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Abstract
Mobile diamond wire sawing is a highly flexible, productive and, versatile cutting process. Accordingly, it is used in many 
areas, such as the dismantling of nuclear power plants or wind turbines. Despite the widespread use of the process, the cut-
ting process requires continuous manual monitoring by the machine operator. This is due to the continuously changing cut-
ting conditions. A common process error is tool breakage. It is often caused by the displacement of the grinding segments 
(cutting beads). Due to the cutting speed (up to 30 m/s), these failures cannot be detected and prevented by the machine 
operator. However, a measuring system or process monitoring does not exist yet. Accordingly, a damaged diamond wire can 
become hooked, which often results in wire breaks. As a result, grinding segments break away from the wire, which can lead 
to deadly accidents. Therefore, a new approach for monitoring the tool for diamond wire grinding will be investigated. The 
paper is divided into five sections. First, the requirements for the sensor system are derived. After the selection of a measur-
ing principle and the functional verification in the grinding process, the monitoring approach is presented and features for 
monitoring the tool with regard to the displacement of grinding segments are described. It was shown that the developed 
approach is suitable for monitoring the diamond wire tool during the sawing process. The investigation on a prepared dia-
mond wire tool also demonstrated that the feature allows the detection of displacing grinding segments already from 2 mm.

Keywords Process monitoring · Diamond wire sawing · Eddy current · Grinding segments · Machine technologie · Cutting 
beads

1 Introduction

Diamond wire sawing is a cut-off grinding process whose 
source is found in rock extraction from quarries [1]. Today, 
mobile diamond wire sawing is used for numerous appli-
cations like the dismantling of nuclear facilities and steel 
constructions [2–4]. The process is also widely used in the 
construction industry [5]. Compared to processes (e.g. wall 
saw), diamond wire sawing offers a high degree of flexibil-
ity in terms of component geometry/volume and the range 
of materials that can be separated. The low space require-
ment, low set-up effort, and low noise emission are also 
advantages of diamond wire sawing [6, 7]. The schematic 
construction of a mobile diamond wire sawing machine is 
shown in Fig. 1. During the grinding process, the material is 
continuously removed from the workpiece. The drive roller 

generates the relative movement between the tool and work-
piece required for the grinding process (up to 30 m/s [8]). To 
ensure the required contact between tool and workpiece, the 
diamond wire is pulled into the wire sawing machine by the 
force-controlled feed unit. Caused by the continuous cutting 
process, the engagement length of the diamond wire in the 
workpiece is shortened. The released diamond wire is drawn 
into the wire storage unit by the feed unit.

Figure 2 shows the structure of common diamond wire 
grinding tools. The grinding segments with the diameter ds 
and the length ls are threaded onto the flexible carrier wire. 
In between each grinding segment is a defined distance lt 
[1, 9]. The additional steel springs are used to prevent the 
segments from displacing. The applied rubber coating serves 
to protect the carrier wire and the springs. It also increases 
the adhesion of the individual components on the carrier 
wire. An endless wire tool is achieved by joining the ends 
of the wire. The structure of the common grinding segments 
is also illustrated in Fig. 2. Here, the diamonds required 
for grinding are fixed to the metallic sleeve by a bonding 
matrix. Thereby, a distinction is made between galvanic, 
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vacuum-brazed, and sintered bonding matrices. The bond-
ing matrix is an important component in the tool structure. 
It must have sufficient strength to absorb and transmit the 
machining and centrifugal forces. For sintered tools, it is 
also important that sufficient bond removal is achieved so 
that self-sharpening occurs. Furthermore, all bond types 
must have sufficient thermal conductivity and chemical 
resistance [10].

