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Abstract: In order to solve the problem of metal impurities
mixed in the production line of wood pulp nonwoven raw
materials, intelligent metal detection and disposal
automation equipment is designed. Based on the principle of
electromagnetic induction, the precise positioning of metal
coordinates is realized by initial inspection and multi-
directional re-inspection. Based on a geometry optimization
driving algorithm, the cutting area is determined by locating
the center of the circle that covers the maximum area. This
approach aims to minimize the cutting area and maximize
the use of materials. Additionally, the method strives to
preserve as many fabrics at the edges as possible by
employing the farthest edge covering circle algorithm. Based
on a speed compensation algorithm, the flexible switching of
upper and lower rolls is realized to ensure the maximum
production efficiency. Compared with the metal detection
device in the existing production line, the designed
automation equipment has the advantages of higher
detection sensitivity, more accurate metal coordinate
positioning, smaller cutting material areas and higher
production efficiency, which can make the production
process more continuous, automated and intelligent.
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0 Introduction

Industry 4. 0, focusing on intelligent and networked
manufacturing systems, has been incorporated into the
national “14th Five-Year Plan” and has become the core
strategy to promote the fundamental transformation of the
manufacturing industry''>’. The medical nonwoven
industry, as a key area directly related to public health
and personal health, plays a core role in many important
fields such as disease prevention and environmental
protection. However, the industry is currently facing the
dual challenges of high labor costs and insufficient
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automation. The solution to these problems is crucial to
improving the efficiency and the market competitiveness
of the industry. In the weaving industry, it is particularly
necessary to transform the production process into a more
continuous, automated and intelligent operation mode.
This transformation can not only significantly enhance the
production efficiency and reduce operating costs, but also
ensure the product quality and meet the high standards of
high efficiency, high flexibility and intelligent production
in the era of Industry 4. 0, thus promoting the continuous
progress and technological innovation of the medical
nonwoven industry .

Metal detection devices have been applied in more
and more areas, such as agricultural harvesting, glass
production, coal transportation, airports, banks, food
processing, textile production and pharmaceutical
production'®’. There are many kinds of metal detection
technologies. For example, Yang et al. " used an X-ray
fluorescence spectrometer to determine 10 metal
elements (arsenic, barium, cobalt, chromium, copper,
manganese, nickel, lead, vanadium and zinc) in soil.
The operation is convenient and fast, and the accuracy is
high. The X-ray metal detection technology can
accurately distinguish metal, glass, liquid and other non-
metallic items, but there is a certain amount of
electromagnetic radiation. The electromagnetic radiation
emitted by X-rays for a long time will be harmful to the
human body, the cost of an X-ray fluorescence
spectrometer is expensive, and its application is limited.
Jiang et al. " used a microwave detection technology to
determine the content of heavy metal Pb in soybean oil.
The principle is to distinguish metals by using the
different perception effects of metal objects on physical
phenomena, for example ultrasound. Although the
application range of the microwave detection technology
is relatively limited, it has great advantages in metal
crack detection'”’. The most widely used metal detection
device in the material production line is the
electromagnetic induction type which judges the existence
of the metal by detecting the alternating current generated
by the metal in the magnetic field'"*’'. However, there are
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also some problems. In addition to low sensitivity'"',

only metal targets can be detected. Once metal impurities
are detected, all materials on the production line are
immediately abolished and cannot be accurately
positioned. In addition, the machine must be shut down
when the metal impurities are removed, which seriously
affects the production efficiency. In the actual
production, the wood pulp roll is unwound and enters the
opening machine through the conveying device. After
fully opening, it is mixed with other raw materials, and
then the new product can be obtained after the specific
treatment process. If mixed with metal impurities, when
the wood pulp roll is opened, it will rub and collide with
the internal hitters, causing damage to the production
equipment. The wood pulp is a flammable material, and
the friction spark may cause fire. In the whole production
process of making wood pulp rolls, it is possible to mix
rectangular, circular and irregular metal debris.
Therefore, it is significant to design an automatic
equipment with high sensitivity, which can accurately
detect the metal impurities in the wood pulp roll and
remove them in time before transported into the opening
machine.

