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Abstract: To replace the worn-out cutter of tunnel boring machines timely, it is crucial to inspect the
cutter’s wear. In this work, a novel detection method based on magnetic force is proposed to over-
come the drawback of nonlinearity in current detecting technology. The principle is that the mag-
netic force between the cutter and the permanent magnet linearly decreases with increasing wear.
Firstly, the magnetic force is investigated by the finite element simulation to find the optimal place-
ment of the permanent magnet to realize both high linearity and sensitivity. Secondly, a highly-
sensitive force sensor with an S shape is designed to measure the magnetic force. The four strain
gauges in the force sensor are combined into a Wheatstone bridge to suppress the common-mode
effect, such as temperature. Experimental testing on the magnetic force is performed to verify the
feasibility of the detection method. The testing result shows that the magnetic force linearly de-
creases with the increasing wear loss at a rate of ~793 mN/mm. The accuracy of the detecting method
approaches 1 mm, which is of the same order of magnitude as those in previous studies.

Keywords: wear detection; tunnel boring machine; disc cutter; magnetic force; force sensor;
nonlinearity

1. Introduction

Due to the advantages of safety, efficiency, and low interference to the surrounding
environment, full-face tunnel boring machines (TBMs) have been applied to various rock
tunnel projects, such as water delivery, transportation, and mine tunneling [1,2]. The new
cutter must replace the worn-out one to ensure the working efficiency of TBM [3]. Thus,
it is crucial to inspect the wear during downtime. In the early days, wear detection was
mainly accomplished through manual inspection. In recent years, wear prediction or de-
tection has been developed to improve efficiency and safety.

Alber et al. proposed that the rock abrasive index can be used to estimate the cutter
wear and investigated the stress dependency of the rock abrasive index [4]. Ren et al. pro-
posed a wear prediction model based on stress analysis and friction energy for TBM in
the heterogeneous ground [5]. Wang et al. investigated the cutter wear prediction for a
hard rock TBM based on energy analysis [6]. Yang et al. established a wear prediction
model involving geological parameters, tunneling data, and other related factors based
on the wear mechanism [7]. Sahinoglu et al. proposed the prediction of cutter wear from
temperature measurements on TBM discs and cutting face [8]. Su et al. established a pre-
diction model based on the cutter rings’ plastic removal abrasiveness and motion analysis
[9]. Based on the contact mechanics, Wang et al. investigated the wear mechanism of the
cutter to propose a new theoretical model for cutter wear evolution [10]. Pu et al. predicted
the wear state of the cutter by using brain-like artificial intelligence to process and analyze
the vibration signal in the dynamic contact between the disc cutter and the rock [11].

The cutter’s wear is related not only to the rock-breaking mechanism, but also to the
geometric dimensioning of the disc cutter, rock body-breaking process characteristics,
and rock properties mechanism [12]. Thus, it is very difficult to ensure the precision of the
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prediction model. On the contrary, direct wear detection using sensors or other technol-
ogy is more reliable and has higher precision.

Wirth added a MOLYUAN additive with a special odor to the disc cutter-bearing
lubricants [13]. Oil leakage occurs when the disc cutter is worn to a certain extent. Wang
et al. proposed a detection method based on Chirped Fiber Bragg Gratings (GFBG) [14].
The wear shortens the grating area and then narrows the reflection spectrum bandwidth.
Ji et al. utilized the series resistance attached to the cutter to detect the wear, wherein the
resistance decreases with increasing wear [15].

The aforementioned methods using additive, GFBG, and series resistance increase
the manufacturing difficulty of the cutter and cannot be reused. To overcome the above
drawback, many researchers proposed non-contact detecting methods. Zhang et al. de-
signed a device for TBM cutter wear based on the principle that the number of laser lines
changes with the cutter wear [16]. Bing et al. also utilized the parallel laser light path to
realize the detection of cutter wear [17]. Zhang et al. [18] and Guo et al. [19] proposed a
technique based on an ultrasonic wave to detect cutter wear. However, the laser and ul-
trasonic wave both have a significant drawback of inaccurate measurement after rocks
cover the disc cutter.

