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Abstract
The paper deals with a study of relations between the measured Ra, Rq, Rz surface roughness parameters, the
traverse speed of cutting head v and the vibration parameters, PtP, RMS, vRa , generated during abrasive water
jet cutting of the AISI 309 stainless steel. Equations for prediction of the surface roughness parameters were
derived according to the vibration parameter and the traverse speed of cutting head. Accuracy of the equations is
described according to the Euclidean distances. The results are suitable for an on-line control model simulating
abrasive water jet cutting and machining using an accompanying physical phenomenon for the process control
which eliminates intervention of the operator.
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1. Introduction
At present, the progress of development of new structural materials moves at a rapid pace.
Development of new materials requires constant attention of technologists regarding
possibilities of their machining [1]. The technologists are forced to permanently focus on
development and innovation of unconventional technologies capable of machining these new
materials [2–5]. None of the well-known structural materials presents a more significant issue
for Abrasive Water Jet cutting – AWJ. In spite of continuous attention of the researchers
dealing with the technology, no functional model exists for on-line monitoring of the instant
state of AWJ cutting process [6]. To create such a model, it is inevitable to understand
processes occurring during the cutting. The process must be monitored [7] through indirect
quantities. In the course of material cutting, producing outputs not for direct use can be
observed. These secondary products include vibrations, [6–10] acoustic emission [7, 9, 11],
thermal emission [12], etc. All of these quantities are carriers of information about the
technological process. They carry encoded information on cutting conditions and
characteristics of the cut material surface [13].
2. State of the Art
Cutting with AWJ [14–17] and with a pulsating jet [2, 4–6] which is recognized as
unconventional means of material cutting was commercially developed in the 80s. The AWJ
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issue is significant and is still a subject of concentrated research. In the final years of the
previous century, the basic research was oriented towards description of removal mechanisms
[16–18]. The AWJ technology is used in technological processes of drilling, lathe-turning and
threading, as well as in the process of improving and development of new, widely-used
applications, e.g. cryogenic cutting, 3D cutting, drilling, cutting without abrasive, and
pulsating jet cutting. A great deal of research has been devoted to achieve better
comprehension of physics of removal [16, 19]. The majority of developed models describe
interaction between the AWJ and material [20]. This area of research is concentrated chiefly
on understanding the removal mechanism, as well as an influence of the technological factors
upon the surface topography, with the aim of their optimization; the pressure, traverse speed,
abrasive mass flow rate, and flow being the most frequently evaluated causes [20, 22]. Fig. 1
shows the influence of individual technological factors upon one of the surface parameters. It
refers to a significant influence of the traverse speed of cutting head with a rapid increase of
its cutting depth. Fig. 1 illustrates the values of effects of the individual factors upon the final
parameters for nineteen investigated depth lines.

Fig. 1. The effect of factors on the surface profile parameter Ra [µm] (average value) in dependence on the depth
of cut h [mm].

