaction force between human beings
and ground can be acquired by 3-D force platform. However, the acting force ap-
plied on the discus by hands cannot be acquired directly. Yet, there is no ideal
equipment for measuring discus throwing events. The present research method for
measuring discus is by means of dynamical information [2]. In view of this situation,
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a hardware circuit system of digitized discus is designed to acquire the dynamical
information when the athlete is throwing the discus, which is fully prepared for the
further research of discus posture angle.

2. Literature review

In the throwing events, electric resistance gauge, used to measure the force [3],
which hardly achieve the discus without discrimination; with the acceleration of
social modernization, the demand for sensor technology in industrial production and
in daily life is increasing, and the demand for accuracy becomes higher and higher.
And the sensor technology is indispensable in the throwing events and becomes an
important part of information technology. Application level of sensor technology
directly affects the automation development. Since 1980s, sensor technology has
developed rapidly in Japan, USA and other countries, and the sensor technology has
been extended to some field, such as defense technology and industrial production
control. Since that, China has paid more and more attention to the development of
sensor technology and taken it as one of priorities in national high-tech development.

According to the international standard, the discus structure of built-in circuit
board is designed by the hardware circuit system of digitized discus, and a discus
with 3-D accelerated velocity and 3-D angular velocity in the whole discus throwing
process can be developed based on the acceleration sensor and angular sensor. And
the acquired data can be sent by wireless transmitter module and received by wireless
receiving module. Eventually, the discus motion parameter is dealt with by the
computer to fulfill the real-time acquisition of dynamical information [4]. Computer
can handle the data and store useful information; this system can be used alone or
matched with other instrument and equipment. Researchers working for sports can
take advantage of this measuring means to get the data and search for new theories
and rules about discus throwing.

3. Methods

3.1. Overall design of digitized discus

Digitized discus mainly consists of upper and lower discus covers, stand column,
nut and discus circle that connects with upper and lower covers as well as circuit
board with relative function.

It is functional circuit board is small enough in the experiment that it can be
put into discus. Functional circuit board is put in the central place of discus by
the stand column, which can narrow the error brought by vibration in the throwing
process [5].

Overall design for hardware circuit system of digitized discus is shown in Fig. 1.
In the discus throwing, digitized discus system is used to get 3-D acceleration

velocity and 3-D acceleration velocity information in the throwing. And the force,
posture velocity and other parameters of discus can be worked out through integra-
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Fig. 1. Overall design for hardware circuit system of digitized discus

tion and INS. After throwing the discus, 3-D information is collected respectively
by three-axis acceleration sensor and angular velocity sensor; sensor is driven by
analog-digital converter to collect that analog quantity that is turned into 12 fig-
ures with digital quantity; digital signals that are turned by microprocessor are sent
to launching cache. And then the wireless transmitter module is launched. Finally,
digital signals are received and stored by the computer through the receiving module
[6].

The circuit board in the discus is integrated by the ADXL78 acceleration sensor,
ADXL278 acceleration sensor, Tri-Rate free-velocity sensor, TLC2543 A/D con-
verter, C8051F320 SCM, AT26F004 storage, LTC4602 battery charging IC, MAX
1760 boost IC, lithium battery, PTR6000PA wireless transmitter module and other
main devices; PTR6000PA wireless receiving module integrated with C8051F320
SCM as one unit are inserted into computer.

3.2. Hardware structure and function of digitized discus
system

3.2.1. Power source. C8051F320 SCM system needs to be supplied power by
relatively stable 4V–5.25V power source; LTC4062 battery charging is adopted in
the circuit design of digitized discus hardware structure. Interface and socket of
lithium ion battery is supplied with direct voltage 3.6V from external power source.
Voltage of power source is increased to 5V by MAX1760, which can provide a stable
5V voltage for SCM, spinning top, acceleration sensor, A/D and other components
and parts to use.

3.2.2. SCM. There are several ports used in SM, such as P0.0 (SCK), P0.1
(MISO), P0.2 (MOSI), P0.6 (IRQ_nRF24L01), P0.7 (IRQ_LTC2543C), P1.0 (CS_
nRF24L01), P1.1 (CS_FLASH), P1.2 (CS_LTC2543), P1.7 (CE_nRF24L01) and
so on. RST/C2CK and P3.0/C2D are used for restoration and system debugging.
When VBUS inputs 5V voltage and the USB is surly connected, REGIN is voltage
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stabilizer input in SCM, VDD is 3.3V voltage stabilizer output, D– and D+ are the
data output and input.

3.2.3. Sensor. (1) ADXL278(AD22285) is a double-axis acceleration sensor
whose measurement range is ±50,g. ADXL278 measures the value of accelerated
velocity in X, Y direction and its volume is 5mm×5mm×2mm. When the ac-
celerated velocity is 0 g, the frequency is 100Hz. When VCC is 5V, the value
of VOUT—VCC/2 is between –150mV and 150mV, and its sensitivity is 36.1–
39.9mV/g.

(2) ADXL78 (AD22280) is a double-axis acceleration sensor whose measurement
range is ±50,g. ADXL78 measures the value of accelerated velocity in Z direction
and its volume is 5mm×5mm×2mm. When the accelerated velocity is 0 g, the
frequency is 100Hz. When VCC is 5V, the value of VOUT—VCC/2 is between
–150mV and 1150mV„ and its sensitivity is 36.1–39.9mV/g [7].

(3) TriRate (TR1200S050) is a three-axis angular velocity sensor whose measure-
ment range is ± 12000/s. TriRate measures the values of angular velocity in X,
Y , and Z directions and its volume is 0.70 in×0.70 in×0.40 in. When the angular
velocity is 0, the voltage output value is 2.5V, and its sensitivity is 1.25mV/◦/s.

3.2.4. A/D converter. TLC2543 is a 12-figure analog-digital conversion chip.
First and foremost, TLC2543 configuration is connected to the two corresponding
pins of SCM: pin EOC is corresponded to the SCM P0.7, pin CLK is corresponded
to SCM P0.0, pin DIN to the SCM P0.2, and pin CS to the SCM P1.2. Thus, SCM
is attached to the TLC2543 through SPI. And SCM data conversion comes to end by
interruption (EOC is high level). Because SCM has no specialized SPI port, it uses
software to achieve SPI function in order to have a communication with TLC2543.
It takes time-delayed method to collect data. Mode configuration register is output
through port 0 and P0.0, P0.1 and P0.2 is set up as push-pull output. 8-bit data
is serially input from DIN port (00000001), which is called control word. Analog
channel (0-8) is controlled by the high-four figure of 8-bit data to use. Output length
of 12-bit data is achieved the third and second configurations. The first one stands
for high order is first sent out. Number 0 controlling achievement is output with 2
complement form [8].

3.2.5. Wireless communication. Receiving module of wireless launch adopts
nRF24L01 as its core component, which can fulfill wireless communication in six
channels [9–10]. Major operating modes and pin functions of nRF24L01 are shown
in following Tables 1 and 2.

In the Shock Burst mode, SPI port is provided for nRF24L01 to be linked together
with bradytelic acceleration sensor and angular sensor. After sending data, the IRQ
becomes high level to inform SCM. And SCM can read out the data that received
by RXFIFO register. In the data launching and receiving process, nRF24L01 can
share with one channel to launch and receive data from six different channels. All
the data from channels can be set up as enhancement mode to recover the lost data
without increasing SCM workload.
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Table 1. Thermophysical properties of regular fluid and nanoparticles

Mode Receiving
mode

Sending
mode

Sending
mode

Standby
mode II

Standby
mode I

Power
down
mode

PWR_UP 1 1 1 1 1 0

PRIM_RX 1 0 0 0

CE 1 1 10 1 0

FIFO reg-
ister state

Data is
put into
TX FIFO
register

Sending
mode,
until data
is sent out

TX FIFO
has no
data

Data is
not trans-
mitted

Table 2. Pin function of nRF24L01

Pin name CE CSN SCK MOSI MISO IRQ

Direction Input Input Input Input Three-
state
output

Output

Sending
mode

High
level
10 us

SPI chip
selection
enabling,
low level
enabling

SPI clock SPI serial
input

SPI serial
output

Interruption,
low level
enabling

Receiving
mode

High
level

Standby
mode

Low level

Power
down
mode

When some data in SCM needs to be sent out, MOSI will receive node address
(TX_ADDR) and valid data (TX_PLD) written into nRF24L01. And the length
of emit data (bytes) are written into TX FIFO from SCM. When CS_nRF24L01 is
in low level, chip begins in a work state and nRF24L01 is written into [11]. When
CE_nRF24L01 is in high level, launching mode starts and duration time should last
for 10 s or more in a high level state. After sending out the data, channel 0 is set
up as receiving mode to receive answering signals. Both receiving answering signals
and retransmission outnumbers the set value result in interruption. And then TX
FIFO is eliminated, which makes preparation for next set of data to be launched.

3.2.6. RS232 Serial communication. RS-232 is a widespread serial interface,
using P0.4 and P0.5 of SCM. RS-232 serial communication interface adopts single-
ended communication (unbalanced transmission mode); Data signal from receiving
and dispatching end of RS-232 serial communication interface has a bigger differ-
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ence from ten-signal earth level. When RS-232 serial communication interface sends
and receives serial port data, driven positive level of its sending and dispatching
end ranges from +5V to + 15V and its negative level ranges from –5V to –15V.
When the data of discus accelerated velocity and angular velocity is transmitted by
adopting RS-232 serial communication interface, on-line voltage of systematic signal
is converted TTL level by transforming chip to RS-232 level, and then connected
to RS-232 communication interface of the computer [12]. Voltage multiplying cir-
cuit and special circuit are included in MAX232AESE chip, without control signal.
It only needs +5V power source to make a double-four-directional transmission be-
tween RS232 level and TTL level; it should be noted that when used, it needs several
external capacitance 0.1 uF. C8051F320 machine is connected with MAX232AESE
through TX and RX pins; and then it connected with 9-core RS-232 serial commu-
nication interface of computer [13].

There are two purposes for baseplate system expanding serial interface: one is
served as serial communication; another is for tool of computer debugging embedded
system. As long as there are three pins—RXD, TXD and GND, serial communica-
tion can be achieved.

3.2.7. Anti-interference design of hardware system. (1) A large capacitor used
to ensure the minimum distance between VDD pin and direct-current main in chip.
For instance, 4.7 uF/16V tantalum capacitor has a parallel connection with a little
common capacitor. The power source must have a filtering processing that can
supplies power for system. And the simulation is bound to be separated from data.

(2) When wired at PCB board, long power line should be avoided. Crystal
oscillator and power line should keep far away from digital signal and control signal
line.

(3) Ground electrode and power line of all integrated devices is respectively joined
into decoupling capacitor. Because of on the printed-circuit board, all devices have
large power consumption and potential difference is generated on the ground elec-
trode; a solution to this problem is narrowing the linear length of switched current;
so, PCB power line and the entrance of ground electrode have a parallel connection
with decoupling capacitor. And then every ground electrode port and power port of
integrated chip on the PCB is all joined into a decoupling capacitor with 0.01–0.1 uF
capacitance.

(4) When wired at PCB of hardware structure, power line of circuit board and
width of ground electrode are needed to be widened so that larger current can convey
the circuit board; in addition, the whole PCB is pavaged and the circuit components
and parts have a close ground connection, which avoided a long ground lead.

(5) In the hardware structure design, printed-circuit board is not divided into
digital block and model area. Most chips on the printed-circuit board are digital
chips. The sensor should keep away from strong interference source as much as
possible (e.g. power switch); USB cable and clock line adopt parallel lines, and
the distance between centers of tracks is possibly wide; under quartz oscillator and
wireless radio frequency module, GND area is possibly large, without through signal
line. When software draws printed-circuit board, it is noted that power line of the
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whole circuit board and ground electrode direction should keep a same direction
with USB as much as possible. The line is possibly short as well as semiconductor
device, capacitance and resistance. And they needed to be avoided intersection with
other guide lines. In the meanwhile, ground electrode is encrypted possibly, which
can reduce impedance from ground electrode.

3.3. Software design of hardware system

Functional achievement of digitized discus hardware circuit system depends on
systematical software design. Software writing is based on the deep understanding
of systematical hardware.

3.3.1. Launching unit design. Program flow chart of launching unit system is
shown in Fig. 2.

Fig. 2. Program flow chart of launching unit

3.3.2. Receiving unit design. System flow chart of receiving unit is shown in
Fig. 3.

Fig. 3. Program flow chart of receiving unit

3.4. Throwing experiment

In Physical Education College of Zhengzhou University stadium, several throwing
experiments are made. Transmitter module is wrapped in discus with foam, sponge,
and foam is used to protect the exterior. In the experiment, accelerated velocity and
angular velocity and other original parameters are gained.