Because the magnetic field has the advantage of being immune to rocks, detections
based on magnetic effects, such as eddy current sensors and magnetoresistances sensors,
were proposed. Lan et al. designed an online system based on an eddy current sensor to
monitor disc cutter wear, and the effects of three types of rock and muddy water mixture
on the measurement data were compared [13,20]. Zhang et al. designed a cutter wear
monitoring system based on eddy-current sensor technology with a maximum measure-
ment range of 40 mm [21]. Zheng et al. designed a wire-less detecting system for cutter
wear using an eddy-current sensor, and the error of cutter wear was less than 0.5 mm in
the laboratory [22]. Ren et al. [23] and Sun et al. [24] also developed wireless cutter wear-
detecting systems for cutter wear based on eddy-current sensors. Li et al. carried out the
temperature compensation for the eddy-current sensor to improve the wear-detecting ac-
curacy [25]. Zhang et al. designed a 3D visual detecting system for disc cutter wear [26].
The eddy current sensor was installed on the linear actuator to obtain the wear on each
axial section of the disc cutter. Wang et al. used Ansoft Maxwell simulation to optimize
the coil geometry parameters and circuit structure of the eddy current sensor to meet the
requirement of TBM disc cutter wear detection [27]. Besides the eddy current sensor, Bai
used the inductive proximity sensor to detect the cutter wear [28]; however, a displace-
ment platform is needed to move the sensor, so the volume and cost are both high. Gong
et al. designed a magnetoresistive sensor with a Wheatstone bridge structure to detect
cutter wear [29]. The magnetic field around the magnetoresistive sensor changes with in-
creasing wear, so the sensor’s resistances change.

However, the above methods based on magnetic effect have the disadvantage of a
nonlinear relationship between the output and wear [26,28]. The nonlinearity makes the
sensitivity low when the wear is large and increases the calibration workload. In this
work, a novel detection method based on magnetic force is proposed to overcome the
drawback of nonlinearity. The technique has the advantages of high linearity, high preci-
sion, and low cost.

In this paper, the work is arranged as follows. Firstly, the principle and architecture
of the detecting system are described in Section 2. Then, the best placement of the perma-
nent magnet is found by finite element simulation in Section 3 to ensure the linear rela-
tionship between the magnetic force and wear. In Section 4, a high-precision force sensor
is designed to detect the magnetic force. Finally, experimental testing is performed in Sec-
tion 5 to verify the feasibility and discuss the precision of the detecting method.

2. Principle and Architecture of the Detecting System

The working principle of the detection system for cutter wear using magnetic force
is explained by a step-by-step block diagram, as shown in Figure 1. Firstly, the wear makes
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the diameter of the steel cutter ring decrease. As a result, the volume of steel in front of
the permanent magnet is reduced, which makes the magnetic force between the perma-
nent magnet and steel cutter ring decrease. Then, a high-precision force sensor is em-
ployed to detect the decreased magnetic force. The output voltage of the force sensor is
transformed into the signal processor board to complete the amplification, noise filtering,
and analog-digital conversion. Finally, the digital output signal is transformed into a com-
puter for recording.

Steel cutter Decreased diameter [ Permanent
ring magnet

Wear ————»

Magnetic force

A\

Signal | Voltage Force
process sensor

Digital output

Computer [«

Figure 1. A step-by-step block diagram describing the working principle of the detection system for
cutter wear.

The architecture of the detecting system adopted in this work is shown in Figure 2a.
There exist a permanent magnet, a force sensor, and a framework in the detecting system.
The permanent magnet and force sensor are fixed together by adhesives to ensure the
force sensor can respond to the magnetic force quickly. In current research [20-27], the
sensor for cutter wear is commonly located in front of the cutter ring to detect the distance
variation induced by the wear, as shown in Figure 2b. However, this commonly used
scheme is given up in this work because the relationship between the magnetic force and
distance from the steel to a magnet is highly nonlinear [30]. This nonlinearity makes the
sensitivity of the magnetic force to the wear become very low when the wear is consider-
able.