In this research, an intelligent metal detection and
disposal automation equipment based on a geometric
optimization driving algorithm is designed. Eddy current
sensors and self-oscillating detection circuits are applied,
and the arrangement of detection coils is optimized,
which would effectively improve the speed of metal
detection. After a series of circuit design, the metal
detection sensitivity is tested and adjusted according to the
needs of the production line, and the LED light is driven
to realize the initial positioning of the metal impurity.
The metal detection device moves freely along the X axis
and the Y axis, and performs multi-directional secondary
detection on the wood pulp roll. By analyzing the signal
peak of the detection coil, the precise positioning of the
metal impurity coordinates is realized.

The research integrates a geometric optimization
driving algorithm to identify the cutting area for removing
metal impurities, focusing on minimizing the disruption
to the wood pulp roll. By identifying the center of a
circle that encompasses the largest number of metal
flaws, the algorithm aims to optimize the removal
process, ensuring the maximum material retention and
efficiency. This approach, especially the application of
the farthest edge covering circle algorithm, is crucial for
preserving as much of the roll edge as possible, thereby
maintaining the roll structural integrity and avoiding
issues during edge grinding and transport.

After determining the central coordinates of the most
flaw-dense area and the subsequent cutting zone using the
geometric optimization driving algorithm, the device
methodically removes the detected contaminants.
Furthermore, the study delves into a speed compensation
algorithm to enable smooth transitions between different
wood pulp rolls, ensuring the accurate extraction of metal

contaminants and the seamless operation of subsequent
processes, thereby enhancing the overall production
efficiency.

1 Principle of Operation

1.1 Eddy current sensor

The eddy current sensor uses the eddy current
effect’™ to convert non-electric quantities such as
displacements and temperatures into changes in the
impedance (or changes in the inductance, or changes in
the quality factor Q), thereby performing non-electric
quantity measurement.

As shown in Fig. 1, due to the change of the
current, an alternating magnetic field H, is generated
around a sensor coil with an alternating current /;,. When
the measured conductor is placed within the range of the
magnetic field, the measured conductor internally
generates the eddy current /,. The eddy current will also
produce a new magnetic field H, that is opposite to H,,
thus offsetting part of the original magnetic field,
resulting in changes in the impedance, the inductance and
the quality factor of the sensor coil.

Fig.1 Principle diagram of eddy current sensor

The changes of the impedance, the inductance and
the quality factor of the sensor coil are related to the
geometry, the conductivity and the permeability of the
conductor, as well as the geometry of the sensor coil, the
frequency of the current, and the distance between the
sensor coil and the measured conductor. If only one of
the above parameters changes, various sensors for
measuring displacements, temperatures, hardness and so
on can be formed.

1.2 Self-oscillating detection circuit

Most of the self-oscillating metal detectors use an
inductance capacitor ( LC ) oscillator as the detection
circuit of metal objects'’. The LC oscillator is widely
used in factories or mines. The detection circuit is shown
in Fig. 2.

OscillationH Detection ‘
‘ Coils ‘ ‘DifferemiationHAmpliﬁcaﬁonH Output

Display

Control

Fig. 2 Self-oscillating detection circuit
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The oscillator outputs an equal amplitude alternating
current ( AC) voltage under normal conditions, and after
detection, it is a constant direct current (DC) voltage.
Thus the output differential signal is zero. When the
metal object passes through the sensor coil, the amplitude
of the oscillator decreases and then recovers. The DC
voltage after detection produces a reduced fluctuation.
After differential circuit processing, a pulse signal will be
output. After the pulse signal is amplified by the
amplifier, the relay is driven to act, and the contact
signal is output to control the metal removal device.

2 Optimization of Coil Arrangement

2.1 Two coil combinations

The arrangement of two coil combinations is shown
in Fig. 3. The two detection coils are placed in parallel
in the longitudinal direction and connected in series with
each other as a small detection area.

Fig.3 Two coil combination

The electromagnetic interference between two
adjacent small detection areas is small, and the positioning
of metal impurities is accurate. However, due to the large
number of coils, the number of extracted signals is large,
resulting in more complex follow-up processing. The
magnetic field intensity is small, and the recognition rate
of metal impurities is reduced.

2.2 Four coil combinations

The arrangement of four coil combinations is shown
in Fig. 4. The four detection coils are divided into two
rows, arranged in parallelograms and connected in series
as a small detection area.

