
International Journal of Applied Engineering Research ISSN 0973-4562 Volume 14, Number 24 (2019) pp. 4562-4572 

© Research India Publications.  http://www.ripublication.com 

4562 

Optimization of the Underwater Friction Stir Welding of Pipes Using 

Hybrid RSM-Fuzzy Approach 

A. M. El-Kassas1, Ibrahim Sabry2 

1Department of Production Engineering and Mechanical Design, Faculty of Engineering,  
                                   Tanta University, P.O. Box, Tanta 31512, Egypt. 

2Manufacturing Engineering Department, Modern Academy for Engineering and Technology,  
                                       P.O. Box Cairo 11571, Egypt. 

 

Abstract 

This is the first research to investigate the Underwater 

Friction Stir Welding of Pipes (UFSWoP). UFSWoP of  

Al 1050 pipes was carried out successfully by designing a 

new device that allows the underwater rotational motion of 

the pipe to be friction stir welded. An important 

consideration in the UFSWoP is the cooling effect on the 

surrounding water during the process. The water-cooling 

affects directly the mechanical properties of the produced 

joint. A study is carried out to conclude and predict the 

effects of the UFSWoP process parameters on the 

mechanical properties of the welded joint. A Box Behnken 

experimental design was employed with different levels of 

tool rotational speed, traverse speed and tool diameter. The 

corresponding response considered was the tensile strength 

of the produced joints. Finally, a hybrid Response Surface 

Methodology-Fuzzy based model was proposed and 

evaluated for predicting the considered response of the 

UFSWoP process. This model showed more accurate 

predicted results than the Artificial Neural Network based 

model.  

Keywords:  Underwater Friction Stir Welding of Pipes, 

Fuzzy, Response Surface Methodology. 

I. INTRODUCTION 

In 1991, Friction Stir Welding (FSW) was developed by 

the Welding Institute (TWI) [1]. FSW is a new solid-state 

welding method that uses a non-consumable tool without 

reaching the melting temperature of the welded materials. 

It is applicable to a wide range of materials from metals, 

even to polymers [2]. As it is not a fusion process, the 

nonexistence of defects like cracking, porosity, splatter, 

shrinkage … etc. is eligible. This generally improves the 

quality of the welded joints in terms of the mechanical 

properties. The heat generated by the tool causes the two 

facing base materials to be softened and plastic deformed 

as shown in Fig. 1. 

Recently Underwater Friction Stir Welding (UFSW) has 

gained a special interest. UFSW has promising applications 

where applying the traditional fusion welding process is 

uphill. Also, the water cooling during the process is 

efficient in controlling the heat input to the joint. UFSW 

has merits over the FSW process (cf. [3]) and it has been 

reported that UFSW produce joints with better mechanical 

properties than other fusion welding processes and FSW 

itself [4, 5]. UFSW also yields a superior quality grain size 

welded joints in relatively short cycle time [6, 7].  

 
 

(a) FSW of plates process (b) FSW of pipes process 

Figure 1 A schematic drawing of the friction stir welding 

process for (a) plates and (b) pipes. 

Figure 1 The friction stir welding process. 

 

Figure 2 The UFSW of plates process. 

Welding of pipes is a very special case from the welding 

perspective view. This is done conventionally using the 

fusion welding processes [8]. As stated earlier, the demerits 

of the fusion welding lead to lowering the mechanical 

properties of the welded pipes [9]. So, investigating the 

FSW of pipes was inevitable. Unluckily, due to the different 
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obstructions in the FSW of pipes, limited studies have been 

performed to weld pipes using the FSW process [10, 11].  

Small diameter AA6061 pipes were friction stir welded by 

a threaded pin cylindrical tool with by Lammlein et al. [12]. 

They also achieved a maximum weld efficiency of 70% at 

a rotational speed of 1600 rpm and 355 mm/min as traverse 

speed. Another study [13] considered the FSW of AA6061 

pipes using a tapered pin. The welded joint’s tensile 

strength was about 62% of the base metal at conditions of 

630 rpm and 1 mm/s as rotational speed and travel speed 

respectively. The FSW of Stainless-steel pipes was 

considered in [14] while Hattingh et al. [15] investigated 

the semiautomatic FSW of Aluminum 6082 tubes. AA6063 

pipes butt joints were considered for studying the effect of 

rotational and traverse speed by Ismail et al. [16]. While in 

[17], a lap joint was performed by the FSW of two pipes 

using triangular frustum shaped pin. The optimum 

conditions of the process were 40 mm/min for travel speed 

and a rotational speed of 600 rpm and 800 rpm. On the 

other side, two pipes with dissimilar metals (aluminum and 

copper) with thicknesses 1.5 and 1 mm were friction stir 

welded [18]. A tool with a tilt angle was used to enhance 

the joint quality measured in the tensile strength and 

hardness.  