The graph (Fig. 1) is a result of the full factorial analysis with the range of factor setting as
follows: v = 50–150 mm/min, ma = 250–400 g/min, df = 0.8–1.4 mm and α = 0°–90. Along
with the increased depth, an effect of the factor upon the traverse speed of cutting head also
grows significantly (blue curve). A negative effect was observed for the factor of abrasive
mass flow rate ma. Increasing this factor results in decreasing the value of the investigated
surface parameter. A sharp increase of the effect of individual factors with increasing the
depth h [mm] is caused by losing the tool’s kinetic energy and by consequent deformation in
the cutting process (Fig. 1).
During AWJ cutting, mechanical vibrations are generated by local deformation in the
stressed material. Due to the fact that the material is under erosive influence of AWJ, using
the vibration analysis in the case of its application and monitoring material cutting by AWJ
appears to be ideal. In the past, some authors published studies presenting applications of
vibrations, or acoustic emission, for the purpose of on-line control and monitoring of an
instant state of formed cut and its morphology [9, 23]. More authors dealt with the issue in the
past. In 1992 Kovacevic [23] concentrated on indirect depth monitoring of penetration into a
wooden material. Normal forces acting on a workpiece and generated by AWJ were used as
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indirect indicators. Wilcox et al. [7] dealt with the issue of cutting tool wear in the case of
frontal milling. During monitoring, a combination of acoustic emission and cutting force was
applied. Momber et al. [24] employed acoustic emission for on-line monitoring of the AWJ
cutting of materials damaged by fracture. For the quantitative measurement of dispersed
energy, the RMS value was used. Ravishankar [25] employed the RMS value of acoustic
emission in the case of drilling composite laminates. Tönshoff et al. [11] used acoustic
emission for monitoring processes of lathe-turning and grinding. Later, Asraf et al. [26]
designed a model for on-line monitoring of the depth of cutting in the AWJ process through
acoustic emission. The same model observed that the RMS value increased linearly with
increasing the depth of cutting. Monno et al. [8] applied the analysis of vibrations in the case
of AWJ cutting with using an oscillation technique in order to remove kerfs on the cutting
edge. The relation between generated high-pressure jet and acoustic waving was studied by
Foldyna et al. [2].
3. Experimental setup
Technological conditions of the experiment are shown in Table 1. The following factors
were taken for evaluation: traverse speed v, abrasive mass flow rate ma, and focusing tube
diameter df. During cutting of experimental samples the cut material vibrations were
monitored. The sensors were fixed, as shown in Fig. 2. Collecting data was performed by an
NI PXI–1031 system; NI PXI–6109 was used for simultaneous collecting data from eight
channels with the sampling frequency of 30 kHz. A total of 16 square-shape samples were
produced. The sets A and B of samples were produced by an unworn focusing tube, whereas
the C and D sets were produced by a worn focusing tube. In the case of A and C sets the
abrasive mass flow rate of ma = 400 g/min was used, and in the case of B and D sets it was
equal to ma = 250 g/min.
The monitored signals were analysed by a virtual tool created in the object programming
environment of LabVIEW.
Table 1. The technological conditions of experiments.

Material

Factors
Type of intensifier [FLOW 9xD55]
Power of intensifier [HP]
Pressure in hydraulic circuit [MPa]
Intensification ratio
Maximal pressure [MPa]
Water mass flow
Cutting head type
Pressure p [MPa]
Traverse speed v [mm/min]
Abrasive mass flow rate ma [g/min]
Water orifice diameter do [mm]
Focusing tube diameter df [mm]
Standoff distance z [mm]
Angle of attack ϕ [°]
Type of abrasive/MESH

Technological conditions
Double acting (PTV-37-60 PUMP)
60
20
20:1
415 MPa
3.68 l/min
Diamond cutting head PTVTM
350
150
250, 400
0.4
1.2
3
90
Barton Garnet/80
(C 0.20%, Mn 2%, Si 1%, Cr 22 – 24%, Ni 12 – 15%,
Chemical composition
P 0,045%, S 0.03%)
AISI 309
(Hardness – Brinell) 95, µ = 0.27–0.3, E = 200 GPa,
b = 15 mm Mechanical properties
σ
t = 515 MPa, σK = 205 MPa, Ductility A = 40%,
at room temperature
Contraction Z = 50%)
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Fig. 2. The experimental design.

Fig. 3. The experimental methodology and on-line measurement during abrasive water jet cutting
of samples (Fig. 2).

The topography of experimental samples was measured by a non-contact optical
profilometer MicroProf FRT manufactured by Fries Research & Technology GmbH,
Germany. The measured data were also processed by a virtual tool created in the object
programming environment of LabVIEW. The topography parameters Ra, Rq and Rz were
measured in three zones on a part of the sample. The arrangement of investigated zones is
shown in Fig. 4.
The first and the last zones are 5 mm from the sample edges . The arrangement provided
the measurement point before a shape change caused by changing the traverse direction of
cutting head. The middle zone is 15 mm from the beginning of the investigated zone. The
zone width corresponds − according to the standard − with the specified measuring length
value of 2.5 mm. The parameters were measured in nineteen lines with equidistance of 0.75
mm. The first measured line is also in the distance of 0.75 mm from the upper edge of
the sample.
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4. Results and discussion
To describe a relation between the technological factor, parameters of material vibrations
and final parameters of surface topography, a polynomial multi-parametric regression was
performed. In the case of deriving the equation it is assumed that the final surface roughness
parameter is a function of the traverse speed v and the material vibrations. These individual
functional dependences are represented by the functions (1) and (2).
f( x ) = a0 + a1 x1 + a2 x 2 + a3 x 3 L an −1 x n−1 + an x n ,
1

2

3

f( y ) = a0 + a1 y + a2 y + a3 y L an −1 y

n −1

(1)

n

+ an y .