Diamond wire sawing is characterised by constantly 
changing engagement conditions. The reasons for this are 
the grinding progress (change of the engagement length) 
and unpredictable material changes in the workpiece (cavi-
ties, concrete to steel, etc.). To ensure high productivity and 
avoid process errors, the operator must continuously adjust 
the wire tension and wire velocity depending on the process 
progress. Insufficient adaptation of the process parameters 
leads to process errors such as unilateral grinding segment 
wear or tool failure. In contrast to the unilateral grinding 
segment wear, tool failure represents a significant safety 
risk (e.g., whip effect). This can lead to serious and deadly 
accidents [11–13].

Tool failure can be subdivided into carrier wire breakage 
and displacement of the grinding segments on the carrier 
wire. Regardless of the reason, carrier wire breakage is gen-
erally defined as the loosening of the closed wire. Caused 
by the whip effect, grinding segments and the springs can 
detach from the carrier wire and fly through the air like bul-
lets. In the natural stone industry, a breakage is often caused 
by fatigue of the carrier wire [11]. However, in the construc-
tion industry and the dismantling of power plants [6], which 
are the main application areas, the carrier wire breakage 
can be neglected due to the significantly shorter service life 
of the grinding segments. In the last mentioned application 
areas, the pull out of the carrier wire end from the connector 
is the main cause of a breakage. The reason for this is often 
incorrect crimping of the connections. Another reason is the 
clamping of the tool with the workpiece, which causes the 
end of the carrier wire to be torn out of the connector. Such 
rope breaks are not predictable and unavoidable [14].

A rope break, however, can be predicted because of 
because of the displaced grinding segments. The reason for 
the displacement of the grinding segments is the damage 
of the rubber coating [6, 14]. As a result of the mechanical 
work (contact between tool and workpiece), the rubber coat-
ing detaches from the carrier wire. The wear of the rubber 
coating is supported by the thermal stress as a consequence 
of the cutting process [9]. Consequently, the rubber coating 
can no longer ensure the adhesion of the components [6]. 
Friction or catching of the tool on the workpiece (cavities, 
edges, …) causes the grinding segments to slide. Accord-
ingly, the end of the tool's usability is reached. If the dis-
placement of the grinding segments remains unnoticed, the 
rope will break.

Since the displacement of the grinding segments is a con-
tinuous change in the tool structure, it can be monitored, 
unlike an abrupt wire break. To detect this process failure 
an intermittent manual inspection based on predefined oper-
ating times (1–2 h intervals [8]) is recommended. For this 
purpose, the process is stopped and the operator visually 
controls the accessible tool sections. The disadvantage of 
this procedure is the absence of process reliability, reduced 
productivity, and the fact that it is not possible to carry out 
a complete inspection of the entire rope. Tatzig presents the 
only known approach for the detection of displaced grind-
ing segments. He showed that it is possible to detect dis-
placed grinding segments in the frequency spectra of the 
force signal [6]. However, the approach is not suitable for 
use in mobile diamond wire grinding. This is because the 
workpiece was mounted on a force measurement platform. 
An adaption of this approach for different workpieces was 
not shown.

As can be seen from the state of the art, there is no 
approach to monitoring the diamond wire tool for use in 
mobile wire grinding. The manual and intermittent control 

Fig. 1  General structure of a mobile wire saw

Fig. 2  Structure of common diamond wire tools
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through the operator does not allow reliable monitoring 
of the tool. Additionally, the detection of damage is sig-
nificantly dependent on the experience and attention of the 
operator. The force-based monitoring approach presented is 
also not suitable. Hence, the paper presents a measurement 
approach that enables in-process monitoring of displacing 
grinding segments.

2  Measuring principle selection

For monitoring displacing grinding segments, a basic dis-
tinction must be made between a direct and indirect measur-
ing method. In a direct measurement, the distance between 
two grinding segments is measured directly with the correct 
physical unit (c.f. caliper gauge). However, direct measure-
ment is not possible due to accessibility during the cutting 
process. Consequently, an indirect measurement (auxiliary 
variable) must be carried out. The principal measurement 
approach is shown in Fig. 3. For this purpose, a radial posi-
tioning of the measuring system to the diamond wire tool 
is chosen. Moreover, the application of tactile measuring 
systems is excluded because of the high abrasiveness of the 
grinding segments, which leads to high wear. Accordingly, 
only non-contact measuring principles are considered.