Fig. 4 Four coil combination
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This combination produces a strong magnetic field,
a high detection rate of metal impurities and a small
number of signals to be extracted, and the subsequent
processing is simple. However, the electromagnetic
interference at the junction of two adjacent small detection
areas is large, which affects the accurate removal of
subsequent metal impurities.
2.3 Three coil combinations

The arrangement of three coil combinations is shown
in Fig. 5. On the basis of the four coil combination, one
coil is removed at the junction of adjacent small detection
areas. The three coils are arranged in triangles and
connected in series with each other as a small detection
area.

Fig.5 Three coil combination

This combination can effectively reduce the
electromagnetic interference between adjacent small
detection areas. The metal impurity positioning range is
moderate, the magnetic field is strong, the metal
detection rate is high, the number of signals to be
extracted is small, and the subsequent processing is
simple.

2.4 Static magnetic simulation analyses

The static magnetic simulation analyses of two coil
combinations, three coil combinations and four coil
combinations are carried out by ANSYS Workbench. The
outer diameter of each coil is 37 mm, the inner diameter
is 19 mm, the iron core diameter is 19 mm, the coil turns
are 50, the conductive area is 5x10™* m®, the maximum
current density is 5x10* A/m’®, the frequency is 25 kHz,
and the center distance between two coils is 45 mm. The
results of the current density, the total magnetic flux
density and the total magnetic field intensity are obtained.
The static magnetic simulation analyses are shown in
Fig. 6. The average values of the current density, the
total magnetic flux density and the total magnetic field
intensity are shown in Table 1.
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Fig. 6 Static magnetic simulation analyses(unit; m): (a) current density diagram of two coil combinations; (b) total magnetic flux density
diagram of two coil combinations; (c) total magnetic field intensity diagram of two coil combinations; (d) current density diagram of

three coil combinations; (e) total magnetic flux density diagram of three coil combinations; (f) total magnetic field intensity diagram

of three coil combinations; (g) current density diagram of four coil combinations; (h) total magnetic flux density diagram of four coil
combinations; (i) total magnetic field intensity diagram of four coil combinations

Table 1 Static magnetic simulation analysis results of different numbers of coil combinations

Total magnetic flux density/T

Total magnetic field intensity/ ( A/m)

Method Current density/ ( A/m?)
Two coil combinations 181. 790
Three coil combinations 179.770
Four coil combinations 157.070

1.086x107™* 86. 409
1.012x107™* 80. 527
8.709x10° 69. 302

It can be seen from Table 1 that with the increase of
the number of coil combinations, although the number of
extracted signals decreases and the subsequent processing
is simple, the average values of the current density, the
total magnetic flux density and the total magnetic field
intensity gradually decrease, which leads to the decrease
of the metal detection sensitivity. Compared with two
coil combinations, the average values of three coil
combinations decrease less, the total magnetic field
intensity changes less, and the metal detection sensitivity
is less affected. The average values of four coil
combinations decrease greatly, and the total magnetic
field intensity is obviously weakened, resulting in a
significant reduction in the metal detection sensitivity.

In summary, the arrangement of three coil
combinations is more advantageous. The magnetic field
is strong, the metal detection sensitivity is high, the
number of extracted signals can be reduced, and the
subsequent processing is convenient. The triangle
configuration can also take more efficient use of space,
especially when multiple detection coils are deployed in
a limited space.

3 Circuit Design

The permanent magnet and the detection coil in the
detection probe form a working magnetic field. When
metal impurities enter the detection area, they will cause
changes in the local magnetic field environment, and will
cause fluctuations in the instantaneous current of the local
magnetic field. The perceived abnormal current is
converted into a voltage signal. After the OP0O7 precision
operational amplifier performs voltage tracking and
differential amplification, the eight-way voltage signal is
input into the CD4051BM96 analog multiplexer, and the
output signal with metal impurities is selected. The
voltage signal is filtered by the voltage regulator, input
into the TP27-SR comparator, and compared with the
detection sensitivity voltage threshold set by the X9C104
digital potentiometer. If the voltage signal reaches or
exceeds the set threshold, the TLO721 signal amplifier
further amplifies the detection signal and inputs it into the
C8051F500 single-chip microcomputer to drive the LED
light and the metal impurity removal device.
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3.1 Differential amplification and signal selection

The metal detection probe is divided into upper and
lower groups. Each detection position is composed of
three probe coils (signal 1 and signal 2) of group 1 and
group 2, and up to eight large detection positions can be
detected. The two groups of signals can be monitored by
the internal comparator of the C8051F500 single-chip
microcomputer, and the pins are P2. 7 and P3. 0.