Data in the Table 3 is a part of original data. In the Table 3, ACC_X, ACC_Y
and ACC_Z respectively express the accelerated velocity component with front-
and-back direction, up-and-down direction as well as right-and-left direction in co-
ordinate system in the center of discus. And, GYRO_X, GYRO_Y and GYRO_Z
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respectively represent angular velocity with front-and-back direction, up-and-down
direction as well as right-and-left direction in coordinate system in the center of
discus.

Table 3. Original data

Sequence
number

1 2 3 4 5 6 7 8 9 10

ACC_X 2032 2032 2030 2033 2032 2031 2037 2038 2031 2032

ACC_Y 2007 2000 2002 2001 1998 2000 1999 2002 1998 1999

ACC_Z 2021 2026 2021 2022 2022 2024 2018 2024 2022 2023

GYRO_X 2055 2055 2059 2065 2081 2094 2104 2115 2120 2128

GYRO_Y 1987 1971 1957 1944 1936 1927 1921 1913 1904 1900

GYRO_Z 2139 2149 2157 2165 2174 2181 2187 2194 2201 2215

According to collected original data, Beijing aerospace inertial navigation is ap-
plied to make a calculation to the coordinate transformation and differentiation as
well as integral calculation. And then original data is processed, and accelerated
velocity value of navigation system can be worked out by other parameters such as
integrated pitch and roll compensated by algorithm and accelerated velocity.

Table 4. Navigation system data

Seq.
numb.

1 2 3 4 5 6 7 8 9 10

Ax -0.28 -0.29 -0.40 -0.65 -1.03 -1.48 -1.94 -2.32 -2.58 -2.70

Ay -0.21 -0.20 -0.17 -0.09 0.02 0.14 0.26 0.35 0.37 0.31

Az 9.21 9.20 9.31 9.51 9.82 10.20 10.58 10.92 11.21 11.46

Vx 2.12 2.11 2.11 2.10 2.09 2.08 2.06 2.03 2.01 1.99

Vx -2.32 -2.31 -2.32 -2.32 -2.32 -2.32 -2.32 -2.31 -2.31 -2.31

Vz -5.02 -5.03 -5.03 -5.03 -5.03 -5.03 -5.02 -5.01 -5.00 -4.98

Pitch. -6.11 -5.64 -5.10 -4.47 -3.75 -2.98 -2.15 -1.31 -0.45 0.41

Roll. -79.75 -79.90 -80.01 -80.08 -80.13 -80.15 -80.14 -80.10 -80.01 -79.89

The data in the Table 4 is a part of navigation system. In the table, Ax, Ay

and Az, respectively, express the accelerated velocity component with front-and-
back direction, up-and-down direction as well as right-and-left direction in ground
coordinate system in the center of discus. Symbols Vx, Vx and Vz respectively
represent linear velocity with front-and-back direction, up-and-down direction as
well as right-and-left direction in ground coordinate system in the center of discus;
pitch angle is a included angle with front-and–back direction between discus surface
and ground, roll angle is a included angle with right-and-left direction between discus
and ground. As shown in Fig. 4, accelerated velocity is in the X direction. In Fig. 5,
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accelerated velocity is in the Y direction. In Fig. 6, accelerated velocity is in the Z
direction. Figure 7 is the integrated pitch and Fig. 8 is the integrated roll.

Fig. 4. X-directional accelerated velocity

Fig. 5. Y-directional accelerated velocity

4. Conclusion

It is clear that, to some extent, data collected by digitized discus reflects motion
law in the discus throwing process in terms of processed data. Therefore, this method
is feasible and has a chance to find out new force application law of discus throwing.
A large quantity of data is acquired for data mining with plenty of experiments.
And combined with throwing experiments of discus athletes, laws are discovered to
improve their score.
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Fig. 6. Z-directional accelerated velocity

Fig. 7. Integrated pitching

Hardware circuit system of digitized discus achieves the function for acquiring 3-
D accelerated velocity and angular velocity information with real time in the discus
throwing process, which fulfills the transmission in hectometer. Sufficient exper-
iments are made for real-time data acquisition and wireless transmission in long
distance, to acquire sets of data and videos, which receives expectant results of force
and postures.
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Design and research of basketball
fixed-point shooting automatic test

system based on background
difference method

Min Zhou1, Tian Zhou1,2

Abstract. In this paper, aiming at the problem of current fixed-point shooting test system
of inconvenient installation, missed detection and false detection, we propose to use the method of
moving target detection technology to detect the shooting. In this paper, we study and compare
the optical flow method, interframe difference method and background difference method. Finally,
we choose the background difference method as the shooting detection method. Based on the
background difference method of basketball fixed-point shooting automatic test system, we compare
the accuracy of the system with the accuracy of the current detection system. The results show
that the automatic determination system of basketball based on background difference method
still needs to be further strengthened in accuracy, but the stability is significantly better than the
current detection system.

Key words. Background difference method, fixed point shooting, test system.

1. Introduction

In the fixed-point shooting test project, it is very important to get the position
information of basketball [1]. Because the traditional detection method has many
shortcomings, we must adopt a new method to detect the location of the basketball
or other features. As we all know, human beings are mainly through visual, auditory
and tactile to access external information [2]. However, in these perceptual organs,
human eyes are the important sense organ that can gain the outside information by
the light stimulation primarily [3].

This paper designs and develops a set of basketball shooting automatic recogni-
tion systems based on moving target detection technology. The method is realized
by using the camera to capture the scene image, and from the video image sequence

1Sichuan University, Sichuan, 610000, China
2Corresponding author; E-mail: marktianzhou@163.com
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to obtain the current location and characteristics information of the basketball, so as
to judge whether the ball drops into the basket. The main advantage of this method
is stability, convenience and reliability.

2. The background difference method

At present, the main shooting monitoring methods are the following: light flow
method, frame difference method and background difference method. The back-
ground difference method and the frame difference method are also suitable for the
camera in the case of static installation, and has the characteristics of accurate de-
tection, simple algorithm, easy to implement and so on. If the background model
is known, the method can extract the feature data completely and can extract the
moving target feature quickly and accurately through the subsequent processing. It
is very important to establish a good background reference model in the process of
extracting the moving region by using the background difference method [4–5]. As
the calculation of the optical flow is relatively large, it takes a lot of time in the
calculation process, and the feedback signal of the fast moving target cannot reach
the real-time requirement of the subject. However, since the inter-frame difference
method is not sensitive to the target of fast or slow motion, it cannot extract the
target completely, so the method cannot be used. The main advantage of the back-
ground difference method is that the calculation is simple and the detection results
are accurate. Therefore, in this system, we use the background difference method
to design and develop basketball shooting automatic identification system.

The basic idea of the background difference method is to match the current
frame image with the known background model reference image, and calculate the
similarity measure of the point of the image and the point in the background model.
We can use formula (1) for foreground/background classification.

Iobject(x, y) =

 1 |Icurrent(x, y)− Ibackground(x, y)| ≥ Threshold,

0 |Icurrent(x, y)− Ibackground(x, y)|< Threshold.
(1)

In the above formula, point x, y is any pixel in the image, x = 0, 1 . . . , M − 1,
y = 0, 1 . . . , N −1, where N and M represent the vertical resolution and horizontal
resolution of the image, respectively. Symbol Ibackground(x, y) is the eigenvalue of
the pixel x, y in the background reference model, Icurrent(x, y) is the eigenvalue of
the pixel x, y of the currently captured image frame, and Threshold is the set or
adaptive segmentation threshold.

Iobject(x, y) = 1 represents x, y points for pre-exercise points, Iobject(x, y) = 0
represents x, y points as background points. If the difference between the gray value
of the background reference point and the gray value of the point to be measured
exceeds a certain range, then the change point can be judged as the image movement
front point, otherwise it will be regarded as the image back point.
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3. Shooting monitoring algorithm

Through the determination of the position of the camera and the characteristics
of the basketball in the shooting process, the algorithm of the basketball position
detection in the system is realized by the above research and learning on the back-
ground difference method. Figure 1 shows the basic flow of the shooting algorithm
in this system.

Fig. 1. Algorithm flow chart

3.1. Image capture and preprocessing

In the process of detection, first of all, there is a need for live video, with the use
of recorded Test One video detection.

Test One video parameters:
• Resolution: 320×240,
• Frame rate: 18 f/s,
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• Format: RGB24.
Because the video format is RGB24 [6], the color space parameters are not re-

quired during the detection process, so the RGB image is converted to a grayscale
image after the image is acquired. The purpose is not only can reduce the use of sys-
tem memory, but also can improve the processing speed. The image captured by the
camera is susceptible to noise interference and contamination during transmission,
conversion and storage, which can lead to the inability to extract useful information
in the image, so that the image is denoised by the neighborhood averaging method
after capturing and converting the image.

3.2. Background modeling

When using the background difference method to detect the motion area, we must
first prepare the background reference model. After the background reference model
is determined, the image difference can be performed. In this paper, the background
of the scene is relatively simple and other objective factors are less affected. In this
subject, we use the mean method for background modeling. Its principle is to use
the continuous image of the image, and then the continuous frames of the image are
summed to get the background reference model.

3.3. Image difference

With the reference model, we can make the difference in the video image, so as
to get the moving area in the image, and separate the background from the image.
It is shown in Fig. 2.

Fig. 2. The capture image (left) and differential image (right)

3.4. Extract features

In the extraction of features, the most critical is the image of the basketball X
and Y direction of the coordinates of the detection, all the calculations are based on
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the four coordinate points for analysis. Here are some of the above parameters of
the calculation method: BallInforx = max(x)−min(x),

BallInfory = max(y)−min(y).
(2)

In the above formula,min(x),min(y),max(x) andmax(y) represent the minimum
and maximum pixel coordinate values in the basketball X direction and Y direction,
respectively. Symbols BallInforx and BallInfory represent the total number of pixels
in the X and Y directions.

BallR =
BallInforx+BallInfory

2
×mCamDis tan(ce) . (3)

In the above formula, mCamDis tan(ce) represents the calibration factor, BallR
is the diameter of the basketball.

BallCenter(x, y) =

(
max(x)−min(x)

2

)
,

(
max(y)−min(y)

2

)
. (4)

In the above formula, BallCenter(x, y) are the spherical coordinates.

K =
BallInforx

BallInfory
. (5)

In the above formula, K is the ratio of the difference between the X direction
and the Y direction pixel coordinates. BallInforx and BallInfory represent the total
number of pixels in the X and Y directions.{

BallX = BallInforx×mCamDis tan(ce),
BallY = BallInfory ×mCamDis tan(ce).

(6)

In the above formula, BallInforx and BallInfory represent the total number of
pixels in the X and Y directions. BallY and BallX are the actual size of the
basketball in the Y direction and X direction in the image, respectively.

4. System design

Basketball shooting automatic identification system is divided into four parts:
input part, processing, output and graphical interface. The block diagram is shown
in Fig. 3.

The main functions consists of the four parts:
• Input section: The input section provides the video frame for the system,

including the image preprocessing and capturing the image [7].
• Shooting detection: to capture the image frame for some processing, and then

through the differential image and post-processing to extract and calculate the bas-
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Fig. 3. System frame diagram

ketball feature information and determine whether it is scored.
• Graphical interface: used to display the current system status, the results of

the display and the current video stream data [8].
• Output: The output section is the output.

5. Performance testing

The performance of the system is compared with the automatic test system (A
system) based on the background difference method and the 30 groups of tests are
carried out through the continuous test of the groups. The results are shown in
Fig. 4 and Table 1.

Fig. 4. Accuracy comparison between A system and B system
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Table 1. Detection accuracy evaluation

Name False rate Missed rate Accuracy

A system B system A system B system A system B system

30 sets of
data

6.66% 6.66% 0% 3.33% 93.34% 90.01%

As can be seen from Table 1 and Fig. 4, the accuracy of the A system is higher
than that of the B system, and the accuracy rate is up to 93.34%. However, the
A system error occurred mainly in the back of the data, that is, in the process
of shooting, the number of basketball hit more and more, the accuracy of the A
system will decline sharply. The B system error detection and missed seizure is
random, and will not be because of the increase in the number of shooting and its
accuracy decreased. If the more the system detected, the B system accuracy will
be higher than the A system. In terms of accuracy, the B system still needs to
be further strengthened, but the stability is significantly better than the current
detection system.

6. Conclusion

In this paper, combined with the characteristics of basketball during the shooting
process and the background difference method, we determine the shooting detection
algorithm and testing process. Through the experiment and analysis, we verify the
feasibility and accuracy of the shooting detection algorithm, and use the shooting
detection algorithm to achieve the shooting automatic recognition system in MAT-
LAB. Through the analysis and comparison of the 30 sets of test data of the existing
test system and the background difference method, we analyze and evaluate the re-
sults of the automatic shooting system from the aspects of accuracy.
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Hardness measurement and impact
test for table tennis ball

Delei Wang1

Abstract. A new hardness measurement method for table tennis was put up based on
theoretical analysis on hardness measurement mechanism for table tennis ball. First, two hard-
ness measurement methods for table tennis were put forwarded based on traditional measurement
methods, with which table tennis ball were classified on its hardness. Tests results showed that
the measurement methods were more effective than the original one. Then, impact test device for
table tennis ball were designed to study relation of hardness of table tennis ball and its speed when
hitting at different positions with the same force. Test results showed that these two measurement
methods were practical and reasonable. The maximum rebound speed of table tennis ball was
different when the ball was hit at different positions with the same force. Three-star table tennis
ball was more suitable for international games because its hardness was distributed more evenly
and the speed was almost the same when hit at different positions.