A further limitation of possible non-contact measuring 
principles results from the tool cooling. Since water is often 
used in mobile wire sawing [8], the measuring principle 
must not be influenced by water, mud, or dust. Accordingly, 
optical and capacitive measuring principles cannot be used. 
Optical systems become polluted, whereas capacitive sys-
tems change their permittivity because of water, mud, or 
dust. Consequently, with both measuring principles, no 
robust measurement is possible under harsh environmental 
conditions. In contrast to optical and capacitive measuring 
principles, an inductive measurement is not influenced by 
the environmental conditions mentioned. In addition, the 
grinding segments (Fig. 2) consist of a metallic sleeve and a 

metallic bonding matrix, which are electrically conductive. 
Consequently, the detection of the grinding segments by 
using an inductive measuring principle is generally possible.

Another requirement is the sampling rate, which must 
be sufficiently high due to the tool velocity. To detect a 
displacement of grinding segments it is required that the 
beginning and the end of a grinding segment can be identi-
fied. Respectively, the rough estimated calculation of the 
sampling rate f, based on Eq. (1), results in a sampling rate 
of 15 kHz for a common grinding segment (ls = 4 mm, tool 
velocity vs = 30 m/s). The factor of two serves to preserve 
the Nyquist-Shannon sampling theorem.

Since inductive measuring principles achieve sufficiently 
high sampling rates (> 100 kHz) and are robust against the 
environmental conditions occurring during mobile wire saw-
ing, an inductive measuring principle is chosen for further 
work.

3  Test setup

For the basic functional verification of the measurement 
principle, a single-axis rig was used. The test rig consists 
of a linear axis, which allows a moving range of 500 mm. A 
Siemens 840d sl is used to control the axis (Fig. 4). Hence, 
the sensor can be moved along the diamond wire tool with 
defined and constant boundary conditions. The sensor move-
ment prevented influences such as wire vibrations, changing 
sensor distances, or velocity.

The experimental investigation with the moving diamond 
wire tool was carried out at test rig 2. For this purpose, the 
test setup shown in Fig. 5 was integrated into the FS 840 KT 

(1)f > 2 ⋅
v
s

l
s

.

Fig. 3  Concept of the indirect tool measurement Fig. 4  Test rig 1: stationary wire, moving sensor
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CNC (surface grinding machine). The entire construction is 
attached to the spindle housing. To generate the tool velocity 
the drive roller is mounted on the spindle. The wire tension 
is provided by a drive roll, which is mounted on a pneumatic 
cylinder with an integrated linear guide.

Thus, the arrangement of the rollers results in a tool 
length of 2.500 mm. To minimize the influence of wire 
vibrations on the measurement, the measured value acqui-
sition is performed at the drive roller. Moreover, the rota-
tional velocity was measured using an inductive sensor on 
the drive roller.

For the experimental investigation, an inductive eddy cur-
rent displacement sensor is used. The sensor has a measuring 
range of 4 mm and is usually used to measure the distance 
of planar ferromagnetic targets. Furthermore, the sensor has 
integrated evaluation electronics, thus no pre-processing of 
the signals is necessary [15]. In addition, the data acquisition 
was realized with an industrial PC, whereby the sampling 
rate of the sensor signal was 50 kHz. Due to the internal 
data processing of the selected sensor, no signal filtering 
was necessary.

To ensure the transferability of the measurement 
approach, the three different bonding matrices (Fig. 2) are 
considered. The specifications of the diamond wire tools 
used are described in Table 1.

