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INTRODUCTION

One of the requirements for ensuring high 
cutting standards with high-pressure waterjet cut-
ting technology is continuous real-time process 
monitoring to ensure process stability. In this re-
gard, numerous experimental studies on process 
monitoring are currently being carried out, lead-
ing to even more advanced process monitoring.

In order to make a correct conclusion on the 
basis of the monitored physical quantities relat-
ed to the cutting process with the cutting quality 
parameters, it is fi rst necessary to defi ne the rela-
tionship between the input parameters aff ecting 
the cutting process and the output parameters 
describing the cutting eff ects. Figure 1 shows 

which parameters of the water-jet cutting pro-
cess infl uence the cutting eff ects, as determined 
by Swaroop et al. [1].

The eff ect of increasing the diameter of the 
focusing tube will be an increased fl ow rate of the 
pumped water in order to keep the pump pressure 
constant. As a result, the automatic control system 
of the high pressure pump will react with a higher 
frequency of piston movement in the multiplier. 
Thus, there will be an increase in the frequency 
of pulsations in the water jet which, despite the 
use of a high-pressure accumulator compensating 
ripples of water pressure, is visible in fl uctuations 
of water pressure feeding the cutting head. 

An increase in abrasive parameters will aff ect 
the parameter of mixing effi  ciency of the abrasive 
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and water in the cutter head, but also increase the 
cutting effi  ciency of the workpiece. An increase in 
cutting effi  ciency will contribute to a decrease in 
the jet defl ection angle and thus a decrease in the 
value of force actions in the direction of the axis 
of the cutting head (Fh) and in the direction of the 
feed (Ff) will decrease. An increase in the feed 
speed of the cutter head along the cutting contour 
contributes to an acceleration of the cutting pro-
cess, whereby an increase in speed will increase 
the defl ection angle of the cutting stream. This 
factor will also increase the force actions in both 
the cutter head axis direction and the feed direc-
tion. The mechanical properties of the workpiece 
material will primarily aff ect the rate and method 
of material removal. With softer materials the 
cutting process will be more favourable from the 
point of view of material removal rate in the cut-
ting line. This will contribute to a reduction in the 
value of force interactions. It should be noted, 
however, that the jet exiting the focusing tube 
expands very quickly, increasing its diameter. 
When cutting soft materials, this will cause a gap 
convergence eff ect, where the width of the gap 
will increase with increasing penetration depth. It 
is obvious that an increase in material hardness 
will result in an increase in force eff ects due to in-
creased jet defl ection, which can be compensated 
for by changing the input parameters e.g. increas-
ing pump pressure or decreasing feed rate.

Therefore, it becomes possible to adjust the in-
put values of the cutting parameters, which can be 
done precisely by measuring the force interactions.

Measurement of the vertical cutting force Fh
in water abrasive machining shows that it chang-
es due to changes in cutting parameters such as 
pressure, focusing tube diameter, distance of the 
orifi ce mouth from the workpiece surface and 

abrasive fl ow rate as pointed out in article of Ko-
vacevic [2]. The force will increase as the pres-
sure and fl ow rate of the abrasive increases, while 
the force will decrease when the focusing tube is 
worn, the distance of the orifi ce mouth from the 
workpiece surface increases. 

At present, the area of parameter monitoring, 
in terms of maintaining the stability of the process 
related also to quality control, is in the sphere of 
research, but the results give promising results, 
which in the future may allow the construction 
of a cutter head with advanced monitoring of the 
cutting process.

Measurement of vibrations of cutting process 
components can be used to identify dynamic phe-
nomena occurring in the process.  These are cre-
ated, for example, by the action of the waterjet 
or abrasive waterjet which changes as a result of 
changes in the cutting conditions. Such measure-
ment is possible using, for example, a vibration 
acceleration sensor. Due to the complex distribu-
tion of cutting forces, the value of these forces 
can be recorded individually for each axis of the 
determined Cartesian coordinate system.  Lin et 
al. [3] explained that the interactions which oc-
cur during the cutting process can be divided into 
dynamic and static. However, the mechanism of 
generating these interactions is diff erent. 