Key words. Table tennis ball, hardness measurement, impact, deformation.

1. Introduction

Table tennis is the national sport of China, thus there is a growing demand for ta-
ble tennis every year. Complex steps and long period was needed to produce a table
tennis ball [1]. With the increasing demand of table tennis ball, original hardness
measurement method for table tennis could not meet the requirement of modern
industrial manufacturing. Fortunately, hardness measurement for table tennis ball
was greatly promoted by the improved modern measurement instrument for table
tennis ball, especially high sensitive electronic material tester [2]. Thus, improving
hardness measurement efficiency for table tennis ball was of practical significance
for improving measurement efficiency of table tennis ball. Based on hardness mea-
surement mechanism for table tennis, a new method was put forward to provide
theoretical basis for design hardness measurement instrument with high efficiency
and accuracy.
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2. Literature review

Nowadays, most studies were about metal hardness and devices for measuring it
while there were few studies about hardness measurement method for table tennis.
Before studying mechanism for measuring hardness of table tennis ball, mechanism
of table tennis ball should be studied. Table tennis ball was similar to spherical
shell. And studies about spherical shell were mainly focused on quasi-static, large
deformation and back-buckling and elastic deformation and bounce back of thin-wall
spherical shell after impact [3]. D. P.Updike [4] was the first one to theoretically re-
search spherical shell. Spherical shell deformation in quasi-static compression process
was regarded as complete elastic deformation and ideal plastic deformation respec-
tively. When spherical shell was under concentrated load, relation of force and load
displacement was inferred theoretically and experimentally. Instability and energy
change of spherical shell under dynamic impact was studied by M. Shariati et al. [5],
whose theoretically study was essential for the following studies.

It was aimed to find out a new hardness measurement method for table ten-
nis in order to provide a theoretical basis and technical parameters to reasonable
classify table tennis according to its hardness. With the new practical hardness
measurement method for table tennis, measurement efficiency was improved and
the produced table tennis was standardized. This new method played an impor-
tant role in strengthening companies’ competitiveness in domestic and international
markets. Thus, study on hardness measurement for table tennis ball and its speed
after impact provided the crucial theoretical foundation and technical parameters
for increasing efficiency of production line.

3. Research method

Traditionally, hardness of table tennis was measured by its deformation. How-
ever, with the increasing demand for table tennis ball, the traditional method was no
longer suitable for modern production line. A new platform for hardness measure-
ment method for table tennis ball was provided by modern measurement instrument.
Using this method, 15 seconds should be remained before reading. In practical table
tennis, table tennis ball was hit instantaneous, thus there was no science basis for
waiting 15 seconds before reading. Besides, production efficiency would be lowered
with this method. Thus, a new hardness measurement method for table tennis was
put forward, with which no remaining time was needed and deformation was mea-
sured directly under limit load. Principle for measuring was that measuring hardness
of table tennis ball with the bearing load when deformation was the same. It meant
that impose load to table tennis ball gradually and stop loading at a certain degree
of deformation. Therefore, hardness of table tennis ball was classified on the load
value.

Electronic material tester of LRXPLUS 5KN was used to measure hardness of
table tennis ball. Double Happiness table tennis ball of the same batch of one-,
two- and three-star were chosen to be studied. And for each level, 70 table tennis
balls were chosen and numbered. Before experiment, all table tennis balls should be
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put under temperature of 20–25 ◦C and humidity of 50–60% for 4 days. One of the
important parameters for measuring hardness of table tennis ball was bearing capac-
ity [6]. For identify the bearing capacity, there were two methods- experimentation
(combining static load experiment with measurement technique) and theoretical cal-
culation (specification-based approach and balance method). The bearing load of
table tennis was identified by experiment, which can be used to identify its limit
load before deforming. Both the limit load and the ultimate displacement measured
by new method can be inferred by the limit load. Ultimate load of those table ten-
nis balls studied (all table tennis ball of one-, two- and three-stars) was 80N and
load-displacement curve before deformation was almost in linear relation. In order
to increase hardness measurement efficiency, 50N, 60N and 70N were taken as the
limit loads for experiments respectively. Thus, limit load of the new method was
identified by comparison. Structure of the hardness measurement device is shown in
Fig. 1.

Fig. 1. Hardness measurement device for table tennis ball

Specifically, there are two testing schemes which were shown as follows:

Scheme 1: Measuring deformation of table tennis ball with limit load.
Step 1: First, No. 1 table tennis ball of one-star was put on ball seat and its

junction line was kept parallel to horizontal line of ball seat. Load axis A was down
moving with speed of 12mm/min. When the load of table tennis ball reached 50N,
put load axis A back to the initial position and record its load-deformation curve
graph. Then, table tennis ball was rotated by 180 degrees and measured with the
same method to record its load-deformation curve graph.

Step 2: Table tennis balls of one-star from No. 1 to No. 10 were put on the ball
seat and experimented with above method, respectively. Curve graph of deformation
and load-deformation was recorded.

Step 3: Change those table tennis balls into one-and two-star respectively to
repeat Step 1 and Step 2.

Step 4: Take limit load as 60N, 70N and 80N respectively and repeat Step
1–Step 3.

Scheme 2: Set ultimate deformation to measure corresponding loading value
Measurement principle: impose load to table tennis ball gradually and stop it when
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the deformation reached a certain degree. Hardness of table tennis ball was classified
with the loading value. Measurement steps were as follows:

Step 1: No. 51 table tennis ball of one-star was put on ball seat and its junction
was kept parallel to horizontal line of ball seat. Down move axle A with constant
speed of 12mm/min and stop it when table tennis ball was caved into 0.8mm. And
record load-deformation curve graph and the relevant data.

Step 2: Ten other table tennis balls of one-star were changed into repeat step 1
and then, record relevant data.

Step 3: Repeat above steps on table tennis ball of two- and three-star and record
relevant data.

Step 4: Set limit-deformation as 1.0mm and 1.2mm and repeat above steps.

3.1. Impact test

For explaining hit by luck, it was necessary to study speed of table tennis ball
when it was hit at different positions, which study was also important for further
table tennis manufacturing and performance measurement. Experiment for hardness
measurement and speed of table tennis ball after hit was studied.

Structure of hardness measurement was shown in Fig. 1 that it was made up
of electronic material tester and self-made ball seat. Nine Double Happiness table
tennis ball of one, two- and three-star of the same batch were chosen and numbered.
Mark 9 points on those table tennis balls in the direction of longitude, including 0
degree, 25 degrees, 45 degrees, 70 degrees, 90 degrees, 115 degrees, 135 degrees, 160
degrees and 180 degrees. First, No. 1 table tennis ball of one-star was put on ball
seat and mark of 0 degree was put right below axis A. Down move axis A with speed
of 12mm/min and stop it and remain 15 seconds when table tennis ball was loaded
50N. Then, move axis A back to the original position. All those 9 marked points
have to be studied with the above method and all experimental data was recorded.

Impact tester device was mainly made up of impact test device for table ten-
nis (built with 30×30 proximate matter), HG-100K high-speed camera and signal
analysis system. Table tennis ball was put on the horizontal ball seat of impact
test device and self-made scale mark caliper was stick on the appropriate position of
proximate matter. Impact tests for one-, two- and three-star table tennis balls were
made on marked points of 0 degree, 45 degrees, 90 degrees, 135 degrees and 180
degrees and each experiment was repeated for 3 times. In the same time, process of
table tennis ball ascending to the highest point was recorded by medium-high speed
camera with which signal was transmitted to DASP intelligent data acquisition and
analysis system.

4. Results and analysis

4.1. Hardness measurement result and analysis

Curve graph of elongation-loading value was outputted by electronic material
tester. However, when elongation started changing, load value was not 0. In order
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to reflect relation of deformation and loading, Matlab software was used to fitting
data outputted by tester again.

• Scheme 1:

When limit load was 50N, the curve graph of deformation and load is shown
in Fig. 2. Curves 1–5 are the experimental values randomly selected and curve
6 is the mean value of those 5 curves. It can be seen from Fig. 2 that there wi a
linear relation between deformation and load when the limit load is 50N. In this
situation, deformation of table tennis ball represents an elastic deformation,
under which table tennis ball could resume its original shape, thus table tennis
ball can be used normally.

Fig. 2. Curve graph of elongation-loading value when limit load was 50N (one-star
table tennis ball, loading speed 12mm/min, temperature 24 ◦C)

The maximum deformations of table tennis balls of one-, two- and three-star
under limit load of 50N are depicted in Fig. 3. And it can be seen from this
figure that under the conditions of same loading speed and temperature and
no remaining time during the process, different deformation is shown by table
tennis balls of different stars. Besides, deformation of table tennis ball of
different levels satisfy the relation that three-star deformation is smaller than
two-star deformation and this is smaller than one-star deformation, which
basically conforms to classification of table tennis ball of different number of
stars.

Experiments on those table tennis balls of one-, two- and three-star were made
on 4 different limit loads, respectively. When limit load was 80N, there was
squash deformation for all table tennis ball, thus those measurement data was
not included in Table 1. The other data are shown in Table 1.

It can be seen from Table 1 that under the same loading, there was relation
of three-star deformation < two-star deformation < one-star deformation. It
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can be known form standard deviation that hardness value of three-star table
tennis was more concentrated than that of two-and one-star table tennis ball,
which meant that three-star table tennis ball was more suitable for major
match because of more stable quality.

Fig. 3. Distribution of the maximum deformation of table tennis ball of different
level under loading of 50N

Table 1. Detection accuracy evaluation

Limit
load

50N 60N 70N

Times Mean
value
(mm)

Stand-
ard
devia-
tion

Times Mean
value
(mm)

Stand-
ard
devia-
tion

Times Mean
value
(mm)

Stand-
ard
devia-
tion

One
star
ball

20 0.922 0.0262 20 1.169 0.0378 20 1.231 0.0282

Two
star
ball

20 0.843 0.0238 20 0.992 0.0367 20 1.122 0.0265

Three
star
ball

20 0.828 0.0157 20 0.978 0.0117 20 1.085 0.0379

• Scheme 2:
When deformation was 1.2mm, curve graph of deformation and loading of
table tennis ball of one-, two- and three-star is shown in Fig. 4 and the corre-
sponding loading is shown in Table 2.
It can be seen from Fig. 4 and Table 2 that when deformation was less than
1.2mm, loading value of table tennis ball was increasing with the increas-
ing deformation and there was a linear relation for fitting curve of loading-
deformation. Under the same ultimate deformation, there was a relation of
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three-star deformation > two-star deformation > one-star deformation, which
means that quality of three-star table tennis ball is more stable.

Fig. 4. Curve graph of deformation and loading when limit deformation of table
tennis ball was 1.2mm (a: one-star table tennis ball, b: two-star table tennis ball,

c: three-star table tennis ball)

Table 2. Maximum load of table tennis ball of all three stars under the same deformation

Limit
load

0.8mm 1.0mm 1.2mm

Times Mean
value
(mm)

Stand-
ard
devia-
tion

Times Mean
value
(mm)

Stand-
ard
devia-
tion

Times Mean
value
(mm)

Stand-
ard
devia-
tion

One
star
ball

20 43.68 2.754 20 55.15 4.586 20 48.72 5.712

Two
star
ball

20 46.05 3.562 20 60.18 3.068 20 64.09 6.927

Three
star
ball

20 49.13 0.931 20 74.62 1.788 20 79.11 4.138

To sum up, table tennis ball can be classified with these two measurement meth-
ods put forward.
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4.2. Result and analysis of impact test

Data of those 9 tests for table tennis ball of one-, two- and three-star was out-
putted. Deformation of table tennis ball under load was calculated. Then, the mean
values of those 9 points were calculated. Matlab software was used to fit tests results
of table tennis balls for 4 times. Curve graph of deformation and position angle of
half of the table tennis balls was obtained and is shown in Fig. 5.

Fig. 5. Curve graph of deformation changing with position of table tennis ball

It can be seen from Fig. 5 that hardness of table tennis ball at the junction was
larger than that of other monolayer around it. Junction line was a ring-like strength-
ening rib of table tennis ball. In the thin-shell structure, ring-like strengthening rib
was able to stabilize the structure, improve loading bearing capacity of axial stress
and lower the rate of squash.