On the contrary, the force sensor and permanent magnet are located on the sidewall
of the cutter ring in this work. The finite element simulation in Section 3 will show that
the magnetic force linearly decreases with the increase in wear. Thus, the sensitivity does
not decrease with increasing wear, so the detecting precision can be ensured to be high
even though the cutter wear is large. As a result, the robustness of the detecting method
is not influenced by the increased wear. Because the detecting method is based on the
magnetic effect, the rock or dirt covered on the cutter does not impede the detection. This
robustness to rock or dirt is similar to the methods based on eddy current sensors or mag-
netoresistive sensors [26,28]. Furthermore, the impact resulting from rocks is a major
threat to the safety of the wear-detecting system. However, the proposed method has
fewer restrictions on the sensors’ protective materials because the magnetostatic field can
penetrate a variety of metals or alloys. As a result, the safety of the detecting system can
be well guaranteed.



Machines 2023, 11, 388

4 of 14

® Framework ~ Wire
Cutter ring Cutter shaft \

Force sensor.
\ Permanent magnek:

(b)
Sensor

| L]

[ —

Figure 2. The architecture of the detecting system, (a) Architecture adopted in this work; (b) Archi-
tecture commonly adopted in current research.

//////////

3. Effect of the Placement of the Permanent Magnet on Magnetic Force

The location and orientation of the permanent magnet are crucial for the accuracy of
the detection method. This work utilizes finite element simulation to find the optimal
placement of the permanent magnet.

3.1. Finite Element Model

The finite element model for the magnetic force is shown in Figure 3a. The cutter
shaft is neglected in the model because it is far away from the permanent magnet and has
little effect on the magnetic field. A cutter ring made of steel produced by China Railway
Construction Heavy Industry Corporation Limited is adopted. For a new cutter, the di-
ameter and width of the cutter ring are 431.6 mm and 76.2 mm, respectively. The blade
width is 55 mm, and the acute angle is 40°, as shown in Figure 4. The steel cutter ring and
air have a relative permeability of 4000 and 1, respectively. According to the datasheet
from the supplier Guangdong Dawa Magnetoelectricity, a remanent magnetization of
about 800 [kA/m] is within the permanent magnet, and the length, width, and thickness
of the permanent magnet are 50 mm, 30 mm, and 20 mm, respectively, as shown in Figure
4.

To describe the wear, an annulus cuts off a portion of the cutter from the outer bound-
ary by Boolean operation. In this work, the location of the permanent magnet is repre-
sented by the lateral distance from the permanent magnet’s center to the initial boundary
of the cutter ring (dw), and the normal distance from the permanent magnet’s surface to
the cutter ring’ surface (ds). The inclination of the permanent magnet represents the orien-
tation (6), as shown in Figure 4.

The magnetic field between the cutter ring and the permanent magnet is simulated
by the Magnetostatics module in the commercial finite element software of COMSOL
Multiphysics 6.0 [31]. The simulation result of the magnetic field is shown in Figure 3b.
The color in Figure 3b represents magnetic flux density, and the darker the color, the
higher the magnetic flux density. The magnetic force between the permanent magnet and
cutter ring is calculated through the built-in Force Calculation function of the Magneto-
statics module in COMSOL Multiphysics 6.0.
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Figure 3. Finite element simulation of magnetic force: (a) Finite element model; (b) Simulation re-
sults of the magnetic field.

Cutter ring

Initial boundary /
55 mm

/ 431.6 mm 76.2 mm/ ]\
- 40° &

Permanent magnet

Figure 4. Schematic diagram of the location and orientation of the permanent magnet.

3.2. Simulating Results

The relationships between the magnetic forces and wear losses obtained from the
finite element simulation are shown in Figure 5. To investigate the effect of the permanent
magnet’s placement on magnetic forces, the lateral distance (d») varies from 0 mm to 15
mm, the normal distance (ds) varies from 10 mm to 15 mm, and the orientation (6) varies
from 5° to 20°. According to practical engineering experience, the limit of wear is com-
monly 25~30 mm, so the wear loss increases from 5 mm to 30 mm with a step of 5 mm.