Dynamic actions contain information about 
the direct interaction of the abrasive waterjet with 
the cut object. They carry information about the 
degree of constancy of the cutting conditions 
mainly in relation to the high pressure waterjet 
generation process. This information includes, for 
example, pressure pulsation and mixing condi-
tions of the abrasive in the mixing chamber. The 
measurement of pressure pulsation makes it pos-
sible to monitor the degree of wear of the pump 

Fig. 1. Parameters of the waterjet abrasive cutting process [1]
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with respect to leaks that occur and also provides 
information about the constancy of the parame-
ters during the long-term operation of the pump. 
Measurement of the abrasive flow rate helps to 
monitor the degree of mixing of the abrasive with 
the water and the quantity of abrasive fed into the 
process. The variation in loads also clearly indi-
cates changes in cutting conditions due to deflec-
tion effects of the cutting jet during the cutting, 
where in critical cases the workpiece may be un-
dercut along its thickness.

Static loads, on the other hand, provide in-
formation on how efficient the cutting process is.  
They measure the axial force Fh and the feed force 
Ff and depend on the deviation of the abrasive wa-
terjet. This deviation can depend on parameters 
such as feed rate, pressure, hardness of the mate-
rial being cut, abrasive flow rate. Also, the wear 
process of the focusing tube can be monitored 
over a specified long period of time.

Carah et al. [4] performed a study the effect 
of changing the diameter of the focusing tube on 
the surface roughness on the example of machin-
ing rotating workpieces. It has been pointed out 
that an increase in the diameter of the focusing 
tube results in faster disintegration of the abrasive 
waterjet as the distance from the orifice mouth in-
creases. It has been pointed out that an increase 
in the diameter of the focusing tube reduces the 
amount of abrasive per volumetric unit, which 
again affects the machining time.

Copertaro et al. [5] presented the idea of 
mounting the accelerator sensors (PCB 352C34 
ICP ceramic) using a special adapter, in which 
two sensors were placed relative to each other 
at an angle of 90 degrees in the plane parallel 
to the surface of the workpiece and one sensor 
in the axis of the cutting head. It was noted that 
the relevant parameter which best represents the 
nature of the cut is the value of the recoil force 
acting in the axis of the cutter head. The authors 
of the study defined the ranges of frequencies 
tested called the low range in the range of 500 
Hz to 10 kHz and the high range in the frequency 
range of 10 kHz to 50 kHz. It was pointed out that 
the 10 - 500Hz range does not bring significant 
information about the process. Kovacevic et al.  
[6] proved that in the low frequency range, the 
greatest influence on vibrations comes from the 
waterjet, while abrasive particles are responsible 
for vibrations above 10 kHz. In the research pre-
sented in [5], an index called the power index was 
determined, for which a strong linear correlation 

with the power of the waterjet was proven. This 
index helps to control stability by adjusting the 
pump pressure parameter and the abrasive flow 
rate. During the research it was pointed out that 
the behaviour of the cutting head in terms of jet 
power can also be influenced by the way the en-
tire head assembly is mechanically connected.

Hassan et al. [7] pointed out that the value 
of the vertical cutting force Fh varies with the 
depth of cut, where the depth of penetration of 
the abrasive waterjet is reflected by an increase 
in the vertical force. This conclusion may allow 
the control of parameters during the cutting pro-
cess, when there is a case of cutting a workpiece 
with different thicknesses or workpieces of het-
erogeneous material. In the same article it was 
pointed out that measurements of signals using an 
acoustic emission sensor carry additional infor-
mation about the cutting process. The variation 
in the energy bandwidth of the acoustic emission 
signal is strongly influenced by the applied pres-
sure during the cutting. The energy level is signif-
icantly higher for higher pressures than for lower 
pressures. It has been noted that the response of 
the acoustic emission sensor when changing the 
depth of cut is much more sensitive than when 
measuring the cutting force response. Thus, the 
depth of cut can be easily estimated by measuring 
the AE energy level during the actual cut. There-
fore, an alternative approach could be to use AE 
sensors to monitor the depth of cut.