High-speed camera was used to record process of table tennis ball moving up to
the highest point. Image that contained complete picture of table tennis ball was
selected. Gaussian Mixture Model [7] was used to identify position of table tennis,
thus binary image was obtained. In this situation, dash area in image was remained,
which was removed according to differences of color of table tennis ball and the dash
area. A circular area in image was extracted by Hough Transform whose center
was identified by function provided by OpenCV, thus center of table tennis ball was
calculated. After image processing, the highest point of each experiment result was
selected. Mean value of those highest points was computed. Curve graph of the
highest point changing with angle was obtained by data fitting, which was shown as
Fig. 6.

It can be seen from Fig. 6 that the given table tennis ball was hit by the same
force in the same direction, table tennis ball rose to its peak when hit at 90 degree
mark and rose to its lowest point when hit at the junction. The closer to 90 degree
position, the higher position of table tennis ball rose to.
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Fig. 6. Curve graph of the highest point changing with angle

In conclusion, speed of table tennis ball was changing regularly to a certain
degree when it was hit by the same force because hardness of table tennis ball was
changing with angle. However, changing rule of speed and its hardness was not
completely the same. Hardness at junction line was relatively larger than that of
other areas. However, when table tennis was hit at junction line, the speed after
hit was the slowest. It can be inferred from the results that the larger hitting force,
the more energy lost and the larger difference between initial speeds of table tennis
balls because of uneven hardness of table tennis ball. Besides, one of the important
reasons for hitting by luck was that contact area of table tennis ball and racket was
increased because table tennis ball rotation was influenced by the uneven hardness.

5. Conclusion

First, two hardness measurement methods for table tennis ball was put forwarded,
which was verified effective by a serial of experimentations and analysis of Matlab
software. Then, impact test was designed to study relation of hardness of table
tennis ball and the speed after hitting when table tennis ball was hit at different
place with the same force. With the methods put forwarded, it can not only classify
table tennis but also provide an explanation for hit by luck during match, which
provided a reference standard for future table tennis production.
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Research on the design of wireless
control system for basketball stands

elevator

Min Zhou1, Xiaodong Yi1,2

Abstract. To realize the lifting of basketball stands elevator scientifically and reliably.
Through a portable control terminal equipped with a touch screen, we use the ZigBee wireless
network to control each elevator node. The hand-held remote control terminal based on STM32F103
as the core processor, realizes data transmission by using CC2530 wireless communication chip, and
the elevator control terminal, through ZigBee receiving nodes with the same CC2530 as the core,
receives the command sent from the remote terminal. After testing, this system has friendly man-
machine interface, low power consumption, low cost, high reliability, good expansibility and so on
advantages. The system not only can be used in lifting system of basketball stands, but also can be
easily transplanted into other specific applications with the broad application prospect and market
value.

Key words. Basketball stands elevator, ZigBee wireless communication, control system.

1. Introduction

With the development of social material civilization, people’s keen degree of
sports activities also grows with each passing day. In addition, leisure fitness becomes
the most effective way for people to relax the heart and alleviate the pressure of work,
and the stadium has become the first choice of people in sports activities. On the
other hand, with the rapid development of Chinese sports, more and more sports
items have been widely promoted, except for basketball, badminton, table tennis and
so on traditional items, billiards, yoga, aerobics and other emerging sports project
has obtained more and more people’s love and participation. In order to enrich the
function of stadium, large stadiums are installed with basketball stands that can
be moved up or down. Driving the winch by the motor, it drives the mechanical
mechanism, and lifts the basketball stands to the ceiling, which makes the basketball
stands do not interfere with the running of other sports activities [1]. How to realize
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the lifting and lowering of the basketball stands elevator quickly and scientifically has
become an urgent problem to be solved. In the field of short distance communication,
there is very fierce competition. However, ZigBee technology, with its low cost, low
power consumption, high safety, large network capacity and many other advantages,
showed itself in many short distance communication technologies [2].

ARM core design is more advanced, with higher frequency and more powerful
processing capabilities; FPGA integration is greatly improved, having entered the
era of 28 nm [3]. A single chip can integrate with hundreds of thousands or even
millions of gates. In addition, through a portable control terminal equipped with a
touch screen, we make use of the ZigBee wireless network, to control each elevator
node. We can also record the elevator using information in the PC terminal database,
easy to use, safe and reliable, low in cost, high in performance, and easy to modern
management of the stadium.

2. Overview

ZigBee network is a short distance wireless network composed of up to 65536
wireless communication modules, and any of the two devices in the network can
communicate with each other directly or indirectly. In the protocol stack, the
theoretical communication distance between ZigBee network nodes is 75 meters.
Through increasing the extra power amplifying circuit (such as low noise amplifier),
it can greatly extend the communication distance. For instance, after making use of
CC2591 power amplifier, the communication distance is up to several kilometers [4].
In addition, the ZigBee device can be connected to the mobile communication net-
work or Ethernet, which is convenient for the remote monitoring of the equipment
and greatly expands the application range. ZigBee technology has many advan-
tages, such as low rate, low power consumption, low cost, large network capacity,
short time delay, high safety, high reliability and so on [5], ZigBee technology appli-
cations field is very extensive, including industrial automation, building automation,
lighting control, environmental control, medical monitoring system, smart card, re-
mote control, wireless data acquisition system and so on. ZigBee technology in 2004
was named one of the ten latest technologies in the world’s fastest-growing and most
extensive market prospects.

The stadium elevator controller is mainly designed for lifting basketball stands
in the stadium. The basketball stand is more common in foreign countries. In the
1960s, it was designed and produced by a professional company of lifting equipment,
mostly installed in large gymnasium. The basketball stand is lifted up to the roof,
avoiding the trouble for making room space to remove the basketball stand from
the original place to the off-site, so the lifting basketball stand has been rapidly
promoted. The traditional stadium lift control is wired, roughly divided into separate
control mode for each lift and all lift networked control [6]. In our country, since
that the stadium equipped with the lifting basketball stand is relatively small, the
stadium elevator controller is blank. However, with the modernization grading of
stadium construction and the development of control technology, the convenient and
reliable lifting system is bound to have a broad market prospect.
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3. Methods

3.1. Overall scheme design

The system is mainly composed of three parts: a hand-held remote controller,
several lift control units and a plurality of ZigBee network modules. The hand-held
remote controller provides man-machine interface, convenient for users to operate; el-
evator control units directly control the winch motor reversing and realize the lifting
action of elevator; ZigBee network module is responsible for data transmission be-
tween the hand-held remote controller and the elevator control unit; in addition, the
PC machine realizes the data record of the elevator operation case in the database,
but also uploads the database to the network, so as to achieve the management of a
number of stadium. The system structure is shown in Fig. 1.

Fig. 1. Input power schematic circuit

3.2. System hardware design

The stadium elevator wireless control system is the complex system composed
of hand-held remote controller, elevator control system units and ZigBee network
modules. The hardware design contains a lot of contents, relating to the embedded
ARM system hardware, CPLD programmable logic device system hardware, ZigBee
RF module hardware, power management circuit, expansion interface circuit and so
on hardware’s design [7]. It is supposed to follow the modular, standardized, and
generalized ideas, to make the hardware design simple and reliable, and to ensure
the stability and good expansibility of each module circuit.

In the hand-held remote controller hardware system, power supply related circuit
includes input power arbitration circuit, charging circuit, TFT-LCD backlight LED
power supply and so on. The design of this part is more complex, which is one of
the most important parts in the hand-held remote controller hardware design. The
input power arbiter determines which power is used to provide power supply for the
hardware system. The schematic diagram is shown in Fig. 1.

Hand-held remote controller uses the TFT-LCD screen. Because the system
has not high requirements on the touch screen accuracy, for cost considerations,
we select four-wire resistive touch screen. Figure 2 is the equivalent model of the
resistive touch screen. The value of the output voltage Vmeas is determined by the
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ratio of the two series resistors. Among them, the equivalent resistance R1 and the
reference voltage Vref are connected, the other end of the resistance R2 grounding,
and the Vmeas terminal can be connected to the ADC, for the voltage measurement.

Fig. 2. Schematic diagram of resistive touch screen

In the hardware design of ZigBee network module, taking into account the design
cost and the requirements of product technology, the elevator control unit and ZigBee
module PC machine terminal use the similar minimum system hardware design. And
hand-held controller end ZigBee module, except for the minimum system hardware
design, in order to meet the need of communication distance, also adds the power
amplification circuit and SMA omnidirectional antenna.

Power amplifier relevant circuit diagram is mainly the link part between the
CC2530 and the CC2591, and the connection circuit is shown in Fig. 3.

Fig. 3. Connection circuit diagram of CC2530 and CC2591

3.3. System software design

The software design is the core work of the elevator wireless control system de-
sign. The hardware of the system is equivalent to the human body. And the system
software is equivalent to the brain of human, controlling the entire system for normal
working. With the development of embedded technology and integrated circuit tech-
nology, the hardware circuit design more uses the integrated circuit and the design
difficulty continuously decreases. The performance of the system mainly depends on
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the quality of the software design, and it puts forward higher requirements to the
software design.

The hand-held remote control is the most complex part in the whole system,
and the corresponding software design is also the most difficult. The microcontroller
uses STM32F103VC and uses the standard C language for programming it. It is
worth mentioning that the ST company, in order to facilitate the user to develop
software, provides a set of open source peripheral firmware library. Users only need
to call the interface functions inside can it operate on all peripheral sources on the
microprocessor, which greatly reduces the difficulty of software design. Figure 4 is
the flow chart of main function of the hand-held remote controller.

Fig. 4. Flow chart of main function of the hand-held remote controller

Lift control unit function is relatively simple, including the receiving of lifting
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command data packets, sending a response packet and in place report data packets,
and relay operation.

4. Results and discussion

After the design of hardware and software, whether the system can realize the
design function accurately and reliably according to the design requirements needs
comprehensive and systematical test. The test of the basketball stand lifting system
mainly includes two parts: function test and performance test. The function test
of the system is to mainly test the correctness of the system, including the function
of the touch screen, the transmission function of the ZigBee network, the lifting
function of the elevator and so on. The specific test cases and test results are shown
in Table 1.

Table 1. System test cases

Number
of cases

Test items Expected
results

Practical re-
sults

1 Click the function keys of
touch screen to test whether
each function key can send the
correct instructions.

Each function
key is normal
in functions.

Each function
key can be
morally used.

2 The elevator motion command
is sent by the touch screen,
to test whether the wireless
network communication is nor-
mal.

The elevator
can success-
fully receive
instructions.

Elevator can
successfully
receive instruc-
tions.

3 After the elevator receives the
instructions, test whether the
elevator is in accordance with
the normal operation of the
command.

The elevator
can follow the
instructions.

The elevator
can follow the
instructions.

Table 1 shows that the system function is normal.
The performance test of this system mainly tests the anti-interference of the

system, because it is very important that the system can run stably and reliably.
ZigBee network works in the 2.4GHz band. In the laboratory, we use the Bluetooth
signal of the mobile phone and the wireless routing signal as the interference source,
respectively, to verify the anti-interference ability of the communication module.
The specific results are shown in Table 2.

As can be seen from Table 2 that, there is no obstacle in the network communi-
cation in the interference of same frequency signal.

There is a high power relay in the elevator control unit, which is installed near the
winch motor. If the number received currently minus the last number and the result
equals to 1, it suggests that the control unit has high reliability; otherwise, it rep-
resents that the internal program of microcontroller is not normally operated under
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electromagnetic interference. And it needs to take measures to further improve the
anti-interference ability. The experimental results showed that the internal program
of the microcontroller operates normally under the electromagnetic interference and
it has high reliability.

Table 2. Anti-interference test of system communication function

Sources of interference Communication situation of system ZigBee
wireless network

Bluetooth signal System wireless communication function is
completely normal.

Wireless routing Wi-Fi signal System wireless communication function is
completely normal.

Radiotelephone signal System wireless communication function is
completely normal.

5. Conclusion

At present, the large-scale stadium often sets a number of basketball stands
equipped with the elevator. In order to meet the sustainable development route
in line with the green environmental protection and energy conservation, and to
further realize the modernization management of stadium elevator control, based on
the analysis of the shortcomings of the traditional control method, we put forward
the stadium elevator wireless control system based on ZigBee short distance wireless
RF technology, embedded technology and database technology.

The system designed in this paper has the advantages of friendly human-machine
interface, low power consumption, low cost, high reliability, good expansibility and
so on. At the same time, the system can be easily transplanted to other specific
applications, with broad application prospects and market value.
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Modeling and kinematics simulation of
freestyle skiing robot

Xiaohua Wu1,3, Jian Yi2

Abstract. Freestyle skiing robot model and gait planning are used for the robot model
moving in the snow. First, data of human body is collected by 3-D laser scanning technique.
Sports biomechanics and computer simulation methods are used to structural design and analyze
freestyle skiing robot. Then, 3-D modeling software Pro/E is used to build entity model then gait
planning based on bionics is studied. Finally, virtual prototype technology is used to modeling the
robot at the slipping stage to verify the feasibility of gait planning. Results show that slipping stage
can be dynamically simulated by the freestyle skiing robot. Displacement and velocity change of
joints of theoretical movement are very close to that of simulation movement. Moreover, theoretical
angular acceleration curve is relatively close to simulation results. In conclusion, gait planning of
bionics is suitable for motion planning of freestyle skiing robot and robots’ all movements at slipping
stage can be achieved.