It can be seen from Figure 5 that the magnetic force dramatically decreases with in-
creasing wear. It is because the volume of the steel in front of the permanent magnet de-
creases with increasing wear. It can also be seen that the linearity of the relationship be-
tween the magnetic force and wear loss is mainly affected by the inclination of the perma-
nent magnet. The linearity increases with the increasing inclination of the permanent mag-
net (0). The reason may be that the volume of the steel in front of the permanent magnet
inhomogeneously decreases with increasing wear loss when the inclination (0) is low.

It can be seen from Figure 5 that the normal distance (ds) has little effect on the line-
arity of the relationship. However, the magnetic force’s amplitude dramatically decreases
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when the normal distance (ds) increases from 25 mm to 30 mm, a reduction of about 50%,
as shown in Figure 5a,d. The reason is that the magnetic force is inversely proportional to
the square of the normal distance [30]. A higher magnetic force leads to a stronger output
of the force sensor, so it is supposed to make the permanent magnet close to the cutter
surface.

Additionally, it can be seen from Figure 5a—c that the magnetic force increases
slightly when the lateral distance (d) increases. However, the sensitivity of the magnetic
force to the wear loss decreases obviously. As a result, it is supposed to adopt a short
lateral distance.

As a whole, the lateral distance (d»), normal distance (ds), and orientation (6) are cho-
sen to be 0 mm, 10 mm, and 20° to realize both high linearity and sensitivity in this work.
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Figure 5. Effect of the location and orientation of the permanent magnet on the magnetic force: (a)
dm=0mm, ds= 10 mm; (b) dn=7.5 mm, ds= 10 mm; (c) dn= 15 mm, ds= 10 mm; (d) dw=0 mm, ds=15
mm; (e) dw="7.5 mm, ds= 15 mm; (f) dw=15 mm, ds=15 mm.

4. Force Sensor

This work designs a force sensor to detect the magnetic force. The force sensor is
based on the principle that the resistance of strain gauges is sensitive to the strain induced
by the force [32]. As shown in Figure 6a, the force sensor contains two flexible parallel
beams, and four identical strain gauges are attached to the ends of the two beams. Then,
a frame with an S shape fixes the beams’ ends. The frame can be assumed to be rigid
because it is much thicker than the flexible beams. When a tensile force applies, the flexible
beams bend, and high strains concentrate on the areas attaching the strain gauges. Thus,
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the bending gives the sensor the advantage of high sensitivity compared to uniaxial ten-
sion. Simultaneously, the force sensor has the advantage of low cost because of its simple
structure and low-cost strain gauges and material.

(a) 0
VDMI
Frame
Flexible beam
o)
o) o}
Vin

N

Force

Figure 6. Principle of the force sensor: (a) schematic diagram of the structure; (b) Wheatstone
bridge.

To explain how the force applied on the sensor is converted into the strains, coordi-
nate systems for the two beams are established, wherein the x-axis is along the mid-plane
of the beams, as shown in Figure 7a. According to the Euler-Bernoulli beam theory [33],
the governing equation and boundary conditions of beams are expressed as

4
g
dx
dw
M/I,x:() = O’ Exzo = 0 (1)
3
Moo =—mr®E —Fp
x=/ x=I dx x=l

where w denotes the transverse displacement, E denotes Young’s modulus, I the cross-
sectional moment of inertia, Q denotes the shear force, I denotes the length of the beam,
and F denotes the load applied on the force sensor.

Integrating Equation (1) with the boundary conditions leading to

F , F

W=——=X" ———Xx 2
8EI 12E1
According to Equation (2), the strain in the beams is expressed as
d’w Fl _F
o=y ®

In the established systems, the coordinates of G1, G2, Gs, and G are (0, b/2), (I, b/2), (0,
-b/2), and (I, -b/2), respectively. Using these coordinates in Equation (3), the strains of four
strain gauges are expressed as
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where b denotes the thickness of the beams, as shown in Figure 7a.
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Figure 7. Bending and strain computation for the flexible beams of the force sensor: (a) schematic
diagram of the bending beams; (b) Strain distribution obtained from the finite element simulation.