The two detection signals (signal 1 and signal 2) at
one detection position are analyzed, and the others are the
same. Signal 1 and signal 2 are first followed by two OP0O7
precision operational amplifiers for voltage tracking "',
and then are differential amplified by one OP07 precision

operational amplifier (shown in Fig.7 ). In order to save
CPU resources, the CD4051BM96 analog multiplexer is
adopted. It is an eight-channel analog/digital multiplexer
switch'™. Pins 1, 2, 4, 5, 12, 13, 14 and 15 are the
input/output terminals; pins 9, 10 and 11 are the address
terminals ; the pin 3 is the common output/input terminal ;
the pin 6 is the forbidden terminal; the pin 7 is the
negative voltage terminal; the pin 8 is the digital signal
grounding terminal; the pin 16 is the positive voltage
terminal. By controlling the address and the chip selection
signal of the CD4051BM96 analog multiplexer, the single-
chip microcomputer selects a signal for output for the
subsequent circuit processing ( shown in Fig. 8).
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Fig. 8 Signal selection circuit

3.2 Sensitivity adjustment

The X9C104 digital potentiometer uses pins P1. 4,
P1.5 and P1.6 to communicate with the C8051F500
single-chip microcomputer, and realizes the adjustment
function of the internal variable resistance according to
the regular high and low levels received by the three pins
(shown in Fig. 9). The pin P1. 6 is the chip selection
signal, and when the input is at a low level, the chip is
enabled; the pin P1.5 can adjust the potentiometer at the
falling edge; the pin P1.4 is set high to represent an
increase in resistance and set low to represent a decrease in
resistance. VH/RH is the upper end of the internal sliding
resistance, and the voltage that needs to be divided is
connected; VL/RL is the lower end of the internal sliding
resistance; VW/RW is the variable middle end of the
internal sliding resistance, and the voltage after the
adjustment resistance is output. The X9C104 digital
potentiometer is connected with the TP27-SR comparator.
By controlling the C8051F500 single-chip microcomputer,

the internal variable resistance of the X9C104 digital
potentiometer, the output voltage and the single-ended
voltage of the comparator can be adjusted to realize the
adjustment of the metal detection sensitivity.

U2
P15 L (o L8y«
P14 7 e VEer—5Y_ pis
YURIL > VHRH VLRL ]f S
GND<F— V8§  VWRW -
X9C104

Fig.9 Sensitivity adjustment circuit

3.3 Regulated filtering

Through the B0505S-1WR2 isolated power supply
( shown in Fig. 10 ), the L78M09ABDT-TR linear
regulator ( shown in Fig. 11 ), the NJM79MO9DL1A
negative voltage regulator ( shown in Fig. 12 ) and the
corresponding voltage stabilizing filter circuits, voltages of
5,9, 12, =12 and -9 V can be obtained.
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F2 v D3 19V X9C104 digital potentiometer ( shown in Fig. 13).
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Fig. 14  Signal amplifying circuit

3.5 LED light driver

When metal impurities are detected, the LED light
(LED display) corresponding to the detection position is
turned on. The LED light can be driven by the
C8051F500 single-chip microcomputer ™’ ( shown in

Fig. 15) and TM1618 (shown in Fig. 16). TM1618 is a

special circuit for LED light drive control with keyboard
scanning interface. It integrates microcomputer digital
interface, data latch, LED light high voltage drive,
keyboard scanning and other circuits. The operation panel
is communicated through the serial port of the single-chip
microcomputer.
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and a flipping device, as shown in Fig. 18. The