(2)

As the function of one dependent and two independent variables has a form (3), it is
necessary to make a substitution to calculate a combination of terms from x1 up to x15.
f ( x ; y ) = a00 + a10 x1 + a20 x 2 + a30 x 3 + a01 y + a02 y + a03 y + a11 xy + a12 xy 2 + a13 xy 3 + a21 x 2 y +
+ a22 x 2 y 2 + a23 x 2 y 3 + a31 x 3 y + a32 x 3 y 2 + a33 x 3 y 3 .

(3)

Substitution:
x1 = x 1 m 1 = a 10

x 6 = y 3 m 6 = a 03

x11 = x 2 y 2 m11 = a 22

x 2 = x 2 m 2 = a 20

x 7 = xy m 7 = a 11

x12 = x 2 y 3 m 12 = a 23

x 3 = x 3 m 3 = a 30

x 8 = xy 2 m 8 = a 12

x13 = x 3 y m13 = a 31

x 4 = y 1 m 4 = a 01

x 9 = xy

x 5 = y 2 m 5 = a 02

x 10 = x 2 y m 10 = a 21

3

m 9 = a 13

m 0 = a 00

x14 = x 3 y 2 m 14 = a 32
x 15 = x 3 y 3 m 15 = a 33

After inserting the terms into the substituted function (4) it is possible to calculate its
coefficients through the linear polynomial regression.
f( x) = m0 + m1x1 + m2 x2 + m3 x3 + m4 x4 + m5 x5 + m6 x6 + m7 x7 + m8 x8 + m9 x9 + m10 x10 + m11x11 + m12 x12 +
+m13 x13 + m14 x14 + m15 x15.

(4)

When the substituents were replaced by the original terms, the final function was expressed
by the (4). The traverse speed of cutting head v was determined as the technological factor.
That factor proved to influence the values of vibration parameters the most. The graphs in Fig.
4 refer to a significant influence of the traverse speed of cutting head upon the surface texture
of the generated surface.

Fig. 4. The measured areas of sample surface texture on created with setting the AWJ factors: v = 150 mm/min,

ma = 400 g/min, df = 0.8 mm.
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Besides an impact upon the individual parameters, the traverse speed v of cutting head is
an easily adjustable factor in the process of AWJ. The average values of the measurements in
the depth line of 7.2 mm from the upper part of the sample were applied as the parameter
values of surface topography in the case of regression. These values were assessed as
dependent variables. The polynomial regression developed further to the third stage. As it is
the case of a multi-parametric regression, the substitution of input parameters was performed,
which allowed linearization. Consequently, the regression coefficients were calculated by
means of the method of the smallest squares. These coefficients were inserted into the final
regression equation. The regression coefficients of final equations are presented in Table 2.
As the regression is non-linear, closeness of correspondence of the derived equations was
assessed through Euclidean distances which show the deviation of the calculated values from
the measured ones.
Table 2. The coefficients for correlation (5), (6) and (7).

Coefficients for (5)

Coefficients for (6)