It can be seen from Equation (4) that Giand Gs compress, and Gzand Gs stretch. The
strain distribution given in (4) is verified by the finite element simulation, as shown in
Figure 7b. Under the applied load, the resistances of the four strain gauges become into

S,Flb S Flb
R=R/1-—_|;R, =R[1+—"—
8EI 8EI

S, FlIb S,Flb ©)
R,=R|1+——|;R,=R|1-
8EI 8EI

where R denotes the fundamental resistance of the strain gauges, and Ss means the sensi-
tivity of resistance to the strain. The four strain gauges are identical, so they must have
equal fundamental resistances and sensitivity.

Another advantage of the force sensor is that the four strain gauges can be composed
into a Wheatstone bridge to suppress the common-mode effect, such as temperature, as
shown in Figure 6b. According to Kirchhoff’s law, the output voltage can be expressed as
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Vz: R2 - R4 4 (6)
“ \R+R, R+R )"

where Vot and Vin denote the output and input voltages, respectively. Substituting Equa-
tion (5) into (6) leads to the relationship between the output voltage and the input force

S Flb
out — RE]I in

@)

The manufactured force sensor is shown in Figure 8a. The width and height are 25
mm and 30 mm, respectively. The flexible beams and frame are both made of steel, and
the strain gauges are attached by a white adhesive. The output voltage generated from the
force sensor is then input into the differential amplifier and low pass filter to amplify the
signal and filter out the high-frequency noise, as shown in Figure 8b. Additionally, an A/D
converter is employed to convert the analog signal into a digital signal. Finally, a Blue-
tooth module transforms the signal into the computer wirelessly. After the calibration, the
measuring range of the force sensor is about +50 N, and the resolution reaches 25 mN.

| |
| & ! Magnetic
1z I force
| © I
I o I
(] I
: 2 : 5V analog
| I voltage
I Ll
f _ _ Y
D1ffer§gnal | D/A conversion
amplifier ?
Lowpass filtering
* Microcontrol
unit

Y
D ))) ((( Bluetooth

(a) (b)

I
I
I
I
I
I
I
I
I
I
I
: | A/D conversion }—V
I
I
I
I
I
I
I
I
I
I
I

Figure 8. The manufactured force sensor and its signal processing scheme: (a) sensor; (b) signal
processing.

5. Experimental Testing
5.1. Experimental Method

The cutter wear testing is shown in Figure 9. Its main components include a perma-
nent magnet, force sensor, turntable, printed circuit board for signal processing, com-
puter, etc. The permanent magnet is connected with the front end of the force sensor
through the adhesive. The magnetic force between the cutter and permanent magnet is
tensile for the force sensor. The cutter is mounted on a rotary table to control the direction
so that the wear loss in multiple directions can be measured. The adjustable frame for the
force sensor adjusts the location and orientation of the permanent magnet to obtain the
best performance. The differential amplifier, low pass filter, A/D converter, and Bluetooth
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module are all integrated into a printed circuit board to realize the signal transmission
and processing.

Cutter ring

Printed circuit
board

Rotary table

Figure 9. Experimental testing on the wear detection.

This paper carefully selects six cutters through manual diameter measurement to
guarantee their wear loss is about 0 mm, 5 mm, 10 mm, 15 mm, 20 mm, and 25 mm, re-
spectively. The six cutters have identical geometrical dimensions and material properties
except for the different wear losses. In actual situations, the wears of the cutter ring along
different orientations are inhomogeneous. Meanwhile, the imperfections resulting from
the manufacture of the cutter and the installation of the experimental testing system also
result in errors, such as the decentration and tilt of the cutter rings. To suppress the effect
of these errors, the rotary table rotates with a step of 45° to ensure that every cutter is
measured eight times with directions of 0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315°, re-
spectively.