4 Equipment Design and Algorithms

4.1 Overall equipment design

The intelligent metal detection and disposal
automation equipment based on the geometric
optimization driving algorithm is composed of a coiling
device, metal detection and cutting devices, a metal
impurity collecting device and a crusher room. The
overall equipment design diagram is shown in Fig. 17.
The metal detection device is composed of motion
devices, a metal detection area, an LED indication area

detection coils in the metal detection area are arranged in
three coil combinations. The metal cutting device is
installed on the back of the metal detection area and
composed of a punching device, a punching bottom
plate and a Y-axis motion device, as shown in Fig. 19.
The stepping motor and the single-axis module can
control the metal detection device and the metal cutting
device to move freely along the X axis, the Y axis and
the Z axis, and the flipping device can rotate 180° to
realize the fast switching between the metal detection
device and the punching device.
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1—Coiling device; 2—wood pulp roll-up; 3—metal detection
and cutting devices; 4—punching bottom plate; 5—crusher room;
6—metal impurity collecting device; 7—wood pulp roll-down.
Fig. 17 Overall equipment design diagram

1—Z-axis motion device; 2—X-axis motion device;
3—Y-axis motion device; 4—metal detection area;
5—LED indication area; 6—flipping device.
Fig. 18 Metal detection device diagram

1—Punching bottom plate; 2—punching device;

3—7Y-axis motion device.
Fig. 19 Metal cutting device diagram

The width of the wood pulp roll is 48 cm, the
thickness is 1. 5 mm, and the mass is 760 g. After the
roll device is introduced, it is fed into the crusher room,
and the conveyor line speed is 11 —16 m/min. Among
them, upper and lower rolls are alternately fed. When the
photoelectric device detects that the wood pulp fed
between the upper roll and the lower roll is about to run
out, the upper/lower roll of the wood pulp starts to slow
down until its speed is 0. At the same time, the lower/
upper roll of the wood pulp gradually accelerates from the
static state to the maximum speed, so as to ensure a
constant amount of wood pulp feed and ensure the normal

operation of the subsequent production process.

If the wood pulp roll contains metal impurities, the
magnetic field of the detection coil inside the metal
detection area will change when it is introduced from the
coiling device to the metal detection device. The LED
light brightens, and the metal coordinates are initially
positioned. At the same time, the main control chip
issues a command, and the wood pulp roll slows down
and stops. The metal detection device moves along the X
axis to the re-inspection area, and moves freely in the X
axis and the Y axis to perform the secondary detection of
the wood pulp roll. By analyzing the signal waveforms of
24 detection coils, the system can accurately locate the
metal coordinates if the signal peak exceeds the set
threshold. According to the geometric optimization
driving algorithm, the center position of the metal
impurity and the final cutting area can be determined.
The metal detection area is flipped by 180°. The
punching device cuts all the metal impurities in turn, and
the wood pulp roll containing metal impurities
automatically enters the collection device. At the same
time, the metal detection device moves back to the initial
inspection area along the X axis. While cutting the upper/
lower roll of the wood pulp containing metal impurities,
the main control chip issues a command to control the
motor to start upper and lower roll change functions, and
the lower/upper roll of the wood pulp is accelerated to
avoid shutdown and improve the production efficiency.
4.2 Metal detection and cutting

The metal detection and cutting process of the wood
pulp roll-up is shown in Fig. 20. The upper roll of wood
pulp is transported to the crusher room at a normal
working speed. The metal detection device is initially
located in the initial inspection area, moves up along the
Z axis, and is close to the upper roll of the wood pulp for
detection, as shown in Fig. 21 (a). If metal impurities
are detected, the LED light brightens, the upper roll of
wood pulp slows down, and the metal detection device
moves along the X axis to the re-inspection area, as
shown in Fig. 21 (b). The metal detection device moves
freely along the X axis and the Y axis in the re-inspection
area, and performs multi-directional detection on the
wood pulp roll. The signal waveforms of 24 detection
coils are analyzed. If the signal peak exceeds the
threshold k, the metal coordinates are determined. The
metal detection device moves down along the Z axis and
flips 180°, as shown in Fig. 21 (c¢). The punching
device moves up to the position close to the upper roll of
the wood pulp, as shown in Fig. 21 (d). According to
the geometric optimization driving algorithm, the center
of the metal impurity and the final cutting area can be
determined. The punching device cuts all the detected
metal impurities in turn and they enter the bottom
collection device. The punching device moves down and
flips 180°. The metal detection device moves back to the
initial inspection area along the X axis, and the initial
inspection and the re-inspection cycle operation are
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carried out. At the same time, the wood pulp roll-up is
accelerated to the working speed, and continues to be
transported to the crusher room.