Key words. Freestyle skiing robot, ADAMS, Pro/E, gait planning, kinematics.

1. Introduction

Robotics is widely used in modern production, national economy and people’s
livelihood with the development of modern science and technology. Among all kinds
of robot, system structure of humanoid robot is the most complex one and its inte-
gration level is high, which represents the cutting-edge technology of robot and is
essential for study robot [1].

2. Literature review

Nowadays, humanoid robot has entered an essential stage where intended func-
tions can be realized. Humanoid robot is on the cutting edge of robot research,
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which is important for research on humanoid robot [2]. Problems occurred during
research and development of humanoid robot product of long development cycle and
expensive cost cannot be solved by traditional design flow of physical prototype. Vir-
tual prototype technology is used to assist study, such as kinematic modeling and
simulation, dynamics simulation and analysis and optimization design of structure
of humanoid robot [3]. Virtual prototype technology advances the development of
humanoid robot greatly. With their development and combination, more and more
kinds of humanoid robots are produced, for example soccer robot, basketball robot
and running robot.

Ontological mechanical structure of freestyle skiing robot is designed based on
characteristics of physical structure of freestyle skiing athlete and motion mechanism
analysis of human skeleton and muscle. Design thought and implementation method
for lower limbs, trunk, upper limbs and head are put forwarded according to different
functions of joints and body parts [4]. Bionic gait planning method is adopted for
freestyle skiing robot on the basis of existing experimental data of freestyle skiing
robot and feature of mechanical structure. Cubic spine interpolation algorithm is
used to planning joints track of hip, knee, shoulder and elbow. Virtual prototype
model of freestyle skiing robot is built in ADAMS then track planning parameters of
joints are used to generate STEP function which is added to corresponding joints of
freestyle skiing robot in virtual prototype. Thus, simulation experiment for freestyle
robot is conducted and the simulation results show that bionic gait planning is
feasible and all movements of robot at slipping stage can be achieved.

3. Methods

3.1. Structural design and analysis of freestyle skiing robot

3.1.1. Body frame and structure design. Below aspects should be taken into
consideration when designing body frame of freestyle skiing robot- First, size (height
and weight) of body frame should be identified according to human body proportion.
Second, main control computer, data acquisition card (DAQ Card), motor driver,
and power management module were installed and carried on body frame, for which
rational distribution and load bearing strength and stiffness of body frame should
be considered. Third, heat dissipation of motor drive and main control computer
should be taken into account when designing body frame [5].

3.1.2. Joint structure design and analysis for lower limbs. Limbs structure of
freestyle skiing robot was symmetrical, which meant structure of left and right legs
was the same. Thus, structural design of left leg was taken as an example. There
were six rotary joints in the left leg of the robot.

1) Structural design and analysis of hip joint
For inverse kinematics solution of leg, axes of hip joints in three directions should

meet in one point, thus there was closed-form solution. It meant that DOF (degree
of freedom) of joint rotation, roll and pitching should meet in one point. Mechanical
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structural of DOF of hip joint pitching and roll was made up of servo motor, syn-
chronous belt and harmonic reducer. Servo motor and reducer were near joint and
power was output to joint through synchronous belt. There was small moment of
inertia while large driving torque because synchronous belt was directly connected
to joint which is not suitable to precision positioning.

2) Structural design and analysis of knee joint
Drive capability of knee joint was important for robot movement because it sup-

ported upper body and carried outfast start and stop functions. Dual motor drive
and V-belt pulley were used to knee joint, with which there were two advantages.
First, due to dual motor drive, there was superposition of output torque of electric
machine. Thus, capability of joint to output torque was improved and heat caused
by long-working time was avoided. Second, the small-adjustment eccentric tension-
ing wheel was adopted by driving mechanism of knee joint. Thus, distances between
input axis of knee joints can be adjusted by changing installation angle of the small-
adjustment eccentric tensioning wheel. Counting-rate-difference feedback signal of
dual motor can be acquired by two encoders in real time, which was convenient for
master-slave control of dual-motor, joint angle information acquisition, mechanical
transmission error correction and control accuracy improvement.

3) Structural design and analysis of ankle joint
According to bionics principle, ankle joint was of two degrees of freedom - pitching

and roll. Besides, those two axes were met in one point, which was similar to
structure of hip joint. Also, modular design method was used to design degree
of freedom of pitching and roll of ankle joint and it was made up of servo motor,
harmonic reducer and synchronous belt. There was a criss-cross construction at its
pitching and roll joints, because of which there were a compact structure of ankle
joint and a downsized ankle joint. Potentiometers were put on degree of freedoms
of pitching and roll of criss-cross construction joint to detect practical output angle
of joint.

3.1.3. Structural design and analysis of the upper arm joint. This structural
design was similar to that of hip joint. According to document literature, as long
as axis of shoulder joint in three directions was met in one point, there was closed-
form solution of the upper arm when conducting inverse kinematics solution. It
meant that when designing, DOF (degree of freedom) of rotation, roll and pitching
of shoulder joint should met in one point.

3.1.4. Design and analysis of waist joint and neck joint. Two structural designs
have to be considered.

1) Structural design and analysis of waist joint
In this design method, there were two degree of freedoms for waist – pitching

and roll. Electric machine 1 was used to control pitching degree of freedom of waist
joint by transmitting power to harmonic reducer. Then, waist support frame was
controlled by reducer to support its pitching movement. Besides, the other end of
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waist support frame was connected to bearing. Electrical machine 2 was used to
control the waist rotation by transmitting power to harmonic reducer. Then, waist
rotation support frame was controlled by reducer to support its rotation movement
through sleeve.

2) Structural design and analysis of head joint
There were two degree of freedom for head – pitching and rotation. Electrical

machine 1 was used to control pitching degree of freedom by transmitting power to
harmonic reducer. Then, head support frame was controlled by reducer to support
head pitching movement. Besides, the other end of head pitching support frame
was connected to bearing. Electrical machine 2 was used to control rotation joint of
head by transmitting power to harmonic reducer. Support frame of head pitching
was controlled by reducer to rotate head joint.

3.2. Motor process analysis of freestyle skiing robot

Competition field of freestyle skiing aerials was made up of start area, speed-up
skiing slope, transition area 1, ski jump, transition area 2, landing slope and terminal
area [6]. Movement of speed-up skiing phase of freestyle skiing was studied. It can
be known after the study on material of freestyle skier in speed-up skiing phase
that skiers’ postures can be divided into start sliding skiing, squat skiing, standing
skiing and body extension preparation. In Changchun University of Technology, H-
dimensional laser scanning technique was used to acquire data of skiers in national
freestyle skiing aerial team and data of several specific skills were collected. Rotation
angles of those four movements of joints are shown in Table 1. Ski-shank angle was
included angle of ski and shank. Knee joint angle was included angle of shank and
thigh. Hip joint angle was included angle of thigh and trunk in the same side.
Shoulder joint angle was included angle of trunk and the upper arm in the same
side. Elbow joint angle was included angle of the upper arm and forearm in the
same side. Trunk dip angle was included angle of trunk and the snow surface. Neck
dip angle was included angle of neck and the snow surface. Head dip angle was
included angle of head and the snow surface. Thigh dip angle was included angle of
thigh and the snow surface. Ski dip angle was included angle of ski and the snow
surface in speed-up skiing phase when slope gradient was changed.

3.3. Gait planning of freestyle skiing robot

3.3.1. Motion curve of freestyle skiing robot in speed-up skiing phase. First,
quartic polynomial was used to plan motion curve of 0–3 meters. Then, three cubic
polynomials were used to plan motion curve of 3–8 meters, 8–24 meters and 24–52
meters, respectively. Then, quartic polynomial was used to plan motion curve of 52–
65 meters. Thus, the whole motion curve was matching with 4–3–3–3–4. Standard
global time variable of the whole motion was set as t and local time variable of the
jth motion phase was indicated as τj . The initial time of each motion phase was
τji and terminal local time of each motion phase was τjf . Thus, all motion phases
were start from local time of τji = 0 and finish up with the given local time τjf . The
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equations of those five motion phases are

Table 1. Data acquisition of different phases

Joint angles Angles in the
phase of start-
ing and sliding
skiing (◦)

Angles of the
squat skiing
phase (◦)

Angles of the
body extension
preparation
phase (◦)

Angles of rais-
ing arm (◦)

Ski-shank 82.25 91.08 79.97 84.17

Knee joint 152.34 123.68 178.05 179.41

Hip joint 153.34 99.40 175.92 176.85

Shoulder joint 13.22 18.77 27.14 160.52

Elbow joint 143.60 138.16 170.02 13.34

Trunk dip angle 82.65 66.80 93.75 100.28

Neck dip angle 75.47 65.44 81.50 86.46

Head dip angle 75.90 73.57 76.38 86.09

Thigh dip angle 109.3 147.41 89.66 97.13


z(t)1 = a0 + a1t+ a2t

2 + a3t
3 + a4t

4,
z(t)2 = b0 + b1t+ b2t

2 + b3t
3,

z(t)3 = c0 + c1t+ c2t
2 + c3t

3,
z(t)4 = d0 + d1t+ d2t

2 + d3t
3,

z(t)5 = e0 + e1t+ e2t
2 + e3t

3 + e4t
4.

(1)

Replacing higher-degree polynomial with multistage low order polynomial, the
below equations were obtained:  z1 = a0,

ż1 = a1,
z̈1 = 2a2,

(2)


z2 = a0 + a1τ1f + a2 (τ1f)

2
+ a3 (τ1f)

3
+ a4 (τ1f)

2
,

z2 = b0,

a1 + 2a2τ1f + 3a3 (τ1f)
2
+ 4a4 (τ1f)

3
= b1,

2a2 + 6a3 (τ1f) + 12a4 (τ1f)
2
= 2b2,

(3)


z3 = b0 + b1τ2f + b2 (τ2f)

2
+ b3 (τ2f)

3
,

z3 = c0,

b1 + 2b2τ2f + 3b3 (τ2f)
2
= c1,

2b2 + 6b3 (τ2f) = 2c2,

(4)
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z4 = c0 + c1τ3f + c2 (τ3f)

2
+ c3 (τ3f)

3
,

z4 = d0,

c1 + 2c2τ3f + 3c3 (τ3f)
2
= d1,

2c2 + 6c3 (τ3f) = 2d2,

(5)


z5 = d0 + d1τ4f + d2 (τ4f)

2
+ d3 (τ4f)

3
,

z5 = e0,

d1 + 2d2τ4f + 3d3 (τ4f)
2
= e1,

2d2 + 6d3 (τ4f) = 2e2,

(6)


z6 = e0 + e1τ5f + e2 (τ5f)

2
+ e3 (τ5f)

3
+ e4 (τ5f)

2
,

ż6 = e1 + 2e2 (τ5f) + 3e3 (τ5f)
2
+ 4e4 (τ5f)

3
,

z̈6 = 2e2 + 6e3 (τ5f) + 12e4 (τ5f)
2
.

(7)

Substituting those known data –z1 = 0, ż1 = 1, z̈1 = 0, τ1f = 1, z2 = 3, τ2f = 1,
z3 = 8, τ3f = 2, z4 = 24, τ4f = 2, z5 = 52, τ5f = 1, ż6 = 16 and z̈6 = 2 to above
equations, motion equation of freestyle skiing robot in speed-up skiing phase can
obtained and shown in equation (8).

z1 = t+ 0.5t2 + 3.17t3 − 1.67t4,
z2 = 3 + 4.83t− 0.0036t2 + 0.17t3,
z3 = 8 + 5.34t+ 0.51t2 + 0.41t3,
z4 = 24 + 12.3t+ 3t2 − 1.06t3,
z5 = 52 + 11.46t− 3.39t2 + 8.39t3 − 3.46t4,

(8)

3.3.2. Motion curve planning of hip joint. Given motion curve equation of hip
joint. In the second motion phase it can be written as

θh2 (t) = f20 + f21t+ f22t
2 + f23t

3 + f24t
4 + f25t

5 . (9)

Substitute boundary conditions to equation (9), the below equation can be ob-
tained: 

153 = f20,
100 = f20 + f21 + f22 + f23 + f24 + f25,
0 = f21,
0 = f21 + 2f22 + 3f23 + 4f24 + 5f25,
0 = 2f22,
0 = 2f22 + 6f23 + 12f24 + 20f25,

(10)

Thus, the polynomial equation of location is obtained in the form

θh2 (t) = 153− 530t3 + 795t4 − 318t5 . (11)

The motion curve equation of hip joint in the fourth motion phase is

θh4 (t) = f40 + f41t+ f42t
2 + f43t

3 + f44t
4 + f45t

5 . (12)
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Substituting boundary conditions to equation (12), the below equation is ob-
tained: 

100 = f40,
176 = f40 + 2f41 + 4f42 + 8f43 + 16f44 + 32f45,
0 = f41,
0 = f41 + 4f42 + 12f43 + 32f44 + 80f45,
0 = 2f42,
0 = 2f42 + 12f43 + 48f44 + 160f45.