4  Functional verification on stationary 
and moving diamond wire tool

At first, the basic functional verification was carried out on 
the stationary diamond wire tool (test rig 1). Figure 6 shows 
an example of the maximum normalized signal curves of 
the considered tools for a sensor distance of 1.5 mm. As 
illustrated in the figure, all tools have a comparable signal 

curve. The parabolic shape is caused by the presence of a 
grinding segment in the measuring range, whereas the space 
in-between two grinding segments provides a constant signal 
of one. As is illustrated on the sintered diamond wire tool 
in Fig. 6 (tool 1), the geometric quantities (ls, lt) introduced 
by Panhorst [1] are identifiable. Accordingly, the deviating 
signal curve of tool 2 compared to tools 1 and 3 can be 
explained by its different segment distances.

After the basic functional verification of the measuring 
principle has been carried out, the limit of the measuring 
range of the eddy current sensor used is considered. This 
is necessary because the specifications (datasheet) of the 
selected eddy current sensor apply to measurements on 
flat surfaces. In addition, knowledge about the measuring 
range is necessary because the distance between the sensor 
and the diamond wire tool can vary due to various factors 
during the grinding process (roll wear, grinding segment 
wear, etc.). The measuring range was determined on test 
rig 1. For this purpose, the sensor was positioned at dif-
ferent distances above the stationary tools. The distance 
was increased in 0.5 mm steps from 0 to 4 mm. The results 

Fig. 5  Test rig 2: moving wire, stationary sensor

Table 1  Tool setup

Geometric values are own measurements (caliper gauge; standard 
deviation ± 3σ)

Tool 1 Tool 2 Tool 3

Segment distance lt 
[mm]

25.1* ± 0.24 19.0 ± 0.65 25.1 ± 0.21

Segment length ls [mm] 6.8 ± 0.37 4.2 ± 0.45 4.4 ± 0.24
Diameter ds [mm] 10.5 ± 0.25 10.2 ± 0.46 9.9 ± 0.21
Bond matrix Sintered Vacuum-brazed Galvanic
Segment/metre 40 53 40

Fig. 6  Maximum value normalised signal curve
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show that the measuring ranges on the diamond wire tools 
are 50% lower than specified in the datasheet, which is due 
to the deviating geometry of the measured object. Further-
more, the results are independent of the bond matrix. In 
the next step, it will be investigated whether the selected 
approach can also ensure measurement of the moving 
diamond tool. Furthermore, it will be considered if the 
tool velocity influences on the signal of the eddy current 
sensor. It is also important that all grinding segments are 
detected to ensure robust monitoring subsequently. Finally, 
a real grinding process is carried out for the final func-
tional verification. For this purpose, test rig 2 was utilized 
(Fig. 5) and tool 2 was selected. This is because it has 53 
segments per meter and the smallest segment distance lt. 
So, it provides the highest measurement requirements. In 
relation to the tool length, 135 grinding segments were 
measured per tool rotation.

Figure 7 shows the influence of the tool velocity on 
the sensor signal. To determine the influence, the signal 
amplitudes of the grinding segments of ten tool rotations 
were arithmetically averaged. As the graph shows, there is 
no dependence of the sensor signal on the tool. Moreover, 
all grinding segments were detected regardless of the wire 
velocity.

Finally, the functional verification was successfully car-
ried out in real grinding processes. For this purpose, dry 
rope grinding of steel (S355JR) was chosen as the machin-
ing process (vs = 18 m/s, tool 2, test rig 2).

5  Fundamentals of the monitoring 
approach

In general, monitoring features are extracted from measur-
able physical process variables. To be applicable, a feature 
must have a specific and functional correlation with the 
parameter to be monitored. Accordingly, after successful 
verification of the measurement approach, the monitoring 
feature is introduced. For this purpose, a suitable feature 
is the distance lt between the grinding segments. This is 
because a change in lt can be directly attributed to the 
displacement of a grinding segment. Due to the indirect 
measurement method, lt cannot be measured directly. 
Therefore, the time difference between two grinding seg-
ments is used. The basic correlation between the two vari-
ables (time, distance) is given by the velocity.