An interesting study is presented by Valíček 
at al. [8], where the authors searched for a rela-
tionship between noise in the water jet cutting 
process and the surface roughness obtained. Here 
the measurement of the level of acoustic emission 
was used for automatic regulation of the cutting 
head feed speed as the main parameter respon-
sible for the surface quality. Very similar research 
in the area of quality control of the water jet cut-
ting process was presented by Peržel et al. [9], 
where PCB IMI type 607A11 sensors placed on 
the workpiece along the cut were used. The au-
thors pointed out that an accurate analysis of the 
quality and surface roughness, their identifica-
tion and then juxtaposition of individual vibra-
tion waveforms with pre-runs obtained using an 
acoustic emission sensor can be a useful source 
in quality control during the cutting. It has been 
observed that during the analysis of the vibration 
spectrum, an increase in the abrasive intensity pa-
rameter causes a decrease in the amplitude in the 
frequency range of 12.5 kHz.
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Jurisevic et al. [10] performed a study was 
performed using sound emission measurement to 
control the abrasive waterjet machining process 
in the area of maintaining a constant distance be-
tween the tip of the orifi ce mouth and the surface 
of the workpiece, where the upper surface may 
not always be at the same level. The results and 
analysis of the research showed that an increase 
in the distance of the orifi ce mouth infl uences an 
increase in the frequency of the sound generated.

MEASUREMENT OF FORCE 
INTERACTIONS DURING THE 
ABRASIVE WATERJET PROCESS

The water abrasive machining parameters, 
from the hydraulic parameters to the abrasive 
parameters, but also the properties of the mate-
rial being cut, infl uence the distribution of the 
reaction forces measured at the contact of the 
cutting jet on the cutting face as well as on the 
cutting surface. The distribution of the forces 
defi ned at a point lying on the tangent of the cut-
ting face is shown in Figure 2.

The force Ff should be as low as possible 
from the point of view of the best possible sur-
face roughness and orientation of the charac-
teristic trace of the waterjet cutting (striations). 
Increasing its values may indicate an increase in 
the waterjet defl ection and thus an increase in 
the cutting roughness and the angle of defl ection 
of the pass marks. An increase in the Fc force 
value during the cutting process may also be due
to an increase in the jet defl ection, but also due 

to the jet power level depending on the set pump 
pressure. The value of the Fb force should theo-
retically be close to zero, although it can also 
provide information about the convergence of 
the gap. It can be seen that monitoring these val-
ues can allow the surface quality to be controlled 
during actual water jet cutting.

In an experimental study, cutting tests were 
carried out on several materials with diff erent 
mechanical properties using a Kistler 9272 force 
sensor (Fig. 3). A beam was bolted to the upper 
end and prepared specimens were clamped at the 
other end. The materials used for the tests were 
S235RJ and EN-AW-7075.

The example test results from force measure-
ments for 20 mm thick specimens and S235RJ 

Fig. 2. View of reactions occurring on the waterjet 
during the workpiece cutting; vs - waterjet velocity, 
f - direction of the waterjet feed velocity, Ff - feed 
force, Fh - indentation force, Fb - side force [11]

Fig. 3. View of measuring station
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and EN-AW-7075 materials are shown below – 
Table 1 and 2.

The eff ect of the abrasive waterjet cutting 
head feed rate on the measured average forces is 
shown in Figures 4 and 5.