This paper investigates the UFSW of pipes (UFSWoP) 

process. To the best of our knowledge, the UFSWoP has 

never been carried out before in the literature. So, the 

literature review in this paper is divided into two sections. 

The preceding one was to review the FSW of pipes in the 

air as no previous studies of the FSW of pipes underwater. 

And the following part is on reviewing the UFSW studies 

which all of them performed for welding the plates only.  

A detailed research work on UFSW technique was 

performed in [19] to increase the mechanical properties of 

the AA6061 welded joints. The UFSW of AA2014-T4 was 

also experimented and the tensile strength of the produced 

joint was successfully improved to a 75% of the base 

material [20]. In [21], an improvement in the UFSW 

produced joint was achieved and also in the hardness 

except of the nugget zone. The effects of the UFSW 

process parameters were also investigated. The lower tool 

rotational speed leaded to a higher tensile strength of the 

UFSW joint of the AA2519-T87 alloy [22]. However, the 

lowest hardness value is increased by the increase of the 

traverse speed for the same alloy [23].   

The UFSW of two dissimilar joints of AA6061 and 

AA7075 was carried out in [24]. The effects of two process 

parameters: the rotational speed and traverse speed were 

investigated considering the produced joint’s grain size and 

hardness. Higher traverse speed and lower rotational 

speeds resulted in finer grain size and larger hardness. An 

empirical model is constructed based on regression 

method. This model predicted the experimental values 

obtained considerably [24]. Only a limited number of 

empirical models have been proposed to relate the welding 

joint quality with the UFSW process parameters [25].  

Regression Analysis (RA) as an example was used to 

generate such models for the UFSW process [26]. Also, 

Response Surface Methodology (RSM) has been used 

extensively in optimizing he FSW process [27, 28, cf. 29]. 

In [30], RSM and Artificial Neural Networks (ANN) were 

used to predict the average grain size of the AA6061-T6 

produced joint by UFSW process. The ANN model usually 

yields more accurate results compared to the RA and RSM 

model [30, 31].  

This paper investigates the UFSWoP process for the first 

time and proposes a hybrid Response Surface 

Methodology-Fuzzy (RSM-Fuzzy) based model for the 

UFSWoP process. This model outperforms the generated 

ANN based model.  

II. MATERIALS AND METHODS 

2.1. EXPERIMENTAL SETUP OF THE UFSWOP  

Generally, the FSW process of pipes begins with 

positioning the tool pin into the gap between the two facing 

pipes until the shoulder reaches the two pipes’ surfaces 

(Fig. 1(b)). The UFSWoP has the same procedure of the 

FSW of pipes in addition to that it is performed underwater.  

The UFSWoP process was conducted to join two pieces of 

Al 1050 pipes. Each pipe was 30 mm in outer diameter and 

3 mm in thickness. Table 1 shows the chemical 

composition of the Al 1050 material of the pipes. 

Table 1 Chemical composition (Wt. %) of Al 1050 

Wt. % Al Si Fe Cu Mn Mg Cr Zn 

 Bal 0.3 0.1 0.4 0.9 0.04 0.01 0.12 

 

A hard tool steel non consumable tool was used with the 

following specification: a shoulder with diameter (𝐷) and 

height 5 mm. The pin profile is tapered with initial diameter 

5 mm and final diameter 1 mm with pin length is 3 mm. 

The used tool in shown in Fig. 3.  

Initially, a vertical milling machine (VMM) was chosen to 

carry out the FSW of the pipes. The rotating motion of the 

pipes – which represent the traverse speed (𝑠) – was 

allowed by using a chuck attached to the dividing head of 

the VMM and a tailing head. The dividing head is operated 

by a motor with inverter rather than manually.  
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Figure 3 The used tool. 