—>|The wood pulp is rolled to the crusher room at a working speed.
L §
The metal detection device moves up along the Z axis,
close to the wood pulp roll-up.

Initial inspection. Ifthere are metal impurities,
LED light brightens.

Wood pulp roll-up slows down to downtime.
i |
The metal detection device moves along the X axis
to the re-inspection area.

The metal detection device moves freely along the X axis
and the Y axis in the re-inspection area.
3
Ifthe detection coil signal peak value exceeds the threshold £,
the metal coordinates are determined.

The metal detection device moves down along the 7 axis and

flips 180°, and the punching device moves up,
close to the wood pulp roll-up.

The metal center and the cutting area are determined according to
the geometric optimization driving algorithm.
The punching device cuts the metal impurities in turn
and they enter the collection device.

The punching device moves down and flips 180°,
and the metal detection device moves along the X axis —
to the initial inspection area.

!
—| Wood pulp roll-up accelerates.

Fig. 20 Flow chart of metal detection and cutting of wood pulp roll-up

Fig. 21 Diagram of metal detection and cutting of wood pulp roll-up:
(a) initial inspection area; (b) re-inspection area; (c)
metal detection device after flipping; (d) punching device
close to upper roll of wood pulp

When the metal detection device is turned 180° and
the detection face is down, the metal detection of the
wood pulp roll-down can be carried out. The metal
detection and cutting process of the wood pulp roll-down
is shown in Fig. 22. The lower roll of wood pulp is
transported to the crusher room at a normal working
speed. The metal detection device is located in the initial

inspection area, moves down along the Z axis, and is
close to the lower roll of the wood pulp for detection, as
shown in Fig. 23 (a). If metal impurities are detected,
the LED light brightens, the lower roll of the wood pulp
slows down, and the metal detection device moves along
the X axis to the re-inspection area, as shown in
Fig.23 (b). The metal detection device moves freely
along the X axis and the Y axis in the re-inspection area,
and performs multi-directional detection on the wood pulp
roll. The signal waveforms of 24 detection coils are
analyzed. If the signal peak exceeds the threshold k, the
metal coordinates are determined. The metal detection
device moves up along the Z axis and flips 180°, as
shown in Fig. 23 (c¢). The punching device moves down
to the position close to the lower roll of the wood pulp,
as shown in Fig. 23 (d). According to the geometric
optimization driving algorithm, the center of the metal
impurity and the final cutting area can be determined.
The punching device cuts all the detected metal impurities
in turn and they enter the bottom collection device. The
punching device moves up and flips 180°. The metal
detection device moves back to the initial inspection area
along the X axis, and the initial inspection and re-
inspection cycle operation are carried out. At the same
time, the wood pulp roll-down is accelerated to the
working speed, and continues to be transported to the
crusher room.

—>| The wood pulp is rolled to the crusher room at a working speed.
3
The metal detection device moves down along the Z axis,
close to the wood pulp roll-down.

Initial inspection. If there are metal impurities,
LED light brightens.

Wood pulp roll-down slows down to downtime.
i |
The metal detection device moves along the X axis
to the re-inspection area.

The metal detection device moves freely along the X axis
and the ¥ axis in the re-inspection area.
3
If the detection coil signal peak value exceeds the threshold ,
the metal coordinates are determined.

The metal detection device moves up along the Z axis and
flips 180°, and the punching device moves down,
close to the wood pulp roll-down.

The metal center and the cutting area are determined according to|
the geometric optimization driving algorithm.
L |
The punching device cuts the metal impurities in turn
and they enter the collection device.

The punching device moves up and flips 180°,
and the metal detection device moves along the X axis —
to the initial inspection area.
!
—| ‘Wood pulp roll-down accelerates.

Fig.22 Flow chart of metal detection and cutting of wood pulp roll-down
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(©)

(d)

Fig. 23 Diagram of metal detection and cutting of wood pulp roll-down; (a) initial inspection area; (b) re-inspection area;
(¢) metal detection device after flipping; (d) punching device close to lower roll of wood pulp

4.3  Metal coordinate positioning and geometric
optimization driving algorithm
4.3.1 Metal coordinate positioning

The metal detection device detects metal impurities
by generating a changing magnetic field. When a metal
impurity enters the magnetic field generated by the coil,
the total magnetic flux in the coil will change due to the
eddy current effect, thereby changing the impedance of
the coil. This change in the impedance affects the current
passing through the coil, creating a measurable voltage
change. If the peak value of the signal waveform exceeds
a specific threshold, there may be a metal impurity under
the coil.

