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Abstract. The paper introduces the study on the cutting of the industrial composite 

phenolic resin, based on the thermoset materials reinforced with cotton cloth by the 

Abrasive Water Suspension Jet (AWSJ). The size reduction of abrasive grains during the 

formation of the jet and the erosion phenomenon are shown. The results of the machining 

process's critical factors as nozzle length, nozzle diameter, and abrasive mass flow rate on 

the maximal cutting depth, are indicated. To build a model of the process, the method of the 

response surface (RSM) was applied. The second-degree multinomial equation is selected 

for creating the cutting model. The research indicates the optimal control factors of the 

process, to achieve the best cutting depth performance. 
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1. INTRODUCTION 

Polymer-based composites assure superior mechanical, physical, and thermal properties; 

over the last few years they have come to be considered a better option than conventional 

materials [1]. The traditional treatment of composites induces high temperatures. Moreover, 

cutting forces generate different types of damages, i.e., tool wear, fiber extraction, 

delamination, and surface failure because of non-homogeneous and anisotropic properties of 

these materials [2]. Machining of composite materials with the use of water jet is a desirable 

alternative in relation to the traditional machining technologies [3]. 
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A common defective phenomenon in abrasive water jet (AWJ) cutting of layered 

composites materials can be delamination. It is, therefore, essential to predict the depth of 

penetration to eliminate delamination. Wang et al. [4] have introduced such a model in the semi-

empirical way for predicting the depth of jet cutting in the abrasive water injection jet (AWIJ) 

cutting of polymer matrix composites. The model feasibility was then assessed by analyzing the 

predicted tendencies of performance measures and by comparison with the test effects. Authors 

have shown that the model allows proper predictions and can be used for cutting processes 

planning. 

For the creation of machining models the design of experiment (DoE) method can be used, 

that is, the one which allows us to minimize the needed numbers of tests and to cut the related 

process time. The tests can be led with a full factorial design. RSM is a fusion of statistical and 

mathematical modeling methods. It can be utilized in multi-criteria optimization [5]. In addition, 

it also ensures a join amid process control parameters and the perceived responses. The 

multinomial equation for making the regression value [6] follows: 

y = 𝛽0 + ∑ 𝛽𝑖
𝑘
𝑖=1 𝑥𝑖 + ∑ 𝛽𝑖𝑖

𝑘
𝑖=1 𝑥𝑖

2 ±    (1) 

where: y is dependent variable (response), xi is values of the i-th control parameter, k is 

number of control parameters, β0, βi, βii are the coefficients of regressions and ε is the error. 
The theory of DoE allows us to simplify the method of determining process parameters, 

such as in the case of using it to evaluate quality of cuts after cutting aluminum alloy by 

AWIJ [7], for optimization of abrasive water cutting process using the TOPSIS method 

[8],or even multi response optimization of process parameters based on the Taguchi-Fuzzy 

model for coal cutting by water jet technology [9] and multi response optimization on the 

AWIJ machining of Stainless Steel by the VIKOR approach coupled with S/N ratio 

methodology [10]. Due to different importance of the conflicting criterions, the multi-

criteria methods are extremely useful in the selection process of the proper machining type 

[11]. 

Design of experiments is an interdisciplinary field of science bordering on metrology, 

mathematics, statistics, and computer science. The use of this method has been used in 

modeling both conventional machining processes such as turning [12], grinding[13]or 

advanced manufacturing processes such as analysis on numerical modeling and flow 

monitoring of micro continuous water jet [14], but also in chemical processes optimization 

with VIKOR method [15], optimization of catalytic systems [16], and even in the studies of 

credit decision based on real set of cash loans by machine learning algorithms [17]. The use 

of DoE gives a lot of important information at relatively low cost and time.  

DoE enables, among others: selection of input variables significantly influencing the 

controlled process, building a mathematical model of the process, i.e. mathematical 

relationships between the number of input and output devices, determination of input 

values serving the most desired process effect (optimization process) and determination of 

the impact of variability of input values on variability of the entire process. 