A robust fixture is needed for holding the two pipes and 

can be rotated with them. Our previous ideas and designs 

can be found in [34]. Our final design, which was used in 

this paper, was a fixture with a longitudinal full support to 

the pipes. The issue of disassembly of the two pipes after 

the welding was solved by splitting the fixture into two 

parts. Every part is securely attached to the other by locking 

rotating motion. The fixture design is indicated in Fig. 4(a). 

The whole fixture is enclosed in a rigid box while its ends 

protruded through holes with mechanical seals. This box 

has an inlet and outlet holes for the entry and the exit of 

water. The whole setup is shown in Fig. 4(b).   

(a) 

 

(b) 

 

Figure 4 (a) the used fixture (b) the experimental setup. 

2.2. DETERMINATION OF THE JOINT QUALITY  

One of the produced welded pipes is photographed in  

Fig. 5. For measuring the considered responses, a tensile 

test for each specimen was conducted. Specimens for the 

tensile test were prepared as in Fig. 6 according to standard 

ASTM E8M-04 [32]. 

III. EXPERIMENTS AND MODELING  

3.1. EXPERIMENTAL DESIGN 

To study experimentally the process parameters’ effects on 

the quality of the produced joints in the UFSWoP, the tool 

rotational speed (𝑛), traverse speed (𝑠) and the tool shoulder 

diameter (𝐷) are considered. A lot of previous studies of the 

FSW generally [33] and our previous one of the FSW of 

pipes [34] reported that the tool rotational speed (𝑛) and 

traverse speed (𝑠) are significant parameters in the FSW of 

pipes. The effect of the tool shoulder diameter consideration 

has been studied in a limited number of previous FSW 

studies of plates [35]. So, its effect on the UFSWoP – which 

hasn’t been studied before – is experimented here as an 

additional contribution of our work.  

 

Figure 5 A welded pipe by the UFSWoP process. 

 

Figure 6 A tensile test sample. 

A different number of trial experiments were performed at 

different values of the considered UFSWoP’s parameters. 

The chosen levels of the parameters were selected based on 

the quality of the produced joints expressed in the tensile 

strength of the joint. The experimented levels of the 

corresponding parameters are revealed in Table 2.  

Table 2 UFSWoP parameters and their levels. 

Parameter Unit 
Level 

-1 0 1 

Rotational speed (𝑛) rpm 710 980 1250 

Traverse speed (𝑠) mm/min 100 200 300 

Shoulder diameter (𝐷) mm 10 20 30 

 

A Box Behnken experimental design was carried out to 

investigate the relation between the considered parameters 

and the response. Its corresponding design matrix is listed 

in Table 3. The use of such design induces carrying out a 

relatively lower number of experiments rather than normal 

factorial designs [36]. This creates higher order response 

surfaces and provides modelling of the response surface 

using a lower number of experiments [37]. 
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Table 3 The matrix design of experiments. 

Sample 𝒏 (rpm) 𝒔 (mm/min) 𝑫 (mm) 

1 980 300 10 

2 980 300 30 

3 980 100 10 

4 710 200 10 

5 980 100 30 

6 710 300 20 

7 710 200 30 

8 1250 200 10 

9 980 200 20 

10 980 200 20 

11 710 100 20 

12 1250 300 20 

13 1250 200 30 

14 1250 100 20 

15 980 200 20 

 

3.2. RESPONSE SURFACE METHODOLOGY  

Response Surface Methodology (RSM) is an optimization 

technique that is composed of statistical and mathematical 

methods. It is efficient when the output response is 

influenced by a number of parameters [38]. In RSM, the 

response can be represented as a function of the considered 

parameters as in Eq. (1). This function is defined using 

regression analysis.  

𝑌 = Φ(𝑥1, 𝑥2, 𝑥𝑘) ± 𝜀 (1) 

The function Φ is called the response surface. It is a 

polynomial equation form which can be linear or non-

linear based on the model’s nature. 𝑌 is the output response 

and 𝑥𝑖 is the ith considered parameter when the number of 

the considered parameters is 𝑘. The experimental errors are 

represented in Eq. (1) by the residual error (𝜀). It is 

calculated by the sum of square deviations between the 

experimental response and the estimated one. That leads to 

choosing the best equation for the considered model. 

In our model, the considered response is the tensile strength 

of the joint. While, the three considered parameters are:  

𝑥1 = 𝑛, 𝑥2 = 𝑠 and 𝑥3 = 𝐷. A quadratic polynomial was 

chosen to predict the output response. The response defined 

by the second order polynomial model in terms of the 

considered parameters is expressed in Eq. (2).  