Therefore, Fig. 8 shows two approaches for generation 
the time-based feature. These are the segment duration tt 
and the time interval between two minima tmin. The seg-
ment duration tt represents the time difference between the 
beginning of two consecutive grinding segments. To deter-
mine the times, the intersection point between a defined 
threshold value and the signal curve (falling signal) is 
determined in each case. In contrast, to determine tmin, the 
respective extremes in the signal curve are determined. To 
minimize the influence of the signal noise, the measure-
ment signal is smoothed by an average filter. Following 
this, the measured values are compared with each other. 
If the new value is smaller than the previous one, the new 
value is adopted. The minimum is identified as soon as the 
new value is greater than the previous value.

The determination of the segment duration tt and the 
time interval between two minima tmin can be implemented 
in controls in a simple and low-computation manner. In 
addition, this reduces the costs for the required evaluation 
electronics. Compared to the state of the art, this enables 
real-time monitoring of the diamond wire tool.

(2)l = t ⋅ v
s
.

Fig. 7  Result of the velocity dependence of the sensor signal Fig. 8  Determination of the time difference
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6  Experimental comparison of tt and tmin 
and functional proof

Since the eddy current displacement sensor is usually used 
for distance measurement, its signal is significantly depend-
ent on the distance between the sensor and the measured 
object. Accordingly, the generation of tt and tmin are exam-
ined for their robustness in relation to the sensor distance. To 
ensure defined and constant boundary conditions, test rig 1 
was utilized for the experimental investigation. In addition, 
as the transferability of the measurement approach to the 
bonding matrices was demonstrated in chapter 4, only one 
exemplary signal curve for three sensor distances of tool 1 
is shown in Fig. 9. Furthermore, the threshold values con-
sidered are illustrated.

The results for the segment duration tt and the time inter-
val between two minima tmin are listed in Table 2. As shown 
in the table, the arithmetic average value of tt is independent 
of the sensor distance and the selected threshold value. This 
is because only the respective falling signal curve is used for 
the calculation (Fig. 8). However, the standard deviation of tt 
increases by a factor of 2.1 with increasing sensor distance. 
Moreover, the determination of tmin is also independent of 
the sensor distance (Table 2). Further, a dependence on the 
threshold value is not possible due to the formation value. 
The comparison between tt and tmin also shows that both 
methods provide comparable results. However, the standard 
deviation of tmin is independent of the sensor distance. Fur-
thermore, it is 22% lower on average than for tt.

After the suitability of tt and tmin is demonstrated, their 
usability regarding the detection of displacing grinding seg-
ments is examined. For this purpose, an analog diamond 
wire tool was set up in which the distance between two 
grinding segments ldist can be varied systematically. It is 
based on the geometric data of tool 1. Moreover, the tests 
were carried out on test rig 1. Since there is no dependence 

of the features on the sensor distance, the results are pre-
sented as an example for a sensor distance of 1.5 mm. For 
determining tt the selected threshold value was 0.99. The 
experimental results are illustrated in Fig. 10.

The left graph shows the results for tt and the right graph 
for tmin. Furthermore, the calculated values for tt and tmin are 
shown for three different ldisp. Green represents the smallest 
displacement between two grinding segments, whereas red 
illustrates the results for a significantly displaced grinding 
segment. The grey areas in the graph show the results of the 

Fig. 9  Exemplary signal curve and chosen threshold values for com-
parison of the features generation

Table 2  Results of ts and tmin on the (tool 1)

Distance s 
[mm]

Threshold value tt [ms] tmin [ms]

0.5 0.99 250.31 ± 8.17 250.45 ± 8.12
0.90 250.30 ± 8.23
0.80 250.30 ± 8.68

1.5 0.99 250.30 ± 9.19 250.44 ± 8.14
0.90 250.31 ± 9.78
0.80 250.33 ± 10.94

2.0 0.99 250.30 ± 10.22 250.48 ± 8.00
0.90 250.31 ± 11.35
0.80 250.29 ± 17.25

Fig. 10  Results for tt and tmin of displacing grinding segments
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wire section with a constant ldisp. As can be seen from the 
results, both approaches allow the identification of a dis-
placing grinding segment. The maximum standard deviation 
(± 3σ) of the segment duration tt is 9.1 ms (lt = 0.91 mm) 
and for tmin 8.8 ms (lmin = 0.88 mm). This means that reli-
able identification is possible on the stationary diamond wire 
tool.