a00

−1523.7773

−343.8886

Coefficients for (7)
770729.6532

a10

−141.4949

−5.509

−18786.4002

a 20

2.6977

0.8554

150.7975

a30

−0.0117

−0.005

−0.3985

a 01

19229.0397

33168.4348

−749957.2303

a02

−51640.7423

−71166.9842

227210.0571

a03

0

0

−20215.2502

a11
a 21

2107.0835

198.1441

−16684.6492

−38.6258
0.161

−9.7115
0.0496

−119.5139
0.2783

a12
a22

−11521.8151

−2497.2044

−4242.8944

198.8332

52.993

22.5789

a32

−0.8047

−0.2275

−0.0295

a13

21326.1801

6128.7506

−229.7317

a 23

−348.3285

−97.0831

0.4665

a33

1.3793

0.3787

−0.0073

a 31

4.1. Deriving equation for Ra parameter
The traverse speed of the cutting head and the average of absolute values of acceleration
amplitudes were selected as independent factors for the polynomial multi-parametric
regression of Ra parameter. The parameter of vibration signal was selected for similarity of its
calculation with the mechanism of Ra calculation. The dependence of Ra parameter on
variable quantities is described by the (5). The regression coefficients ranging from a00 to a33
are presented in Table 2.
Validity of the regression equation is limited by the range of input data. The final equation
is a function of area (Fig. 5). According to descending area, in the case of increasing the
average of absolute values of amplitudes, a positive influence of material vibrations upon the
surface topography is possible to be deduced. The traverse speed of cutting head has an
opposite effect, for the value of Ra parameter increases with an increase of the factor value.
2
3
Ra = a00 + a10 v + a20 v 2 + a30 v 3 + a01v Ra + a02 v Ra
+ a03 v Ra
+ a11vv Ra + a 21v 2 v Ra +
2
2
2
3
3
3
+ a31v 3 vRa + a12 vv Ra
+ a 22 v 2 v Ra
+ a32 v 3 v Ra
+ a13 vv Ra
+ a 23 v 2 v Ra
+ a33 v 3 v Ra
.

(5)
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Accuracy of the regression equation is described by the graph shown in Fig. 6. It presents
the difference between the predicted values and the values obtained by the measurement of
surface roughness parameters. The variety of values referring to inaccuracy is obvious. As per
the Euclidean distances, the deviation of the calculated and measured values is of 2.9 µm.

Fig. 5. Dependence of the surface roughness parameter Ra on the average of absolute values of material
vibrations vRa and the traverse speed of cutting head v appertaining to the relation (5).

Fig. 6. The predicted and observed values of surface roughness parameters Ra according to (5).

4.2. Deriving equation for Rq parameter
Dependence on prediction of the middle quadratic deviation of the Rq profile was
generated by regression of two variables. Similarly to the previous case, the technological
factor was the traverse speed of cutting head. The so-called effective value of RMS vibrations
was used as the material vibration parameter. The procedure of the value calculation is
identical with that of the Rq value calculation. The coefficients ranging from a00 to a33 are
also presented in Table 2. The area determined by the function is shown in the graph (Fig. 7).
Contrary to the area describing dependence on the Ra parameter, its development is less
smooth. The increased values of Rq at a higher speed are more visible. A positive influence of
the roughness factor is obvious as well. The calculated and measured values of the Rq
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parameter in the graph (Fig. 8) refer to accuracy of the regression equation, which is higher in
comparison with (5). The deviation of the calculated values from the ones measured for (6) is,
according to Euclidean distances, of 1.4 µm.

Rq = a00 + a10 v + a20 v 2 + a30 v 3 + a01 RMS + a02 RMS 2 + a03 RMS 3 + a11vRMS + a 21v 2 RMS +
+ a31v 3 RMS + a12 vRMS 2 + a22 v 2 RMS 2 + a32 v 3 RMS 2 + a13vRMS 3 + a23v 2 RMS 3 +
+ a33v 3 RMS 3 .

(6)

Fig. 7. Dependence of the surface roughness parameter Rq on the average of absolute values of material
vibrations RMS and the traverse speed of cutting head v appertaining to (5).

Fig. 8. The predicted and observed values of surface roughness parameters Rq according to (5).

4.3. Deriving equation for Rz parameter
The last studied equation is dependence of the height of profile roughness Rz on the
variable factors. The traverse speed of the cutting head v and the parameter of vibration signal
Peak-to-Peak PtP were used as independent variables. The final equation is given by the (7).
The regression coefficients ranging from a00 to a33, are, as well as in the previous cases,
shown in Table 2.
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Rz = a00 + a10 v + a20 v 2 + a30 v 3 + a01 PtP + a02 PtP 2 + a03 PtP 3 + a11vPtP + a21v 2 PtP + a31v 3 PtP
+ a12 vPtP 2 + a22 v 2 PtP 2 + a32 v 3 PtP 2 + a13vPtP 3 + a23v 2 PtP 3 + a33 v 3 PtP 3 .

(7)

Fig. 9. Dependence of the surface roughness parameter Rz on the average of absolute values of material
vibrations Peak-to-Peak and the traverse speed of cutting head v appertaining to (5).

Fig. 10. The predicted and observed values of surface roughness parameters Rz according to (7).