While analyzing the preliminary test results, 
it was noticed that the change in the value of the 
reaction force Fh tends to increase for ever higher 
values of the feed rate. This force, similarly to 
the feed force Ff, is characterised by signifi cantly 
higher values in relation to the lateral force Fb. 
Its increase was observed with an increase in the 
feed rate, which is due to the increasing resistance
during the penetration into the workpiece. The 

values of the regression coeffi  cient for the force 
Fb oscillate around the value of zero, which obvi-
ously means that this force does not depend on 
the value of the feed.

In a further stage of the study, measurements 
were made of the angle of defl ection of the cut 
surface traces, for which the values of the cut-
ting forces were measured. It was observed that 
there is a strong correlation between the values of 
forces and the angle of defl ection of the machin-
ing marks. Figure 6 shows an example view of 
the topography of the cut surface depending on 
the feed rate. The angle value was measured as 
the slope angle of the tangent to the cut mark at 
the exit of abrasive waterjet from the workpiece.

Considering the reactions existing in the cut-
ting area, it is possible to determine from the reac-
tion equations taking into account the feed rate and 
waterjet velocity, the formula for the angle of de-
fl ection of the machining marks for the impact of 

Table 1. Values of average reaction forces when cut-
ting 20 mm thick aluminium EN-AW-7075

Feed rate  
[mm/min]

Force Fb
[N]

Force Ff
[N]

Force Fh
[N]

98 0.03 3.99 2.35

137 0.57 3.93 2.34

217 0.46 9.06 3.31

304 0.12 10.57 9.46

Table 2. Values of average reaction forces during cut-
ting of 20 mm thick  carbon steel S235RJ

Feed rate
[mm/min] Force Fb [N] Force Ff

[N] Force Fh [N]

24 0.13 3.88 1.3

31 0.08 5.46 1.74

43 0.22 7.38 3.65

68 0.01 8.2 4.74

96 0.44 8.99 7.62

Fig. 4. Dependence of the force components on the change of the feed rate for carbon steel S235RJ

Fig. 5. Dependence of the force components on the 
change of the feed rate for aluminium EN-AW-7075
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Fig. 6. Topography of the surface after cutting depending on the angle of inclination of the machining marks

Fig. 7. Model of the angle of defl ection of machining marks

Fig. 8. Comparison of the measured values of the inclination angle of the ma-
chining marks with the values calculated from the angle model
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the feed force and axial force, respectively (Fig. 7). 
The method of identifying the jet defl ection angle 
model is presented in the article by Wala et al. [12].

It was observed that the highest convergence 
of results occurs between the value of the striation 
angle and the measured feed force. Figure 8 shows 
a comparison of the striation angle measurements 
with the results obtained from the striation angle 
model for the selected material EN-AW-7075.

The determined model of the waterjet defl ec-
tion angle (transition traces) based on the feed 
force has its justifi cation in the fact that the force 

measured in the feed direction during the process 
has much higher values than the other forces. An 
example of the course obtained during the testing 
of force eff ects on the cutter head tip is shown in 
Figure 9 with statistic.

It should be noted that the disadvantage of 
this approach is that a specially designed work-
piece clamping device must be used to measure 
the forces during the cutting process. Therefore, 
a further study presents the concept of measuring 
surface quality using vibration sensors mounted 
on the cutter head.

Fig. 9. Dependence of sensor indications as a function of force acting on the focusing tube 
tip in the direction of Fb, Ff, Fh. and their statistics. Parameters: S235RJ material, abra-
sive fl ow feed: ma = 340 g / min, pressure: p = 330 MPa, feed speed: f = 90mm / min

Fig. 10. Schematic of the measurement circuit
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ASSESSMENT OF SURFACE ROUGHNESS 
USING VIBRATION SENSORS

As part of the research on the evaluation of the 
surface quality, head vibrations were measured us-
ing a triaxial piezoelectric accelerator manufactured 
by Brüel & Kjær, type 4326-A, which enabled the 
measurement of interactions in three mutually per-
pendicular directions. A schematic diagram of the 
measurement path is presented in Figure 10.