Cutting composite materials with methods characterized by low temperature in the cutting 

zone has recently been the subject of research in various research centers. Dhanawade et al. [18] 

noticed that a carbon composite, treated by high jet pressure and low traverse speed, characterize 

a low roughness of the cut surface. Vigneshwaran et al. [19] tested the impact of slot taper and 

cutting efficiency on sisal polyester composite. Traverse speed was accepted to be the most 

significant parameter affecting the cutting efficiency, while stand-off distance was approved to 
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be the most meaningful coefficient affecting slot taper. Azmi et al. [20] tested the slot taper and 

delamination on hybrid carbon/glass composite. Lower traverse speed and stand-off distance 

were accepted to be proper for optimal slot taper. 

The preliminary research of piercing the CFRP with abrasive water injection jet 

(AWIJ), which can reduce delamination published Popan et al. [21]. The research folds of 

adding the abrasive particles to the water jet at the very start of jet generation, thus 

obtaining a mix of abrasive and water jet at first impact with the composite work piece. In 

the presented research authors must have designed special device and set up based on the 

proposed piercing method and it is impossible to use for standard cutting head used in the 

common AWJ cutting system. 

Possibility of the Titanium (Ti6Al4V) and CFRP multilayer composite machining was 

tested by the AWIJ machining process presented by Pahuja et al. [22]. The erosion properties, 

slot width and surface roughness were studied as a function of control parameters. Authors 

observed that the surface roughness and slot width variability was strong at poor jet power 

level. Mathematical regression models were made to predict slot width. An energy grounded 

semi-analytical model was proposed to predict the slot properties. 

Putz et al. [23] have compared the AWIJ principle and the AWSJ principle and shown that 

abrasive water jet cutting is an appropriate alternative to commonly used diamond grinding or 

laser cutting processes. Also, they have tested the machining quality of technical ceramics. 

The investigation effects illustrate that the AWSJ technology characterizes higher accuracy 

than the AWIJ technology in range of slot geometry and roughness properties. Additionally, 

the AWSJ technology provides achievement a higher cutting efficiency. 

Ramesha et al. [24] presented the comparison of the different control parameters results 

on slot width and surface roughness while using the AWSJ method for machining GFRP 

composite in submerged condition. The test outcomes have validated that the surface 

roughness and slot width decreased in under water machining in relation to free air condition 

machining. Authors shown that the treatment by AWSJ used with an optimized set of 

parameters make better efficiency as compared to machining by abrasive water injection jet 

(AWIJ). 

Perec and Radomska-Zalas [25] introduced the impact of important machining 

parameters by Abrasive Water Suspension Jet (AWSJ): abrasive flow rate, AWSJ nozzle 

ID, and length on cutting depth of an aluminum marine grade material. The test determined 

the best dimensions of the AWSJ nozzle and abrasive flow to reach the biggest cutting 

depth were gained. Perec et al. also published research on the optimization of metamorphic 

rock - marble cutting by AWSJ [26].The disintegration of abrasive grains phenomenon 

over the erosion process was shown. To model the erosion process, the method of the 

response surface (RSM) was exerted and the polynomial equation of the second degree was 

chosen for developing the regression model. Studies have exposed the optimal set of 

parameters for achieving the maximal depth of the cut. 

Abrasive material use is recognized as one of the major abrasive cutting expenses. 

Abrasive recycling can be an effective way for reducing the cost. In addition, it is also 

beneficial to environmental protection. AWSJ is more suitable for abrasive recycling than 

traditional abrasive water injection jet (AWIJ) because AWSJ does not use dry abrasives. 

Grounded on the idea of concerning for the recycling process easily and efficiently, Guo et al. 

[27] studied the abrasive recycling in the AWSJ process and found that the reused abrasives 

with only big particle impurity being sieved out still have a strong cutting ability. A simplified 

abrasive recovery scheme of the AWSJ cutting system has been proved to be feasible. With 
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30% of recharge in each cycle, the abrasive can be fully utilized, and its cutting performance 

can remain the same in every reuse cycle of continuously recycling process. 

Guo et al. [28] also presented their investigation of the effects of pressure, traverse 

speed, and radius upon the cut surface roughness of the circular arc cut by abrasive 

suspension jet (AWSJ). An orthogonal matrix with design of experiments was utilized for 

analyzing the control parameters on cutting surface roughness at various depths. 

Decreasing the traverse speed is the most effective way of lowering surface roughness. 

Multiple linear regressions were used to create the cutting surface roughness model at 

different depths, which was proved to be reliable by experiments. The conclusions can 

provide theoretical guidance for improving the AWSJ cutting efficiency. 