After the basic functional verification has been carried 
out on the stationary wire, the next step is to carry out the 
functional verification on the moving wire (test rig 2). More-
over, the minimum displacement is investigated, from which 
reliable detection of a displaced grinding segment is possi-
ble. For the experiments, tool 2 was chosen again. Further, 
the tool was prepared so that a grinding segment could be 
moved on the carrier wire. For this purpose, the steel spring 
behind the grinding segment was removed. Thus, the dis-
tance lt can be defined and freely adjusted. To ensure that 
the set distance lt does not change during the experiment, the 
grinding segment was fixed with adhesive.

The results for tmin are presented in Fig. 11 for different 
displaced grinding segments at a velocity of 20 m/s. The 
arithmetic mean values of non-displaced grinding segments 
are illustrated in green for reference. The red curve presents 
the determined time duration (tmin1) in front of the movable 
grinding segment. In contrast, the yellow measuring points 
represent the time duration (tmin2) behind the movable grind-
ing segment.

As can be seen from Fig. 11, a displaced grinding seg-
ment can be identified. If the distance increases, the arith-
metic mean of the determined time duration tmin1 (red) also 
increases. At the same time, the calculated time duration 
tmin2 (yellow) between the displaced grinding segment and 
the following fixed grinding segment is reduced by the same 

quantity. This relationship is consistent with the results in 
Fig. 10. Furthermore, the maximum standard deviation 
(± 3σ) for tmin is 46.8 µs. Thus, a deviation of the segment 
distance lt can be reliably detected from a displacement of 
2 mm. In contrast, the maximum standard deviation (± 3σ) 
for tt is 63.8 µs. Thus, robust identification by tt is only pos-
sible from a displacement of 4 mm. Accordingly, tmin will be 
used to determine the features for further studies.

7  Monitoring approach

Corresponding to the presented results, the monitoring 
approach in Fig. 12 is shown. To account for production-
related variance, the actual value of the segment duration tt 
or tmin is compared with a moving average value subject to a 
tolerance band. If the limits are exceeded, this can be attrib-
uted to displacement of the grinding segments. During the 
cutting process, slippage can occur between the drive wheel 
and the diamond wire tool because of low wire tension. This 
influences the considered features tt and tmin. Accordingly, 
the occurrence of wire slips must be taken into account for 
robust monitoring. If not accounted for, false alarms will 

Fig. 11  Results of tmin with different displaced grinding segments at 
moving tool Fig. 12  Monitoring approach: tool assembly and wire slip
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occur. A more effective approach is utilizing a second off-
set eddy current sensor (Fig. 12). If grinding segments are 
displaced, both sensors detect significant deviations in tt or 
tmin. In the case of slippage, the results do not match. Conse-
quently, the presented approach can be used to monitor both 
the tool and the slippage.

8  Conclusion and outlook

Within the present paper, a novel measurement and moni-
toring approach the tool monitoring in diamond wire grind-
ing was presented. First, a suitable measurement approach 
was introduced. Due to the requirements of the process, an 
inductive measuring method was chosen. Its functional veri-
fication was subsequently carried out using the three com-
mon bonding matrices. Afterward, a feature for monitoring 
the grinding segment distance was presented. It was shown 
that two approaches, segment duration tt and time interval 
between two minima tmin, are suitable for monitoring the 
diamond wire tool during the sawing process. Finally, it was 
demonstrated that the feature enables the detection of dis-
placing grinding segments (prepared diamond wire tool).

In further work, the presented monitoring approach will 
be investigated during the cutting process. Furthermore, the 
influence of the wire connector will be investigated to ensure 
robust monitoring of the grinding segment distance.
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