5.2. Experimental Results

The testing relationship between the wear loss and the magnetic force is shown in
Figure 10. The inner box is the local zoom of the data points corresponding to the wear
loss of 0 mm. It can be seen that there are eight data points corresponding to every wear
loss because the cutter is measured eight times with directions of 0°, 45°, 90°, 135°, 180°,
225°,270°, and 315°. The measured force is lower than the simulated one shown in Figure
5a. This is because there exists an attraction between the steel frame of the force sensors
and the permanent magnet. This attraction compensates for a portion of the magnetic
force between the cutter ring and the permanent magnet.

It can be seen that when the wear loss increases from 0 mm to 25 mm, the magnetic
force almost linearly decreases from 26 N to 6.5 N. Thus, the sensitivity of the proposed
method does not decrease with increasing wear loss. On another hand, the methods pro-
posed in [26,28] exhibit obvious nonlinearity, and the sensitivity decreases quickly when
the wear loss increases.
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Figure 10. Experimental test results of cutter wear loss.

To obtain the linear relationship, the least square method is used to fit the data. In
other words, the linear relationship must minimize the variance given in Equation (8).

N
Z(E - (k() +kw, ))2
Variance ==

(8)

N

where ko and k1 are the coefficients to be determined, w: and F: denote the wear loss and
magnetic force of the i data point, and N denotes the number of data points.

By minimizing the variance, it is found that ko and ki1 are equal to 26.035 N and -0.793
N/mm, respectively. The fitted linear relationship between the wear loss and the magnetic
force is also shown in Figure 10. It can be seen that the linear decreasing rate of the mag-
netic force with the wear loss reaches 793 mN/mm, which is much higher than the reso-
lution of the force sensor at 25 mN. Thus, the detecting method has a high resolution.

To estimate the testing accuracy, the residue errors after the data fitting are calculated
by

Re :E_(ko+k1wi) ©)

kl
where Rei denotes the residue error of the i data point, and ‘ko + kiwi’ denotes the pre-
dicted force using the fitted relationship. In Equation (9), the residue error is divided by
ki to transform the unit of residue error into that of the wear loss. It is convenient in this
way to estimate the testing accuracy.

The computed residue errors are shown in Figure 11. There are also eight data points
corresponding to every wear loss because the cutter is measured in eight directions. It can
be seen that the maximal residue error is lower than 1 mm. In other words, the accuracy
of the linear wear-detecting method proposed in this work approaches 1 mm, which is of
the same order of magnitude as those obtained in [13,21]. The accuracy of 1 mm is suffi-
cient for decision making regarding changing the disc cutter of TBM because the deviation
of 1 mm has little effect on boring efficiency.
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Figure 11. The residue errors after the linear relationship fitting.

As a whole, the method for detecting the wear of the disc cutter using magnetic force
is sufficiently precise and has the advantage of linearity and being low cost.

6. Conclusions

This work proposes a new method using the magnetic force between the cutter and
a permanent magnet to detect the cutter’s wear of TBM. Based on the finite element sim-
ulation, the lateral distance, normal distance, and orientation of the permanent magnet
are chosen to be 0 mm, 10 mm, and 20° to realize both high linearity and sensitivity. A
force sensor with two flexible beams is designed to measure the magnetic force. The me-
chanics” analysis shows that the force sensor has the advantages of high sensitivity and
suppression of the common-mode effect, such as temperature.

The experimental result shows that the magnetic force linearly decreases with in-
creasing wear. The linear change rate of the magnetic force with the wear loss reaches -
793 mN/mm. Thus, the sensitivity of the proposed method does not decrease with increas-
ing wear loss. The maximal residue error after linear fitting is lower than 1 mm. In other
words, the accuracy of the wear-detecting method proposed in this work approaches 1
mm, which is of the same order of magnitude as those obtained in previous studies. The
accuracy of 1 mm is sufficient for decision making regarding changing the disc cutter of
TBM because the deviation of 1 mm has little effect on boring efficiency.

One disadvantage of the proposed method is that the force sensor based on the strain
gauge is sensitive to temperature. Thus, how to compensate for the temperature effect will
be the main focus of future work. Additionally, environmental vibration can also affect
the precision by changing the distance from the permanent magnet to the cutter ring.
Thus, how to suppress environmental vibration will also be a critical focal point in future
work.
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