Based on the state of art analysis of the problem, it can be concluded that the use of 

AWSJ for processing composite materials is possible and justified due to the a cutting 

efficiency and the achievement of better surface roughness properties of the cut slot. The 

most numerous groups of composites that are the subject of research in the field of water 

abrasive cutting are carbon and glass fiber composites. However, the use of this technology 

for cutting the phenolic composite is not known in the available literature. Therefore, the 

authors have decided to conduct research on cutting the phenolic composite with AWSJ. 

Also, the authors have chosen one of the DoE methods - response surface methods (RSM) 

for the given modeling.  

Additionally, motivation for this research study was to test the feasibility and cutting 

performance of a phenolic composite that is sensitive to temperature rise in the cutting zone 

by conventional machining methods.  

2. MATERIALS AND METHODS 

2.1. Processed Material 

In this research study, phenolic composite, known under the commercial name micarta, 

was used as the cut material. Phenolic composite is a laminate plastic created when linen, 

paper, fiberglass, or other fabrics are impregnated with PF (Phenol Formaldehyde) resins. 

This is then cured under pressure and high temperature to create the thermoset plastic 

laminate. Phenolic composite was developed by George Westinghouse at least as early as 

1910 using phenolic resins invented by Leo Baekeland [29]. 

Phenolic laminate offers excellent heat, stress, and chemical resistance. It tolerates 

extreme temperatures, is moisture-resistant and provides excellent electrical insulation 

making it a popular choice in electric and semiconductor applications. It can also be 

manufactured in a wide variety of colors and does not become brittle over time. This makes it 

a popular choice for countertops and tool & knife handles in consumer applications. 

2.2. Abrasive Material 

For the AWSJ machining quartz sand was used as abrasive material. As the research 

concerns the feasibility of using the AWSJ technology to cut material sensitive to 

temperature increase during cutting only, the cheapest of the available abrasives - quartz 

sand was used. The price of this abrasive is more than ten times lower than the commonly 

used garnet, and the cost of the abrasive is more than 60% of the total processing costs. 

The harmfulness of quartz dust is especially dangerous in dry conditions. In this research 
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study, it was as much as 60 dm3·min-1, which significantly reduces or even eliminates the 

volatility of quartz dust. It can be used for parameter optimization under laboratory 

conditions with a limited amount of consumption but should not be used under significant 

business conditions with a high amount of consumption because of health endangering 

reasons by inbreathing of sand dust particles [30]. 

The quartz group consists of all SiO2 oxides. There are several different ways of 

organizing SiO2. Silicon and oxygen are the two most common elements in the Earth's crust, 

so perhaps their diverse modes of organization are not so unexpected. The basic form of SiO2 

is represented by low quartz with its color varieties: violet, rose quartz, smoke quartz (dark 

brown), and yellow. For the tests, the abrasive was used with the grain distribution shown in 

Fig. 1, with the predominant fraction of 630 µm at the level of 62%, the fraction of 800 µm 

(18%), and the fraction of 500 µm, amounting to almost 13%. 

 

Fig. 1 Quartz sand #30 grain distribution 

2.3. Experimental set-up 

There are basically two systems for generating abrasive water jets. Their main difference 

is the moment of adding the abrasive leading to specific properties of the stream.  
In the Abrasive Water Injection Jet (AWIJ) method, a stream of water that passes 

through the mixing chamber is generated and enters into the focusing tube (Fig. 2a). This 
creates a vacuum in the chamber which sucks in the dry abrasive. There, the abrasive is 
mixed and accelerated by the water jet and concentrated in the focusing tube [31]. 

The method of generating Abrasive Water Suspension Jets (AWSJ) used in the research 
consists of mixing the water and the abrasive suspension directly under high pressure before 
the AWSJ nozzle (Fig. 2b). A part of the flow is led through the bypass branch, passing 
through a high-pressure vessel that is filled with abrasive slurry. The abrasive slurry is pushed 
out of the vessel and joins the main flow in the mixing chamber where the cutting slurry is 
formed. Next, it is then transported via a flexible high-pressure hose to the cutting head, where 
it is finally accelerated inside the nozzle and directed to the workpiece [32]. 