(13)

Thus, polynomial equation of location was:

θh4 (t) = 100 + 95t3−71.25t4 + 14.25t5 . (14)

Equations of five motion phases of hip joint were obtained as follows
θh1 (t) = 153,
θh2 (t) = 153−530t3 + 795t4−318t5,
θh3 (t) = 100,
θh4 (t) = 100 + 95t3 − 71.25t4 + 14.25t5,
θh5 (t) = 176,

0 < t ≤ 1,
0 < t ≤ 1,
0 < t ≤ 2,
0 < t ≤ 2,
0, < t ≤ 1.

(15)

3.3.3. Motion curve planning of knee joint. Given motion curve of knee joint.
In the second motion phase it has the form

θk2 (t) = g20 + g21t+ g22t
2 + g23t

3 + g24t
4 + g25t

5 . (16)

Substitute boundary conditions in (16), the below equation can be obtained

153 = g20,
124 = g20 + g21 + g22 + g23 + g24 + g25,
0 = g21,
0 = g21 + 2g22 + 3g23 + 4g24 + 5g25,
0 = 2g22,
0 = 2g22 + 6g23 + 12g24 + 20g25.

(17)

Thus, polynomial equation of location has the form

θk2 (t) = 153− 290t3 + 435t4 − 174t5 . (18)

Given motion curve equation of knee joint in the fourth motion phase as

θk4 (t) = g40 + g41t+ g42t
2 + g43t

3 + g44t
4 + g45t

5 . (19)
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Substituting boundary conditions to equation (19) provides

100 = g40,
176 = g40 + 2g41 + 4g42 + 8g43 + 16g44 + 32g45,
0 = g41,
0 = g41 + 4g42 + 12g43 + 32g44 + 80g45,
0 = 2g42,
0 = 2g42 + 12g43 + 48g44 + 160g45.

(20)

Thus, the polynomial equation of location can be obtained in the form

θk4 (t) = 124 + 67.5t3 − 50.63t4 + 10.13t5 (21)

Thus, equations of five motion phases of knee joint reads
θk1 (t) = 153,
θk2 (t) = 153−290t3 + 435t4−174t5,
θk3 (t) = 124,
θk4 (t) = 124 + 67.5t3 − 50.63t4 + 10.13t5,
θk5 (t) = 178,

0 < t ≤ 1,
0 < t ≤ 1,
0 < t ≤ 2,
0 < t ≤ 2,
0 < t ≤ 1.

(22)

3.3.4. Motion curve planning of shoulder joint. The motion curve equation of
shoulder joint in the second motion phase is

θs2 (t) = h20 + h21t+ h22t
2 + h23t

3 + h24t
4 + h25t

5 . (23)

After substituting the boundary conditions into equation (23) we get

10 = h20,
80 = h20 + h21 + h22 + h23 + h24 + h25,
0 = h21,
0 = h21 + 2h22 + 3h23 + 4h24 + 5h25,
0 = 2h22,
0 = 2h22 + 6h23 + 12h24 + 20h25.

(24)

Thus, the polynomial equation of location is

θs2 (t) = 10 + 700t3 − 1050t4 + 420t5 . (25)

The motion curve equation of shoulder joint in the fourth motion phase is

θs4 (t) = h40 + h41t+ h42t
2 + h43t

3 + h44t
4 + h45t

5 . (26)
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After substituting the boundary conditions to equation (26), we obtain

120 = h40,
10 = h40 + 2h41 + 4h42 + 8h43 + 16h44 + 32h45,
0 = h41,
0 = h41 + 4h42 + 12h43 + 32h44 + 80h45,
0 = 2h42,
0 = 2h42 + 12h43 + 48h44 + 160h45 .

(27)

Thus, the polynomial equation of location has the following form

θs4 (t) = 120− 137.5t3 + 103.13t4 − 20.63t5 . (28)

Thus, equations of five motion phases of shoulder joint are
θs1 (t) = 10,
θs2 (t) = 10 + 700t3 − 1050t4 + 420t5,
θs3 (t) = 120,
θs4 (t) = 120− 137.5t3 + 103.13t4 − 20.63t5,
θs5 (t) = 10,

0 < t ≤ 1,
0 < t ≤ 1,
0 < t ≤ 2,
0 < t ≤ 2,
0 < t ≤ 1.

(29)

3.3.5. Motion curve planning of elbow joint The motion curve equation of elbow
joint in the second motion phase is

θe2 (t) = k20 + k21t+ k22t
2 + k23t

3 + k24t
4 + k25t

5 . (30)

After substituting the boundary conditions to equation (30)we obtain

144 = k20,
138 = k20 + k21 + k22 + k23 + k24 + k25,
0 = k21
0 = k21 + 2k22 + 3k23 + 4k24 + 5k25,
0 = 2k22,
0 = 2k22 + 6k23 + 12k24 + 20k25,

(31)

The polynomial equation of location has the form

θe2 (t) = 144− 60t3 + 90t4 − 36t5 . (32)

The motion curve location of elbow joint in the fourth motion phase is

θe4 (t) = k40 + k41t+ k42t
2 + k43t

3 + k44t
4 + k45t

5 . (33)
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After substituting the boundary conditions to equation (33), we obtain

138 = k40,
170 = k40 + 2k41 + 4k42 + 8k43 + 16k44 + 32k45,
0 = k41,
0 = k41 + 4k42 + 12k43 + 32k44 + 80k45,
0 = 2k42,
0 = 2k42 + 12k43 + 48k44 + 160k45.

(34)

Now, the polynomial equation of location has the form

θc4 (t) = 138 + 40t3 − 30t4 + 6t5 . (35)

Finally, the equations of five motion phases of elbow joint may be written as
θe1 (t) = 144,
θe2 (t) = 144− 60t3 + 90t4 − 36t5,
θe3 (t) = 138,
θe4 (t) = 138 + 40t3 − 30t4 + 6t5,
θe5 (t) = 170,

0 < t ≤ 1,
0 < t ≤ 1,
0 < t ≤ 2,
0 < t ≤ 2,
0 < t ≤ 1.

(36)

4. Motion simulation of freestyle skiing robot

4.1. Virtual prototype modeling of freestyle skiing robot

The simplified model of freestyle skiing robot built in Pro/E was saved as file
type “Parasolid”. Import it into software ADAMS then its rigid body component
attribute was modified and constraint and motion drive was added. Motion curve
of all joints of freestyle skiing robot was used as control basis, which was input
in ADAMS to generate STEP function. Simulation analysis of motion of freestyle
skiing robot was conducted.

4.2. Motion simulation and its results analysis of freestyle
skiing robot

Motion curves of all joints of freestyle skiing robot obtained through gait planning
was used as control basis and those motion curves was parameterized to generate
STEP functions. Driving function of all joints obtained through gaiting planning
is shown in Table 2. Then, the STEP functions were added to the corresponding
joints of freestyle skiing robot of virtual prototype. Before simulation analysis, check
prototype model again. Interactive kinematics simulation of freestyle skiing robot
was conducted.
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Table 2. STEP driving function of all joints

Joints name STEP FUNCTION

Ankle joint 0d×time

Knee joint STEP(time,1,0d,2,29d) + STEP(time,4,0d,6,-54d)

Hip joint STEP(time,1,0d,2,-53d) + STEP(time,4,0d,6,76d)

Shoulder joint
(Roll)

STEP(time,6,0d,7,-180d)

Shoulder joint
(Pitching)

STEP(time,1,0d,2,70d) + STEP(time,4,0d,6,-70d)

Waist joint 0d×time

Sliding movement STEP(time,0,0,1,3000) + STEP(time,1,0,2,5000) +
STEP(time,2,0,4,16000) + STEP(time,4,0,6,28000) +
STEP(time,6,0,7,13000)

Fig. 1. Pitching of right knee joint

Fig. 2. Pitching of right hip joint

Experimental simulations show that freestyle skiing robot can dynamically sim-
ulate speed-up skiing phase well, including starting and sliding skiing, squat ski-
ing, body extension preparation and raising arm. Then, post-processing module
ADAMS/Post-Processor was used for post-process simulation analysis of results of
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Fig. 3. Pitching of right shoulder joint

Fig. 4. Pitching of right elbow joint

ADAMS software. With this function, results of simulation calculation and analysis
research of ADAMS can be displayed, thus model characteristics was reflected more
accurately. Simulation curves of angular displacement, speed, and accelerated speed
of joints rotation of freestyle skiing robot during movement are shown in Figs. 1–4.
Because freestyle skiing robot was a symmetrical structure, simulation curve of the
right arm joint and right leg joint was chosen.

5. Conclusion

Pro/E with powerful modeling function is used to build the simplified mechanical
model of freestyle skiing robot. Virtual prototype of freestyle skiing robot is built
in ADAMS for motion simulation. The simulation results show that bionic gait
planning is suitable for motion planning of freestyle skiing robot, with which all
movements of freestyle skiing robot in speed-up skiing phase are achieved.
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Analysis on modeling and numerical
simulation for badminton racket of

braiding composite material based on
ANSYS

Liyan Zhang1

Abstract. Braiding composite material featured good mechanical property such as high
strength and high modulus is widely used in badminton racket manufacturing. Parameterized finite
element models for badminton racket of braiding composite material is built by ANSYS software
based on Domain Superposition Technique of finite element, such as filament reinforcement phase
model and matrix phrase model. Then, statics analysis, elastic properties prediction, invalidation
discrimination and modal kinetic analysis are made for badminton racket model, which provides
theory for design racket. Finally, elastic property of racket shaft is predicted and its result proves
that Domain Superposition Technique of finite element is feasible.

Key words. Braiding composite material, badminton racket, ANSYS, Domain Superposition
Technique of finite element, parameterized modeling.

1. Introduction

Composite material, a new material with excellence performance, is made up of
no less than two materials of different properties by chemical or physical treatment,
such as organic polymer, inorganic nonmetal and metal. Braiding composite material
with well mechanical property is made up of pre-form and matrix phase material
[1]. And pre-form with overall structure is woven by different methods. Nowadays,
studies on braiding composited material are generally focused on unit cell model.
Then, proper periodic boundary condition and load was used for mechanical analysis.
However, few studies were focused on building overall model with braiding composite
material. Badminton racket made up of braiding composite material was taken as
object of study and its material model was built to study the overall mechanical
property was studied.

1Shenyang Normal University, Liaoning, 110034, China; E-mail: liyanzhang00@aliyun.com

http://journal.it.cas.cz

liyanzhang00@aliyun.com
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2. Literature review

In the early 1980, Ko [2] identified “fibrage” in his thesis and elaborated cubic
unit cell model with rectangle surface for the first time. A finite element model
with multi-scale was built by Wang et al. [3] using fiber, unit cell and laminate in
three dimensions. Multi-scale progressive damage analysis was made on composite
material of 2×2 braiding structure. However, finite element analysis can only focus
on a certain parameters of the structure because of diverse model parameter. Theory
and experiment was combined by Masters [4] to analyze mechanical properties of
braiding composite material. Among those four methods, laminate model was the
easiest one to be achieved. For even laminated board, direction of fiber bundle
was the same and a bending correction factor was introduced to represent bending
property of the fiber.

Thee badminton racket designed here is manufactured by resin transfer moulding
(RTM), a technology developed from wet molding process and shooting technique
and the most widely used and mature liquid modeling technology. Products of
RTM molding is featuring smooth surface, stable quality, high fiber volume content,
minor pollution, low cost and high efficiency. Finite element method can be used to
simulate lay-up of fiber material and resin impregnation-reinforced fiber material and
to study technological parameter, temperature and pressure those influence molding.
Based on previous study, modeling and numerical simulation for badminton racket
of braiding composite material was analyzed using ANSYS.

3. Research method

3.1. Domain Superposition Technique of finite element

At present, study on braiding composite material modeling was almost all fo-
cused on unit cell model, a representative elementary volume. Unit cell model built
by traditional braiding composite material was aimed to reflect fiber reinforced phase
model and matrix phase model as well as the overall construction of component as
true as possible. True braiding composited material model was obtained after fiber
reinforcement phase model was subtracted from matrix phase model with Boolean
operation based on ANSYS. Thus, two phases finite element model with no crossover
and overlap in space were obtained. Besides, special unit should be added at the
junction of the two phases, thus related mechanical relation between them was pro-
duced. Within the final model, periodic boundary condition was used to finish
pretreatment.