In the initial inspection stage, the main task of the
metal detection device is to quickly identify the possible
areas of metal impurities. When the metal is detected,
the LED light brightens and triggers the pulp roll to slow
down and stop, sending it into the re-inspection area.
Assume that the movement speed of the wood pulp roll is
v, and the time required for the LED light to brighten and
stop after the metal signal is detected is 7,,,,. Considering
the delay and the redundancy of the signal, the distance d
from the initial inspection to the re-inspection area is

d =vty,,. (1)

In order to accurately locate the metal impurities,
the response of each coil in the metal detection device is
analyzed. The metal detection device is composed of two
rows of coils, 12 in each row. The arrangement makes it
possible to cover the width of the detection area and
accurately detect the position of the metal impurities.

The calculation of the coil coordinates takes into
account the initial position of the metal detection device
d,, the moving speed v, the running time ¢ and the radius
r, of the coil.

For the upper coil (i = 1, 2,
coordinates are defined as:

-, 12 ), the

x, =d, +vt, (2)

y, = 2ryi = 1, (3)

For the lower coil (i = 13, 14, .-+, 24 ), the
coordinates are defined as:

x, =d, + vt +r,, (4)

Y, = 2r,l. (5)

When the signal waveform peaks of any two coils
P(x,,y,) and P,(x;, y,) exceed the threshold, if their
spatial distance satisfies certain conditions, they can be
considered to detect the same metal impurity. In this
case, only the position with a larger peak value is
retained as the coordinates of the metal impurity. The
determination condition is

(xi_xj)2+(yi_yj)2 < Ty (6)

4.3.2 Geometric optimization driving algorithm

In order to effectively remove metal impurities from
materials, this study proposes an optimization algorithm
based on scanning lines with a time complexity of
O(n*log,n). The algorithm aims to identify the circular
area that covers the most metal impurities and perform
clipping on this basis to improve material utilization and
preserve edge integrity.

1) Determination of the metal impurity center

For each metal impurity P,(x,, y,), a circle with P,
as the center and R as the radius is established. Any point
Q(x, y) covered by this circle satisfies the following
condition ;

(%—xi)z"'(y_%-)z s R (7)
For all points P, whose distance from the edge of
the cloth is higher than D, the above steps are

performed to accumulate the count of the number of
times each point Q is covered. D, is generally set to
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twice the size of R.

2) Determination of the cutting area

Traverse all points Q(x, y) to find the point with
the largest count. Taking this point as the center of the
circle and R as the radius, the cutting area is determined.
After the clipping is performed, the corresponding count
value is updated for each impurity P, in the clipped area.

3) Tterative clipping

Repeat step 2) until all metal impurities with a
diameter larger than D, at the edge of the cloth are cut.
For the metal impurities in the edge of the cloth, the
same method is used for processing, and the points with
the farthest distance from the edge and a larger count are
preferentially cut.

The count function N( Q) for the point Q (x, y) is
defined as

NQ) =2 1/(x-x)" + (y-y)" SR, (8)
i=1
where I ( - ) is an indicator function. When the
condition is satisfied, 7 ( -+ ) is 1; otherwise, it is 0.
The clipping decision is based on maximizing

N(Q):

Qe =arg max N(Q). (9)
Q(x,y)
Then, the clipping is performed with Q_ as the

center and R as the radius.

Through the above algorithm, the cutting area can
be efficiently determined to maximize the metal impurity
coverage and minimize the material loss, especially in
retaining the edge of the material.

4.4 Up and down roll switching strategy and speed
compensation algorithm

In the workflow of the automated production line,
the setting strategy of upper and lower rolls can realize
the rapid switching of the roll material without stopping
the machine when the metal impurities are detected, so as
to maintain continuous production and maximize the
production efficiency.