The hydraulic diagram of the test stand is shown in Fig. 3. It consists of two high-
pressure vessels: Z1 and Z2 with abrasive cut-off valves (Za1, Za2) and four independent 
hydraulic branches. This allows the basic flow parameters to be adjusted. Each branch 
consists of valves: shut-off valve (ZO), throttle valve (ZD) and check valve (ZZ), as well 
as pressure gauge (M). The function of the element protecting against pressure increase is 
performed by the overflow valve (ZP1). The high-pressure abrasive suspension water jet 
flows out of the device through a flexible hose (W1) and is finally accelerated in a cutting 
head (G) equipped with a AWSJ nozzle (D). 
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a) b) 

Fig. 2 High-pressure jet cutting systems: a) Abrasive Water Injection Jet (AWIJ),  

b) Abrasive Water Suspension Jet (AWSJ) 

The source of high pressure is the P26 type pump (Fig. 4) made on the basis of high-

pressure ceramic plungers and a set of seals by WOMA. 

  

Fig. 3 Schematic diagram of test stand: 

ZO-shut-off valve, ZD-throttle 

valve ZZ-check valve, M - pressure 

gauge, ZP1-overflow valve 

Fig. 4 Source or high pressure - P26 pump: 

1 - high pressure pump, 2 - electric 

motor, 3 - pressure regulation 

system,  

4 - pressure gauge, 5 - controller 

It allows us to achieve a maximum pressure of 75 MPa at a water flow rate of 

60 dm3·min-1. It consists of a plunger pump driven by an 89 kW three-phase electric motor 

with a nominal speed of 1500 rpm. 
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2.3. Test Methodology 

The materials were cut by pointing the jet at the material and moving it at a constant 

speed relative to the material. The cutting sample thickness was selected so that the 

undermost effective processing parameters do not result in a through-cutting. In this way, 

potential inaccurate measurements of cutting depth were eliminated.  

Process parameters (Table 1, Fig. 5) were chosen on the basis of previous works involving 

the authors of the present study [33], and the studies of other investigators [34,35,36]. 

Table 1 Process parameters used in research 

Parameter Unit Values 

Nozzle length l [mm] 50 75 100   

Nozzle ID dn [mm] 2.00 2.25 2.50 

Abrasive flow rate (AFR)ma [g·s-1] 50 70 90 

 

Fig. 5 Example details of AWSJ nozzle  

The abrasive concentration determines the ratio of the abrasive mass to the water mass 

in the AWSJ. The mass of the abrasive is set on the feeder, while the mass of water in the 

jet arises from the flow rate for a given ID of the water nozzle at a given pressure, 

considering discharge coefficient (cd).  

The maximum cutting depth was selected as the output parameter. This is a widely used 

parameter [37, 38] that clearly defines the effectiveness of this process. Measurements of 

cutting depth were made by a digital caliper altimeter. 

3. RESULTS AND DISCUSSION 

3.1. Cutting depth 

The outcomes of studies on the impact of process control parameters (independent 

variables) on the cutting depth (dependent variable) are indicated in Table 2. 

The method of analysis of variance (ANOVA) for the 95% level of confidence ( = 0.05) 

was made (Table 3). The model coefficient is statistically significant when it reaches p value 

<0.05. This is illustrated in Fig. 6. To estimate multicollinearity, the variance inflation factor 

(VIF) was calculated. It quantifies the intensity of multicollinearity. VIF reveals how much 

the variance of the evaluated regression factor is inflated as caused by multicollinearity in the 

model. When VIF is 1.0, multicollinearity does not occur. For all tested factors, no 

multicollinearity was observed because VIF =1.000. 
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Table 2 Values of parameters used in experiments and results of cutting depth 

Test No Nozzle length l 

[mm] 

Nozzle ID ·dn 

[mm] 

AFR ·ma 

[g·s-1] 

Depth h 

[mm] 