The test also followed the methodology of a 
previous study, in which specimens were mount-
ed on a beam that allowed force actions to be 
measured from the side of the workpiece. Three
piezoelectric sensors were mounted on the beam, 

each measuring vibration in a diff erent direction. 
The concept of measuring vibration also from the 
workpiece side was to see how the cutting param-
eters aff ected vibration at the workpiece clamp-
ing point. Samples made of S235RJ carbon steel 
and EN AW-7075 aluminium alloy with diff erent 
thicknesses were used in the experimental study.

As in previous studies, the values that were 
changed during the process were the feed rate. On 
the other hand, the values of pump pressure, abra-
sive fl ow rate were constant at 330 MPa and 340 
g/min, respectively.

To demonstrate the direct relationship be-
tween vibration and surface roughness, surface
roughness height measurements were performed 

Fig. 11. Measurement of roughness height profi le Rz

Fig. 12. Summary of Rz roughness with amplitude of displacement of cutter head, material 
sample: carbon steel S235RJ, thickness 20 mm, feed rate f = 96 mm/min [13]
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for each machined surface. Roughness height 
profi le Rz measurements were carried out in three 
diff erent cross sections away from the top edge of 
the cutting surface – Figure 11. 

Roughness height measurements were per-
formed for a measuring length of 12.5 mm. For 
these measurement lengths, runs of amplitude of 
displacement of the cutting head were matched 
for selected feed speeds. 

Analysis of the graph of the roughness profi le 
along with the head displacement showed that the 
highest points of the determined profi le are re-
lated to the registered increased amplitude of the 
cutting head displacement. This shows that there 
is a close relationship between head displacement 
and the roughness of the workpiece cutting sur-
face. The greatest convergence of the results of 
head displacement with the roughness profi le was 
observed in the upper part of the cutting zone. 
The results of the juxtaposition of the height of 
roughness with the amplitude of cutting head dis-
placement are presented below (Fig. 12).

THE ADDITIONAL CONCLUSIONS 
FROM VIBRATION MEASUREMENTS

In the course of the research, it was noted that 
the analysis of vibrations in the frequency domain 
may allow the control of additional process param-
eters such as pump pressure, abrasive fl ow rate.

The results obtained from the study of vibra-
tions in the abrasive waterjet cutting process were 
analysed at diff erent viewing angles. The analysis 
of vibration signals in the frequency domain was 
important for identifying the causes of vibrations 
in specifi c areas of the spectrum.

Example spectra of selected vibration cours-
es of the cutting head at constant feed rate are 
presented below (Figs. 13 and 14). The colour of 
the spectrum indicates the direction of vibration 
measurement, where b denotes the measurement 
of vibrations in the direction perpendicular to the 
cutting surface (cutting head feed direction), h 
denotes the measurement of vibrations in the di-
rection of the cutting stream axis perpendicular 

Fig. 13. Amplitude values of accelerations in frequency domain for cutting head determined during 
the conditions measurement: feed rate f = 137 mm/min, material: EN AW-7075 thickness 20 mm

Fig. 14. Amplitude values of accelerations in frequency domain for cutting head determined during 
the conditions measurement: feed rate f = 137 mm/min, material: S235RJ thickness 20 mm
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to the workpiece surface, and f in the cutting 
head feed direction.

The realisation of the Fourier transform of 
the recorded signal with a suffi  cient number of 
samples entails the assumption of stationarity of 
the signal, which is diffi  cult to achieve in the wa-
ter abrasive cutting process. Therefore, within the 
framework of vibration identifi cation, an analysis 
dedicated to time-varying signals, i.e. the Gabor 
transform, has also been applied. It is more ben-
efi cial for non-stationary signals obtained from 
vibration measurements occurring during the cut-
ting process. This made it possible to determine for 
which frequencies the increased vibration ampli-
tudes occurred and how they changed during the 
cutting of the samples. Figure 15 shows an exam-
ple of an acceleration amplitude spectogram with 
the applied colour palette assigned to units of m/
s2 in the direction of the cutter head axis and in 
the direction of the performed cut. The maximum 
vibration amplitudes are illustrated by the red area 
on the spectrogram.