Specifically, when the detection system detects
metal impurities in the upper roll, the system will
immediately switch to the lower roll for feeding, while
the upper roll suspends the supply and performs the
removal of metal impurities. After elimination, the
supply of the roll is restored, which ensures the
continuous operation of the production line. However,
the operation of removing metal impurities will lead to a

(b)

loss of the cloth area. In order to compensate for this
loss, this study proposes a speed compensation
algorithm.

Assume that the width of the wood pulp roll is w,
the original feed speed of the wood pulp roll is v_,, and
the area of the wood pulp roll passing through per second
is v, w. In order to compensate for the area A of the
removal loss, it is necessary to feed an additional amount
of the cloth within the compensation time t. Therefore,
the increasing speed Av is

Av=A/(t xw). (10)

Therefore, the feed speed after compensation v,
should be adjusted to

+ Aw. (11)

In this way, the production line can eliminate metal
impurities and adjust the feed speed to compensate for the
loss of cloth caused by the rejection operation, ensuring
the production efficiency and the effective use of
materials. This speed compensation strategy provides an
efficient and practical solution for the treatment of metal
impurities in the automated assembly line.

v =

com ori

5 Experimental Result Analysis

Due to the confidentiality of the actual production
line, a prototype was built to test the metal detection
sensitivity. The steel ring with a diameter of 16 mm, the
steel ring with a diameter of 8 mm, and the steel needle
with a length of 20 mm and a thickness of 0. 8 mm were
tested, respectively. They passed through eight detection
areas in turn to observe whether the LED light brightens
at the corresponding positions were on. The test results
are shown in Fig. 24.

It can be seen from Fig. 24 that when the steel ring
with a diameter of 16 mm, the steel ring with a diameter
of 8 mm, and the steel needle with a length of 20 mm
and a thickness of 0.8 mm pass through eight detection
areas in turn, the LED light brightens at the
corresponding positions, suggesting that metal impurities
are detected. However, there are also cases where the
position of the LED light is not corresponding to the
detection area where the metal is located, suggesting that
the metal detection sensitivity is not 100% accurate. By
analyzing all the test results, the metal detection
sensitivity can reach more than 95%.
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Fig. 24 Metal detection sensitivity test results; (a)—(c) steel ring with a diameter of 16 mm; (d)—(f) steel ring with a diameter of 8 mm;

(g)—(i) steel needle with a length of 20 mm and a thickness of 0. 8 mm

6 Conclusions

In this paper, an intelligent metal detection and
disposal automation equipment based on the geometric
optimization driving algorithm is designed. Eddy current
sensors and self-oscillating detection circuits are applied,
and the arrangement of detection coils is optimized. The
arrangement of three coil combinations can effectively
improve the speed of metal detection. Through a series of
circuit design, the metal detection sensitivity is
improved, more than 95%, and the sensitivity can be
adjusted according to the needs of the production line,
and the LED light is driven to realize the initial
positioning of the metal impurity. The metal detection
device moves freely in the X axis and the Y axis, and
performs multi-directional secondary detection on the
wood pulp roll. By analyzing the signal waveform of the
detection coil, when the signal peak exceeds the
threshold, the precise positioning of the metal impurity
coordinates is realized.

Based on the geometric optimization driving
algorithm, the cutting area is determined by locating the
center of the circle that covers the maximum area, aiming
to minimize the cutting area while maximizing material
usage. This methodology is integrated into the process of
determining the center coordinates of the metal impurities
and the final cutting area. The punching device then
sequentially cuts them to further reduce the cutting area
and minimize the material waste. Additionally, by
employing the farthest edge covering circle algorithm, the
method strives to preserve as many materials at the edges
as possible, enhancing the efficiency of material usage.

Furthermore, based on the speed compensation
algorithm, the flexible switching of the upper and lower
wood pulp rolls is realized. This ensures the accurate
removal of metal impurities while maintaining the normal

operation of the subsequent process and maximizing the
production efficiency.

In summary, compared with the existing production
line metal detection device, the designed intelligent metal
detection and disposal automation equipment, enhanced
with the geometric optimization driving algorithm,
possesses higher detection sensitivity, more precise metal
coordinates positioning, a smaller cutting material area
and a higher production efficiency. Moreover, by
minimizing the edge damage and preserving more
material at the edges, it ensures that there are no issues
during edge transportation with the roller. It is anticipated
to be applied to actual production, enhancing the entire

production  process’s continuity, automation and
intelligence.
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