Braiding composite material was generally identified as an interconnection of
a large number of representative periodic unit cells. Thus, variation of boundary
surface of neighboring unit cell should be the same when under load. Variation of
any point on surface and its corresponding node should be the same. Displacement
field of any pair of parallel surface can be described as follows [5]

µj+
i = εikX

j+
k + µ∗

i , (i, j, k = x, y, z) , (1)
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µj−
i = εikX

j−
k + µ∗

i . (2)

In above equation, µ denotes denoted displacement of any point during a unit,
j+ denotes in the positive direction, j− denotes in the negative direction, εik is the
average full-field strain and Xj+

k denotes the coordinates of corresponding node of
two interfaces of Xj+ direction in k direction. The below equation can be obtained
by combining equation (1) and (2):

µj+
i − µj−

i = εik

(
Xj+

k −Xj−
k

)
= εik∆Xj

k . (3)

APDL program was used to matching coupling and node. Corresponding cou-
pling and node relationship was identified through equation (3), thus periodic bound-
ary condition was identified.

Topological structure with internal complex, high fiber volume fraction and in-
terlaced fiber bundle are hard to be solved by traditional modeling method. Thus,
Domain Superposition Technique (DST) of finite element [6] is put forward based on
finite element. Finite element model for matrix phase and fiber reinforcement phase
should be built for implement Domain Superposition Technique (DST) of finite el-
ement. And entity unit is adopted by those two phases model. There is an overlap
of junction of the built matrix phase and fiber reinforcement phase. Two problems
can be tackled by Domain Superposition Technique (DST) of finite element; the first
one is stiffness matching of the two phases and the second is coupling the two phase
modes properly. Therefore, displacement of the same point in overlapping region
is the same when under stress. Model built by DST can simulate the structure of
composite material only when stiffness matching and coupling are properly tackled.

A “negative” matrix is needed to match material stiffness by Domain Super-
position Technique. Under the same stress state, stress state of “negative” matrix
material is opposite to that of matrix material. For linear elastic material, “negative”
nature of matrix material is the negative value of its stress-strain stiffness matrix.
For isotropic linear elastic matrix material, its stress-strain stiffness matrix may be
written in the form

Dhost =
E(1 − v)

(1 + v)(1 − 2v)
·



1 v
1−v

v
1−v 0 0 0

v
1−v 1 v

1−v 0 0 0
v

1−v
v

1−v 1 0 0 0

0 0 0 1−2v
2(1−v) 0 0

0 0 0 0 1−2v
2(1−v) 0

0 0 0 0 0 1−2v
2(1−v)


. (4)

In the above equation, E denotes the elasticity modulus of material and v denotes
Poisson’s ratio of matrix material. “Negative” stress-strain matrix is given as

DNegative material = DActual matrix . (5)

Here,DNegative material is the stress-strain matrix of negative material andDActual matrix
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is the stress-strain matrix of actual matrix.
When implementing the Domain Superposition Technique (DST), it should match

material nature to fiber reinforcement phase. The final filamentary phase material
after matching equals the subtract matrix material nature from filament phase ma-
terial nature, which can be obtained by subtracting the actual matrix phase stress-
strain stiffness matrix from actual fiber reinforcement phase tress-strain stiffness
matrix:

Dcor = Den +Dho . (6)

In the above equation, Dcor denotes the matrix of modified reinforced stress-strain
matrix, Den denotes the matrix of actual reinforced stress-strain matrix and Dho

denotes the matrix of actual stress-strain matrix (substrate). In a word, the nature
of matrix material was identified by grid cell of overall model and modified material
constitutive model was identified by unit of fiber bundle region. Thus, material
characteristics of overall superposition domain and true fiber bundle material was
the same. For any designated node in any unit, its coordinate of the coupling of
model fiber phase and matrix phase node is identified as

x =

m∑
i=1

Nixi, y =

m∑
i=1

Niyi, z =

m∑
i=1

Nizi . (7)

In the above equation, x, y and z denote the coordinates of the overall coordinate
system for a node in the unit. This is an interpolation function of the unit which is
identified under natural system of coordinates. SymbolN denotes the shape function
that is given as N = µ/δe, µ being the distance of any point during the unit and
δe the displacement of the element node. Also, the displacement of the designated
node is identified as

u =

m∑
i=1

Niui, v =

m∑
i=1

Nivi, w =

m∑
i=1

Niwi . (8)

Here, u, v and w denote the displacement components of a node in the unit.
The principle of Domain Superposition Technique is coupling of the designated

node and freedom degree of the node on the same unit with the designated node.
Thus, node coupling method is used to couple node of the fiber reinforcement phase
model to the matrix model.

3.2. Parametric modeling and mechanical analysis

For the designed racket handle, its diameter was 7.3mm, thickness was 1.5mm
and length was 450mm. Given racket frame was an oval, whose major semi-axis was
140mm, minor semi-axis was 110mm, thickness was 14mm and its diameter was set
as 0.7mm. Composite material of carbon fiber-epoxy resin was used, whose fiber
reinforcement phase material was M40 carbon fiber and matrix phase and bracing
wire was bisphenol A (BPA) epoxy resin. Parameters of material used for fiber and
resin are shown in Table 1.
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Table 1. Thermophysical properties of regular fluid and nanoparticles

Material property E1 (GPa) E2 (GPa) G12 (GPa) G23 (GPa) v12 v23

Carbon fiber 393 25.53 25.53 11.94 0.20 0.25
Resin 3.62 3.62 - - 0.35 0.35

(1) Analysis on finite element model

Solid64 entity unit was used to build fiber reinforcement phase and matrix phase
of racket of two-dimension and three-direction braiding. There were three axial
yarn and four braiding yarn included in the unit cell model of braiding composite
material [7]. Fiber bundle material with filament dip-dyed part of resin and elas-
tic constant of fiber bundle material was calculated by weighted average method.
Through calculation below we obtained: E1 = 141.90GPa, E2 = E3 = 7.13GPa,
G12 = G13 = 4.65GPa, G23 = 3.93GPa, v12 = v13 = 0.23, v23 = 0.36. For simulat-
ing pre-stress of positions that bracing line connected with racket frame, PSMESH
command was used to build pre-load stretching section of each positions. Then,
SLOAD command was used to exert preload and poundage of bracing wire can be
parameterized. Two-dimension and two-direction braiding and two-dimension and
three-direction braiding were adopted by fiber reinforcement phase and both of their
knitting angles are 45 degree. Fiber volume fraction of racket of two-dimension and
three-direction braiding was 21.56%. Finite element model of fiber phase and matrix
phase for badminton racket handle of two-dimension and three-direction braiding are
shown in Figs. 1 and 2. Other specified model are not listed one by one here.

Fig. 1. Finite element model for fiber phase of racket handle of two-dimension and
three-direction braiding

According to the practical situation of badminton racket under stress, two dif-
ferent forces were put on the two end faces of ANSYS model of racket handle using
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Fig. 2. Finite element model for matrix of racket handle of two-dimension and
three-direction braiding

DST- a full constraint and a vertical force. Diameter of badminton cork was 20mm–
25mm, thus a round area was defined to be hit by vertical force (300N). For the
round area, midpoint of bracing wire was identified as a center of a circle and 25mm
was set as the diameter. Domain Superposition Technique was used to process
the built finite element parameterized model, thus the final model was identified as
shown in Fig. 3.

Fig. 3. Finite element model of badminton racket modified by Domain
Superposition Technique

Under above constraint and stress, it can be calculated by ANSYS that the
maximum equivalent stress of the whole racket was 154.28MPa and the maximum
equivalent displacement was 1.25mm, which was positioned around the top of racket
frame. The maximum equivalent stress of racket frame was 72.86MPa at cross
point of fiber and matrix phase. The maximum equivalent stress of racket handle
was 154.82MPa around the contact position of racket handle and racket frame.
Position around the connection point of racket frame and racket handle can be
easily broken off because figure of the contact position was changed. Thus, it can be
inferred that distribution of whole equivalent stress of braiding composite material
was uneven and whole equivalent stress of fiber bundle was obviously higher than
whole equivalent stress of the matrix. Therefore, it can be known that fiber bundle
of braided composite material was bearing the main force. Besides, apart from the
stress concentration at top, whole fiber bundle was under even distributed force
and whole equivalent displacement of racket was linear distributed. Thus, whole
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performance of braiding composite material under stress was proved basically the
same.

For finite element model for racket of two-dimension and two-direction braiding,
its fiber volume fraction was 13.75%. Above parametric modeling and mechanical
analysis was made for racket of two-dimension and two-direction braiding, thus it can
be found that under the same constraint and loading, the maximum equivalent stress
of model of two-dimension and two-direction braiding and model of two-dimension
and three-direction braiding was 154.28MPa and 198.18MPa, respectively. The
whole equivalent stress of two-dimension and three-direction was much less than that
of two-dimension and two-direction. Besides, their whole equivalent displacement
was different. The reason that the whole bearing capacity of braided racket of two-
dimension and three-direction braiding was much better than that of braided racket
of two-dimension and two-direction braiding was that part of the loading was born
by the added axial fiber of racket of two-dimension and three-direction braiding. The
whole equivalent stress of fiber bundle of racket of two-dimension and two-direction
braiding was obviously higher than that of the matrix. The whole force of fiber
bundle was even distributed except that there was stress concentration at the end
of constraint.

(2) Failure identification

With the wider application scope of braiding composite, it was of more and more
practical importance to have a failure criterion. Nowadays, strength criterion of
modified traditional material was applied by many researchers to braiding compos-
ite material, including the maximum stress criterion, Tsai-Hill criterion and Tsai-Wu
multinomial criterion. Among all these mature criterion to explain fracture of com-
posite material, Tsai-Wu multinomial criterion was the most comprehensive one and
it would not be described in detailed as the limited to layout. According to failure
identification criterion of Tsai-Wu, when failure factor was no less that 1, compo-
nent was identified as failure. When intensity factor was less than 1, component
was identified as safe. For racket handle of two-dimension and two-direction braid-
ing, the maximum overall intensity factor of Tsai-Wu failure criterion was 0.51. For
racket handle of two-dimension and three-direction braiding, the maximum overall
intensity factor of Tsai-Wu failure criterion was 0.36. Because intensity factor of
those two braiding method was less than 1, the overall component was identified as
safe and would not fail. Security coefficient of racket handle of two-dimension and
three-direction braiding was higher than that of the racket handle of two-dimension
and two-direction braiding. The racket design was identified as reasonable and safe
because it was measured within security coefficient under above extreme case.

(3) Elastic performance prediction for racket handle

Nowadays, mechanical performance analysis on composite material was mainly
focused on elastic performance, specifically numerical modeling on elastic modulus,
Poison’s ration and shear modulus based on unit cell. Thus, elastic performance
of the overall racket handle of composite material was analyzed as bellow based on
Domain Superposition Technique (DST) of finite element.
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Two different forces were put on the end faces of finite element model of racket
handle using DST—a full constraint and a displacement loading. Let δ = 0.05 × L,
which means that the overall strain is 0.5%. The mean strain ε and mean stress δx
on the plane X = L was calculated by ANSYS software. Then, elasticity modulus
Ey, Poisson’s ratio µxy and shear modulus Gxy of the composite can be obtained
according to this formation and definition formula. Besides, Ey = Ez, µxz = µyz

and Gxy, Gyz can be obtained using the common approach.
ANSYS finite element analysis model for predicting elastic performance is shown

in Fig. 4.

Fig. 4. Model for predicting elastic performance of racket handle with full
constraint and displacement loading

It can be concluded that with Domain Superposition Technique (DST) of finite
element, it is effective to analyze overall component of racket handle, which effec-
tiveness is also proved by accurate result of sparse finite element mesh. Elastic
performance of racket handle predicted by DST is shown in Table 2.

Table 2. Predicting result of elastic performance

Ex

(GPa)
Ey

(GPa)
Ez

(GPa)
µxy µxz µyz Gxy

(GPa)
Gxz

(GPa)
Gyz

(GPa)

Two-
dimension
and two-
directions

40.33 6.35 6.33 0.31 0.31 0.93 13.6 13.6 3.2

Two-
dimension
and three-
directions

61.75 9.31 9.31 0.31 0.35 0.97 15.4 15.1 4.7

In conclusion, because part of the loading was born by the added axial fiber,
racket of two-dimension and three-direction braiding was better that racket of two-
dimension and two-direction braiding. Weight of those two rackets was almost the
same. Besides, hand feeling and overall anti-bending and anti-torsion of racket of
two-dimension and three-direction braiding was better than that of racket of two-
dimension and two-direction braiding. Thus, racket of two-dimension and three-
direction braiding was more and more popular among designers and amateur of
badminton.
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3.3. Analysis of modality dynamics

Modality is the inherent vibration of object. There are corresponding inherent
frequency, damping ratio and modal shape for each order of mode. Those parameters
can be used to design and optimize badminton racket to avoid unnecessary loss
caused by resonance during hitting through modal analysis on finite element and
finite element analysis result. Finite element model for modal analysis is the same
model for static analysis and material property used in statics. Fixed constraint
was put on one of the end of racket handle. Modal calculation of finite element
for racket was calculated by ANSYS software with partitioning Lanczos method
when there was not loading on finite element model, which calculation was based
on parameterized calculation procedure developed according to static calculation
method. For modality of high order, its contribution value to response was low
and its rate of decay was relative fast. Generally, only modality of low order was
included in modality analysis, thus, inherent frequency of the first-four-order was
selected. For racket of two-dimension and three-direction braiding, conclusion of
inherent frequency and mode of vibration of the first-four-order are shown in Table
3.