It can be seen that the increased vibration am-
plitudes of the cutting head, always occur for fi ve 
frequencies it is approx: 174Hz, 376Hz, 630Hz, 
1150Hz and 3430Hz. Analysing the vibration fre-
quencies, it was found that the genesis of these vi-
brations is mainly related to the natural frequency 
of the specimens and their mounting. The am-
plitudes in the vibration frequency range 3410-
3450Hz increase with increasing abrasive fl ux 
intensity. Vibrations in the vibration frequency 
range around 200 Hz correspond to the operating 
frequency of the high pressure pump.

MONITORING THE CUTTING PROCESS 
USING A STRAIN SENSOR

Often, industrial strain sensors attached to a low-
rigidity cutter head shank structure are used to detect 
cutting head collisions during the cutting process. 
The same sensor can be widely used to monitor de-
formation during the actual cutter head loads arising 
from the cutting process. The research developed the 
concept of using such a sensor to monitor the reaction 
forces arising during the cutting process. The sensor 
used was an ICP strain sensor from PCB - model 
M240 with a sensitivity of 50 mV/µ. (Fig. 16).

The tests consisted in recording the forces 
acting on the tip of the focusing tube in correla-
tion with the readings of the strain sensor, which 
was fi xed in the head support structure. Exam-
ples of strain values measured during the cutting 
process are shown in Figure 17.

The process monitoring concept presented 
above is an attempt to use a specifi c sensor, such as 
a piezoelectric strain sensor, to evaluate loads and 
deformations of the cutter head and thus monitor the 
behaviour of the cutting head during the cutting pro-
cess under industrial conditions. The values of the 
measured forces contain important diagnostic infor-
mation from the point of view of the defl ection of 
the cutting head during cutting as described above.

CONCLUSIONS

The above-mentioned tests are a synthesis of the 
research carried out earlier in terms of the possibility 

a) b)

Fig. 15. Examples of an acceleration amplitude spectrogram for the feed rate 137 mm/min, 
material S235RJ: a) Gabor transformation determined in the direction of the force Fh, 
b) Gabor transformation determined in the direction of the force Ff for the feed rate
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of monitoring the cutting process in order to obtain 
the correct cutting surface using the abrasive water-
jet machining method. The essence of these tests is 
to determine such features of the recorded signals 
that on their basis it is possible to correct the cutting 
conditions in the actual machining mode in order to 
obtain the correct surface quality.

Measurement of the component forces during 
the cutting process allows control of the angle of de-
fl ection of the abrasive waterjet cutting, which leads 
to the possibility of controlling the surface roughness 
of the cut during the process. Research proves that an 
important force in the cutting zone is the feed force, 
which enables control of the surface topography. 

The concept of investigating cutting inter-
actions based on the use of vibration sensors 
makes it possible to monitor the operation of 
the hydraulic system, mainly the operation of 
the pressure pump, based on the values of the 
pump vibration frequency measured by sensors 
mounted on the cutting head. 

Analysis of vibrations in the amplitude do-
main showed that the method allows control of 
the abrasive fl ow by recording maximum ampli-
tudes during the process. 

During vibration analysis, some correspondence 
was observed between the cutting head displace-
ment results and the roughness profi le measured at 

Fig. 16. The way of mounting the deformation of cutter head 
sensor in the supporting structure of the AWJ machine [14]

Fig. 17. The strain values measured during the abrasive waterjet cutting 
process; the feed rate 137 mm/min, material S235RJ [14]
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the top of the cutting zone, which may also allow 
control of the maximum roughness height value. 

Studies using strain sensors have shown that 
this is another alternative for measuring the forc-
es in the cutting zone to monitor the deflection of 
the waterjet during the cutting process.
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