The values calculated by the (7) are shown graphically in the area in Fig. 9. In the area, the
waviness is demonstrated most distinctively. Similarly to the previous cases, a positive
influence of vibrations upon the generated surface quality, and a negative effect of the
traverse speed, are possible to be deduced. The highest values of surface roughness
parameters can be observed at the maximum traverse speed from the range and at the lowest
observed values of vibration parameters. Accuracy of (7) is graphically described in Fig. 10.
In this case, the correlation is highly accurate. According to the Euclidean distances, the
deviation of the calculated values from the measured ones is of 1.2E−8 µm.
5. Potential applications and future direction of research
Pursuant to the influences of the investigated technological factors, and by means of the
prediction, (6) and (7), it is possible to predict the level of vibration parameters of cut
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material. These equations are applicable within the investigated range of factors for materials
with E = 200 GPa and the thickness of up to 15 mm, as it is in the case of stainless steel AISI
309. Through regression between the traverse speed v [mm/min] of cutting head and the
parameters of vibrations, RMS, vRa, the equations for prediction of the surface roughness
parameter Ra, Rq and Rz values were detected.

Fig. 11. The connection between the parameters of generated surface and the parameters of cut material
vibrations.

By means of these polynomial dependences, the final value of the roughness parameter Ra
of the generated surface is possible to be estimated with a defined defect. Following the
description of previous studies and recently published studies by the authors dealing with the
issue of AWJ cutting, it is clear that their attention is paid chiefly to prediction of the cutting
depth without an option of the surface quality control. The presented equations for surface
roughness parameters did not include the quantities describing the process in real time. Thus,
they are unsuitable for a proposal of an on-line control that takes into consideration the quality
of generated surface. At the same time, an influence of technological factors of AWJ upon
parameters of secondary emission (vibrations) was not thoroughly studied. For consequent
prediction of calculations and for the needs of an on-line control of AWJ technology, it is
necessary to verify the implicitly recorded hypothesis and factors expressed in the implicit
(8). The connection between the parameters of generated surface and the parameters of
material vibrations is shown in Fig. 11.

Ra, Rq, Rz = f ( vRa , RMS , PtP, v, d f , ma , E, p, b, α ) .

(8)

Through prediction of surface quality by means of vibrations, it is possible to solve
practical problems which most of engineers face in the technological process of AWJ cutting;
solving them would be beneficial for maximization of the production performance and for
setting the values of process parameters that would bring the required product quality. Using
vibrations to determine the cutting performance will significantly help an operator in the
decision making department. The technology control is based mainly upon the experience of
the operator which represents a rather important cost for a company. Due to the
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aforementioned, it is inevitable to utilize secondary emission in the on-line process as a new
method and strategy with the aim of predicting the cutting process and of regulating the
surface roughness in real time.
6. Conclusion
The AWJ technology is currently the sole alternative for cutting some specific materials. In
spite of its advantages, it has some drawbacks as well, as any other technology. Development
of a new equipment and innovations to eliminate these drawbacks has invariably been an
object of interest of researchers all around the world. This study contributes to clarification of
queries related to connections between input technological factors, final parameters of surface
roughness Ra, Rq, Rz and a secondary product of the process, the material vibrations. The
biggest influence on the cut surface topography along the entire cross-section was observed in
the case of the factor of the traverse speed of cutting head. Therefore, it was applied in the
polynomial multi-parametric regression of two independent and one dependent variables.
Surface roughness parameters were selected as independent variables which were assessed as
a function of technological factor and as vibration parameters. The parameter of mean of
absolute values of amplitudes was used for the Ra parameter. In the case of the Rq parameter,
the RMS parameter was applied, whereas for the Rz parameter the Peak to Peak parameter was
selected. Deviation of the calculated values from the measured ones according to final
equations was assessed by the Euclidean distances. The deviation values were rather low and
in the case of calculation of Rz parameter, the deviation was negligible. To solve this issue, it
is inevitable to extend the scope of validity of regression equations in the future; it can be
achieved through additional experiments, including several suggestible technological factors
with a suitable range of set values. At the same time it is required to employ more types of
materials with diverse mechanical properties into the experiments. Further on, it is appropriate
to map out a complete technology by the analysis of vibration, and to assign to the individual
equipment their appertaining frequencies and, subsequently, to identify transfer of these
vibrations to the cut material. Successively, it will be necessary to synthetize the knowledge
into a proposal of the feedback control, according to the continuous measurement of vibration
parameters. The control circuit will provide regulation of the traverse speed of cutting head,
as well as regulation of the roughness parameters that will be in the functional equation
towards vibrations Frq = f(Ra).
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