As the model need to be significantly tested, ANOVA test 

is employed for the model. ANOVA is used to check if the 

model fits our experimental data or not.  

𝑇 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖

3

𝑖=1

+ ∑ 𝛽𝑖𝑖𝑥𝑖
2

3

𝑖=1

+ ∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗

3

𝑗=2,   𝑖<𝑗

3

𝑖=1

 

(2) 

𝑇 is the considered response which is the joint’s tensile 

strength. 𝛽0 is the intercept, 𝛽𝑖, 𝛽𝑖𝑖  and 𝛽𝑖𝑗 are the linear, 

quadratic and interaction coefficients, respectively.  

3.3. FUZZY LOGIC  

Fuzzy logic is a pure mathematical tool which its use is 

favorable if all input values are uncertain [39]. The input 

data can be ordinary scalar, vectors, matrices and strings as 

well as fuzzy number. Also, they could be an output of 

another model. However, to implement the fuzzy logic, the 

input parameters must be in the form of a fuzzy set. The 

fuzzy set is primarily a crisp set for which an element is 

either a member of it or not. A set of linguistic rules is the 

backbone of the fuzzy system. The general working 

module of a fuzzy system is shown in Fig. 7. A fuzzy 

system generally begins with the fuzzification phase where 

the input values are fuzzified using the membership 

functions. Then, a knowledge base (IF-THEN) generates a 

fuzzy output set based on the fuzzy input [40]. Finally, the 

fuzzy output is finally defuzzified to get the final output. 

The final phase of the defuzzification can be carried out by 

different methods [cf. 41]. 

 

Figure 7 Fuzzy system architecture. 

In this study, the fuzzy model represents the relationship 

between the considered parameters and the response. The 

input parameters (the rotational speed, the traverse speed 

and the shoulder diameter) and the output variable (the 

joint’s tensile strength) were used for the development of 

the fuzzy model. In the knowledge base development, the 

rules were constructed according to the experimental data. 

The fuzzy rule takes the form of a conditional statement:  

IF 𝑥 is 𝐹 THEN 𝑦 is 𝑅 

𝑥 and 𝑦 are linguistic variables representing the input and 

output variables respectively. While, 𝐹 and 𝑅 are linguistic 

values representing the input and output variables 

respectively.  



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 14, Number 24 (2019) pp. 4562-4572 

© Research India Publications.  http://www.ripublication.com 

4566 

3.4. HYBRID FUZZY-RSM METHOD   

Increasing the number of fuzzy rules will level up the 

efficiency and precision of the fuzzy model. However, that 

means an extra cost of larger number experimental 

samples. So, in this paper, the developed RSM model 

(relating the considered parameters with the joint’s tensile 

strength) is used for generating more points to hopefully 

increase the efficiency of the fuzzy model. The layout of 

the hybrid Fuzzy-RSM model is shown in Fig. 8.  

 

Figure 8 Hybrid Fuzzy-RSM system architecture. 

 

IV. RESULTS AND DISCUSSION  

4.1. THE RSM MODEL 

4.1.1. MODELLING 

The values of the RSM model coefficients for the 

considered response (the joint’s tensile strength) were 

calculated using equations in [42] and presented in  

Table 4. The 𝑃 values for each model coefficient, that 

determines if the coefficient contributes significantly to the 

model or not, are reported also.  

Table 4 Calculated coefficients and their 𝑃 values. 

Term Coefficient Value 𝑷 Value 

Linear 𝛽0 -159.3 0.004 
𝑛 𝛽1 0.3635 0.041 

𝑠 𝛽2 0.5883 0.001 

𝐷 𝛽3 2.948 0.998 

Square    

𝑛2 𝛽11 - 0.000178 0.001 

𝑠2 𝛽22 - 0.000844 0.005 

𝐷2 𝛽33 - 0.0492 0.036 

Interaction    

𝑛𝑠 𝛽12 - 0.000110 0.134 

𝑛𝐷 𝛽13 - 0.000373 0.572 

𝑠𝐷 𝛽23 - 0.00309 0.123 

Based on the results in Table 4, all the linear terms are 

significant except the shoulder diameter. Whilst, all the 

square ones are significant at 95% confidence level. In 

addition, all the interaction terms don’t affect significantly 

the response. So, the final uncoded model can be 

represented at Eq. (3).   