Table 3. Inherent frequency and mode of vibration of the first-four-order of racket of
two-dimensional and three-directional braiding

Order Inherent frequency
(Hz)

Mode of vibration

1 34.25 Vibration in X −−Z plane

2 56.83 Vibration in X −−Y plane

3 75.92 Vibration in X −−Z plane

4 120.60 Compound vibration in plane
X −−Y and X −−Z

4. Design result and analysis

Overall size of badminton racket and the automatic analysis software were de-
signed based on visual programming software Microsoft Visual Basic6.0 and finite
element analysis software ANSYS. The analysis result can be extracted by the pre-
programmed procedure and automatic generated a report saved as WORD format.

The software designed has to be logged in with user name and code for security.
At the top of operation interface, there were menu item, tool bar and diagram fig-
ure of ANSYS finite element for badminton racket. In function menu, there were
system, parametric modeling of finite element, analytical calculation and analysis
report. There were options for specific function in pull-down menu, such as initial
installation path of software, material property setting for matrix phase and fiber
phase, boundary conditions and loading, ANSYS solving and exit. Statics analysis,
failure identification and modal analysis were included in this software. Click statics
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analysis, load and boundary constrain interface would popup. User can load bad-
minton racket according to specific requirement. Thus, the earlier stage of designing
size of badminton frame and handle, constraint and load were accomplished. Af-
ter loading, a box of “save data” would popup. Click “confirm”, the software would
start analysis and solving with background program. When background program
finished reading, dialog box would return to operational status and popup “ANSYS
calculation finished”. Then, information bar would remind user the succeed solving.
The final solving result can be checked by clicking “result query”. At the left side
of interface, result of overall badminton racket, racket frame, racket handle can be
checked according to the need. Corresponding equivalent stress and displacement
fringe can also be checked. Partial enlarged details of fiber phase equivalent stress at
racket handle of two-dimensional and three-directional braiding are shown in Fig. 5.

Fig. 5. Partial enlarged detail of fiber phase equivalent stress at racket handle of
two-dimension and three-direction braiding

With this software, overall parameterization design of badminton racket and
computation requirement of automatic finite element analysis can be satisfied, which
is of practical significance because a more convenient guideline for badminton racket
design is provided.

5. Conclusion

Main research result:
(1) Finite element model for badminton racket of two-dimension and two-direction

braiding and two-dimension and three-direction braiding was built based on Domain
Superposition Technique (DST) of finite element. Equivalent stress and equivalent
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displacement fringe of racket when hitting can be calculated with ANSYS analytical
software. Besides, statics analysis, elastic performance prediction, failure identifica-
tion and modal mechanical analysis for racket were complete.

(2) Calculation and optimization software for badminton racket structure was
developed based on visual programming software VB 6.0 and software of finite ele-
ment analysis ANSYS, which can be used to design structure of badminton racket
and analyze and calculate it with finite element.
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Research on athletes’ mental state
monitoring of spot athletics based on

facial expression analysis

Li Zhu1

Abstract. Facing the furious competition of the athletics field at the present times, athletes’
physical and psychological qualities have been greatly tested. Meanwhile, athletic mental state
has been taken seriously. Athletic mental state is the mental state of the game. It is not only
the psychological reaction to the current game environment, but also is the background factors of
their game behavior. And it plays an important role in the athletes’ performances. This study is
supported by the theory of "embodied emotion", and it takes the national team diving team athletes
as experimental and intervention objects. It intervenes in the athletes with "embodied" form to
influence and change the negative emotions of athletes. In this study, the athlete’s emotion can be
changed to the acceptable and appropriate situation. Meanwhile, this method can promote athletes
to obtain an ideal attitude and mood in the competition thereby achieving an ideal achievement.
We analyze the psychological significance behind the facial expression based on sports and athletes
own characteristics, and reveal the psychological state of high level athletes on site. Meanwhile,
we can better grasp the mental state of athletes, and help coaches and sports psychologists to
carry out targeted psychological training of athletes. Moreover, we provide real-time monitoring
and guidance for coaches to better guide the game and athletes to achieve the desired athletic
performance, so as to promote their competitive level.

Key words. Facial expression, athlete, spot athletics, mental state monitoring.

1. Introduction

Recently, with the rise of embodied cognitive ideas, the subjects’ mood based
on emotion/posture has aroused the interest of psychology researchers. The view of
emotion induced by expression and physical posture can be traced back to Darwin,
James and Lange. After years of silence, the researchers put forward the idea of
"embodied emotion" based on a series of early studies. They argue that the input of
peripheral systems of muscle and visceral (like the facial muscles of happy expression)
causes a modal response to the mood-related system (like somatic sensory and motor
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cortex, hypothetical "mirror neuron" system, margin system, orbital frontal cortex).
Therefore the individual feels the mood, produces an action that is consistent with
the mood, and exhibits activation of the nervous system associated with the mood.
The study finds that expression feedback can have a stronger or diminishing effect on
individual original emotions. When the individual had no emotion, the expression
feedback can directly induce the corresponding emotion. Therefore, we induce the
emotion by expression or body feedback and study its impact on cognition and
behavior, and this pattern is another hot spot in the research of the emotion.

This study is supported by the theory of "embodied emotion", and it takes the
national team diving team athletes as experimental and intervention objects. It in-
tervenes in the athletes with "embodied" form to influence and change the negative
emotions of athletes. In this study, the athlete’s emotion can be changed to the ac-
ceptable and appropriate situation. Meanwhile, this method can promote athletes to
have an ideal attitude and mood to participate in the competition thereby achieving
an ideal achievement.

2. Introduction

Mental state has the relatively stable level and features of psychological activity,
which appeared in a certain situation. Soviet Psychologist H.D. Levitov divides
people’s mental activity into three forms, including mental process, mental state and
personality mental characteristic [1–2]. The mental process is constantly changing
and temporary, and the personality mental characteristic is solid. The mental state
is temporary and stable, which is situated between the two above. It is a unified
performance of mental process and personality mental characteristic. Therefore,
athletic mental state has a relatively stable mental activity level and characteristics
when athlete participates in the competition.

2.1. Facial expression overview

Expression is the external presentation of emotions and it is the explicit form of
the movements of the various parts of the body when the emotions and emotions
happen. The expression includes body and gesture expression. In different emotional
state, the person’s physical posture will change. Gestures can express emotions with
language, and it can also express emotions alone. The tone is expressed through the
voice, rhythm and speed. Facial expression is a combination of changes in the eye,
face and mouth muscles. People have more than 20 pairs of muscles on the face, and
the combination of these muscles can constitute a different expression mode [3–4].

Facing the furious competition of the athletics field at the present times, ath-
letes’ physical and psychological qualities have been greatly tested. Therefore ath-
letic mental state has been taken seriously. Multi-disciplinary multi-field monitoring
modes play a role in the field of competitive sports, and it gets a good results. How-
ever, the current means of monitoring has a certain hysteresis, because it is com-
pleted through pre-match and post-match surveys and interviews, so as to collect
the mental state of athletes [5–6]. Moreover, athletic mental state has certain situa-
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tion, so the information collected through pre-match and post-match will inevitably
has been affected by some other factors, thereby resulting imperfect and inaccurate
information.

3. Research methods

3.1. Research objects

HXX, one of the divers on the ten-meter platform of the Chinese national diving
team, she is 16 years old, and the gender is female. She has won the top three in the
national competitions. The psychological quality of this athlete is ordinary, anxiety
and tension motions always appeared on her.

3.2. Research methods

Facial expression adjustment method: the theoretical guidance of this method
is “embodied emotion”. We use smile imitation and curious facial expressions to
intervene in athletes. Mathematical statistics method: we use Excel 2013 and SPSS
21 to analyze the evaluation data of facial expression, so as to provide data support
for the study.

3.3. Research process

This research chooses single-case experimental design, and completes the facial
expression adjustment intervention in the usual training for five rounds and two
months. Meanwhile, we use the facial expression adjustment as the theme to finish
the psychological counseling and interview, so that the athletes’ spot mood has
changed. So we can reduce negative anxiety and tension, so that to facilitate the
completion of technical action.

4. Research results and analysis

In this study, we select the facial expressions of the five rounds of intervention to
research the emotions and mentality of the athletes’ training.

4.1. Research on facial expression adjustment of five
rounds intervention

Table 1 is the evaluation results on facial expression adjustment of five rounds
intervention. In Table 1, we can see that the athlete’s facial expressions are not
disgusted and angry in the initial evaluation or five rounds intervention. Although
the athlete has made the top three in the national race, there is no sign of facial
expression of superiority before diving. The athlete is not very confident, and it
may be caused by anxiety and tension. In the facial expression of this athlete, sad
mood ratio in the initial evaluation and the first three rounds of the evaluation has
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been relatively high. Happiness can be seen in the third round, so the athlete begins
to boldly try the facial expression adjustment of the smiling pattern from the third
round. There is no fear expression in the fourth round, and there is no pleasure and
surprise expression in the initial facial expression.

Table 1. Evaluation results on facial expression adjustment of five rounds intervention

Facial ex-
pression

Initial
evaluation

First
round

Second
round

Third
round

Fourth
round

Fifth
round

Delightful
expression

0 0 0 5.17±2.01 0 0

Surprised
expression

0 8.02±2.34 10.38±2.13 14.34±3.16 16.31±2.71 20.96±4.24

Sad ex-
pression

45.36±3.49 37.31±3.41 35.18±2.18 29.31±3.09 24.51±2.61 18.51±4.06

Fear ex-
pression

13.13±3.13 9.81±1.74 8.31±2.18 2.24±3.01 0 1.06±2.31

Unaffected
expression

39.82±4.31 40.84±3.98 37.31±5.91 46.10±2.98 55.10±2.39 57.01±3.32

Other 16.4±1.09 2.78±0.81 3.34±1.63 2.60±1.08 3.61±0.78 2.44±0.68

N 5 5 5 5 5 5

4.2. Variance analysis of evaluation results on facial ex-
pression adjustment of five rounds intervention

Table 2 contains the variance analysis of evaluation results on facial expression
adjustment of five rounds intervention. From Table 2, we can see that surprised,
sad, fear and unaffected expressions have a very significant difference (P < 0.001).
In order to facilitate the visual analysis, we draw the curve graphs of mood changes
of five rounds intervention of facial expressions. In the horizontal axis, 1 is initial
evaluation, and 2–6 are the number of interventions of five rounds. The vertical
coordinates presents the proportion of emotions. The results are also depicted in
Figs. 1–5 showing the dependence of means of particular expression on the proportion
variations.

Table 2. Variance analysis of evaluation results on facial expression adjustment of five rounds
intervention

Facial expression Sum of squares df Mean square F Sigma

Surprised expression 1345.193 5 269.040 31.376 0.000

Sad expression 2366.331 5 473.266 47.931 0.000

Fear expression 756.423 5 151.309 25.128 0.000

Unaffected expression 1503.381 5 300.817 16.308 0.000

Other 11.291 5 2.259 1.931 0.124
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Fig. 1. Proportion variation of delightful emotion of five rounds intervention

Fig. 2. Proportion variation of surprised emotion of five rounds intervention

5. Conclusion

From Table 2 and Figs. 1–5 we can see that the delightful expression only ap-
peared in the fourth-round and the proportion of the surprised and unaffected ex-
pression is increasing with the increases of intervention. In the meantime, the pro-
portion of the sad and fear expression is decreasing with the increases of intervention.
The improvement of unaffected expression shows that the mood and mentality of
athletes in the spot are more stable. The improvement of surprised expression shows
that the attention is more focused. The decrease of sad and fear expression shows
that the anxiety and tension mood are decreasing with the increases of intervention.
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Fig. 3. Proportion variation of sad emotion of five rounds intervention

Fig. 4. Proportion variation of fear emotion of five rounds intervention

Coaches are getting more satisfied with the results of the action and scoring based
on the interview. Athletes are increasingly interested in facial expression adjustment
and they prefer to choose this adjustment method. So, this procedure has become a
fixed behavior procedure for the athlete to complete each dive action. Through the
above analysis we can know that the facial expression adjustment has the significant
effectiveness on the high level diving athletes during the diving training psychological
state and real-time emotion. In the next step, we will use the method in the regular
game to adjust the facial expression of athletes, so as to improve the anxiety and
tension motion during the game. Therefore, we can improve the stability of the
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mentality and attention, so as to make it more suitable for sports competitions.
Therefore, the athlete can play the normal technical action, thereby achieving the
desired results.

Fig. 5. Proportion variation of unaffected emotion of five rounds intervention
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