1 50 2.00 50 24.76 

2 50 2.00 70 29.33 

3 50 2.00 90 25.30 

4 50 2.25 50 25.23 

5 50 2.25 70 29.44 

6 50 2.25 90 26.14 

7 50 2.50 50 25.49 

8 50 2.50 70 28.03 

9 50 2.50 90 24.97 

10 75 2.00 50 36.74 

11 75 2.00 70 37.82 

12 75 2.00 90 36.40 

13 75 2.25 50 36.56 

14 75 2.25 70 37.37 

15 75 2.25 90 36.49 

16 75 2.50 50 35.58 

17 75 2.50 70 35.32 

18 75 2.50 90 33.83 

19 100 2.00 50 28.31 

20 100 2.00 70 31.34 

21 100 2.00 90 32.61 

22 100 2.25 50 29.32 

23 100 2.25 70 31.87 

24 100 2.25 90 34.82 

25 100 2.50 50 29.41 

26 100 2.50 70 33.67 

27 100 2.50 90 31.06 

Table 3 Analysis of variance details 

Source DF Adj SS Adj MS F-Value P-Value VIF 

Model 9 471.008 52.334 29.75 0.000  

  Linear 3 113.525 37.842 21.51 0.000  

    Nozzle length l 1 106.191 106.191 60.36 0.000 0.000 

    Nozzle ID dn 1 1.531 1.531 0.87 0.364 0.000 

    AFR ma 1 5.803 5.803 3.30 0.087 0.000 

  Square 3 345.432 115.144 65.44 0.000  

    Nozzle length*Nozzle length l2 1 318.379 318.379 180.96 0.000 0.000 

    Nozzle ID*Nozzle ID dn
2 1 3.899 3.899 2.22 0.155 0.000 

    AFR*AFR ma
2 1 23.154 23.154 13.16 0.002 0.000 

  2-Way Interaction 3 12.051 4.017 2.28 0.116  

    Nozzle length*Nozzle ID l·dn 1 0.644 0.644 0.37 0.553 0.000 

    Nozzle length*AFR l·ma 1 9.223 9.223 5.24 0.035 0.000 

    Nozzle ID*AFR dn·ma 1 2.185 2.185 1.24 0.281 0.000 

Error 17 29.910 1.759      

Total 26 500.918        
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Fig. 6 Pareto chart of the standardized effect. Response is cutting depth h, ( = 0.05) 

The regression standard error S = 1.3264 and R2 factors (R2, R2
adj) are little differing 

and take on values over 90%. This confirms that the raw data satisfactory match with the 

line of regression.  

ℎ = −121.5 + 1.639 𝑙 − 0.011655 𝑙2 − 0.00491 𝑚𝑎
2 + 0.001753 𝑙 ∙ 𝑚𝑎     (2) 

where h is depth of cut [mm], l is nozzle length [mm], ma is AFR [g·s-1]. 

Figs. 7, 8, and 9 are illustrations of Eq. (2). The diameter of the water nozzle change 

has no significant influence on the cutting depth unlike the nozzle length having a bigger 

influence. The highest value of the cutting depth can be observed for 80 mm nozzle length 

in whole AFR range. 

 

 

a) b) c) 

Fig. 7 Effect of nozzle length and nozzle ID with AFR: a) 50 g·s-1, b) 70 g·s-1, c) 90 g·s-1 
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a) b) c) 

Fig. 8 Effect of nozzle length and AFR for ID: a) 2.00 mm, b) 2.25 mm, c) 2.50 mm 

 

a) b) c) 

Fig. 9 Effect of nozzle ID and AFR for nozzle length a) 50 mm, b) 75 mm, c) 100 mm 

The scattering of the actual and predicted depth of cut values is shown in Fig. 10. All 

points are localized near a straight line and this confirms that the formulated model is 

satisfactory. 

 

Fig. 10 Example scattering plot for actual and predicted cutting depth 
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Based on Eq. (2), the optimal values of all three tested control parameters were determined 

in terms of the depth of cut (Fig. 11). Optimal nozzle length is near 80 mm, optimal nozzle ID 

is 2.2 mm and optimal flow rate is 74.2g·s-1. 

 

Fig. 11 Variability of control parameters and their optimal values 

This is also confirmed on the contour charts presented in Fig. 12. The biggest values of 

the cutting depth, shown as deep green zones, are reached in the middle of the control 

parameters for: nozzle length: 75 - 90 mm, nozzle ID: 2.1 - 2.3 mm, AFR: 70-80 g·s-1. 

Moving the value of each control parameter in any direction beyond the selected deep green 

areas causes the cut depth value to drop. 

 

Fig. 12 Example contour plot of the range of control parameters at optimal conditions 

Fig. 13 presents a microscopic view of the surface of the material cut under optimal 

conditions. The arched machining traces (Fig. 13a) in this material are much clearer than 

in the case of metal materials, for example, nickel-based superalloy [39], cooper [40] or 

steel [41], and are visible on the entire surface, although slightly in its upper part weaker 

than at the bottom. The surface is not dull. In the right part, there is a triangular material 

undercut, which is a given characteristic of AWJ cutting. Fig. 13b shows a typical SEM 

image of the surface of the cut material, localized in the mid part of the sample. The chains 

of fibers can be seen, but there are no visible traces of processing.  
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a) b) 

Fig. 13 Example of cut surface, machined at optimal control parameters: a) optical microscope 

view, b) SEM view 

3.2. Abrasive grain disintegration 

Additionally, abrasive grain fragmentation tests were performed. To catch abrasive 

grains after their exit from the cutting head, a special collector was used [42]. The collector 

was customized to catch the abrasive grains and to preclude any extra grains disintegration. 

The underside PVC collector was shielded by a mild steel target to avert perforation. No 

wear marks were noticed on the safeguarding target after the termination of tests. The 

caught abrasive grains were then dried. For the used abrasive grain size distribution tests, 

the Retsch sieving system was used. The fragmented garnet left on the sieves was weighed 

on the laboratory digital scale. 

The fragmentation test results for a cutting head equipped with a 2.25 mm ID nozzle, 

75 mm length and 75 g·s-1 AFR are presented in Fig. 14. 

 

Fig. 14 Example disintegration of the quartz #30 grain at nozzle 75 mm length, 

ID 2.25mm, and AFR 70 g·s-1 
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3.3. Discussion 

Cutting test results suggest that the depth of cut of the phenolic composite is most 

dependent on the traverse speed and it complies with other research studies by Perec et al. 

in aluminum [25] and limestone [33] as well as Ramesha et al. [24] on GFRP composite 

by AWSJ. A similar phenomenon also occurs in the cutting by AWIJ [26]. 

The effect of pressure on the depth of cut of the phenolic composite in the case of AWSJ 

is as important as in the AWIJ and is directly proportional as in the case of natural fiber 

composites cutting, published by Müller et al. [43]. 

The amount of abrasive has the smallest influence on the depth of cut; however, this 

happens only when it oscillates around the theoretical optimum, equal of 18% abrasive by 

mass in the jet. Under these conditions, no delamination and surface burn were observed 

when cutting the phenolic composite by AWSJ, unlike the cutting tests of other composite 

materials by AWIJ. Wang et al. [4] confirmed the delamination is a major component defect 

when machining composites or layered materials and Popan et al. [21] observed strong 

delamination of composites, especially with a small flow rate of abrasive. 

In the case of investigating abrasive behavior in the AWSJ machining, an intense 

disintegration of the most numerous fractions of abrasive grains depending on the working 

pressure was observed. The influence of pressure on the breakage degree is directly 

proportional. The higher pressure generates bigger abrasive grains velocity in the AWSJ 

nozzle, and the processed material and the disintegration process takes place more 

intensively. This observation is in line with the research on the disintegration of the 

abrasive in the AWIJ cutting process [42, 44]. 

4. CONCLUSIONS 

Based on the conducted research related to the modeling of phenolic composite cutting, 

the following conclusions were obtained: 

▪ The processing of the phenolic composite by AWSJ did not cause any thermal changes 

in the cutting zone; therefore, it seems advisable to continue the research. 

▪ Length of nozzle has a significant influence on erosive abilities, measured in the form 

of cutting depth. 

▪ Abrasive flow rate (AFR) has a poor influence and nozzle ID has smallest influence on 

cutting depth.  

▪ R-squared (the percentage of variation in the response that is explained by the model) 

over 94% shows the model fits very well to experimental data. 

▪ Adjusted R2 value = 90%, which is R2, adjusted for the number of predictors in the 

model relative to the number of tests, also confirms a very good model fit. 

▪ For regression coefficients of the model was observed no multicollinearity.  

▪ In the entire tested range optimal settings of AWSJ cutting parameters from the maximal 

cutting depth point of view for the examined area are as follows: nozzle length near 80 

mm, Nozzle ID equal 2.2 mm and for 75 g·s-1 AFR. At the above parameters of cutting, 

the maximal depth of cut of more than 38 mm was attained.  

▪ In further tests the almandine garnet should be used, because it is safer for the 

environment and commonly used in the AWIJ technology  

▪ Additionally in the next research, the machining model can be extended by additional 

control parameters, e.g., standoff distance and water pressure. 
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