𝑇 = −118.0 +  0.3339 𝑛 +  0.4183 𝑠 +  1.964 𝐷 

−  0.000178 𝑛2  −  0.000844 𝑠2  

−  0.0492 𝐷2 

(3) 

ANOVA output of the regression model in Eq. (3) is 

tabulated in Table 5. It indicated the adequacy of the model 

(𝑃 value < 0.05) and the effectiveness of the model 

(Adjusted 𝑅2 = 0.86). The ANOVA results indicated the 

model’s goodness of fit (𝑅2 = 0.92) and the lack of fit is 

insignificant (𝑃 value = 0.066).  

Table 5 ANOVA test results of the model in Eq. (3). 

 df SS MS 𝑭 value 𝑷 value 

Total 14 1669.8 – – – 

Model 6 1536.4 256.1 15.36 < 0.001 

Error 8 133.3 16.67 – – 

Lack of fit 6 130.4 21.7 14.6 0.066 

Pure error 2 2.98 1.49 – – 

𝑹𝟐 0.92 – – – – 

Adjusted R2 0.86     

df: degree of freedom, SS: sum of squares, MS: mean square, 

 

A residual analysis was also used for checking the 

adequacy of the RSM model. The residual results are 

plotted in Fig. 9. Fig. 9(a) shows the spreading of the 

residuals on almost a straight line which means a good 

correlation between the predicted and experimental values. 

Also, a minimum variance between the predicted and 

experimental ones are observed for the residuals versus the 

predicted values in Fig. 9(b). Positive and negative 

residuals, appear in Fig. 9(c), assure the existence of the 

correlation and finally Fig. 9(d) reveals clearly the 

adequacy of the RSM developed.  

4.1.2. INFLUENCE OF PROCESS PARAMETERS 

Before proceeding to the optimization of the UFSWoP, the 

influence of the UFSWoP parameters on the considered 

response (joint’s tensile strength) should be analyzed. 3D 

response surface graphs were generated for the three 

considered parameters and shown in Fig. 10(a-c). Also, 2D 

contour plots based on the model in Eq. (3) are shown in 

Fig. 10(d-f).  Three plots are constructed by considering 

two parameters as variables and the third one as fixed in 

the middle level.  
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(a) Normal plot of residuals 

 

(b) Residuals versus predicted 

 

(c) Residuals versus run 

 

(d) Predicted versus actual 

 

Figure 9 Plot of residuals (a) normal plot of the residuals, (b) residuals versus the predicted values,  

(c) residuals versus 

experimental run, and (d) predicted versus actual values. 

 

The influence of the rotational speed (𝑛) on the tensile 

strength of the produced joint can be concluded from 

Fig. 10. The joint’s tensile strength increases with the 

decrease in the tool rotational speed (𝑛) until reaching a 

specific value and then the behavior is reversed. The value 

of 980 rpm acts as a transition point of the tensile strength 

with the tool rotational speed (𝑛).  At this rotational speed, 

the same trend with regard to the welding speed (𝑠) can be 

visualized from Fig. 10. An optimum joint tensile strength 

can be obtained at 200 mm/min welding speed for the 

middle level of the tool rotational speed (𝑛) and the 

shoulder diameter (𝐷). Also, the increase in the welding 

speed (𝑠) value increases the tensile strength of the joint 

only out of the 980 rpm range. However, the resultant 

tensile strength is relatively low due to the dominant effect 

of the tool rotational speed (𝑛).  

The shoulder diameter (𝐷) hasn’t a significant effect on the 

joint’s tensile strength. However, a value of 20 mm will 

yield a relatively high tensile strength of the produced joint 

in the corresponding ranges.  

4.1.3. OPTIMIZATION  

The RSM model was successfully optimized to maximize 

the joint’s tensile strength. For the RSM model, the best 

solution for maximization corresponds to rotational speed 

of 940 rpm, traverse speed of 240 mm/min and shoulder 

diameter of 17.6 mm. These parameters based on the RSM 

model yield a joint’s tensile strength of 109.4 MPa.  

4.2. THE FUZZY MODEL 

4.2.1. MOEDLLING  

Each fuzzy role creates a relationship in a fuzzy region. The 

fuzzy regions are defined by the membership functions. In 

this paper, the fuzzy modeling is employed by Gaussian 

functions for the process parameters. Gaussian function has 

high efficiency in assigning the membership value to the 

element [43]. While, the joint’s tensile strength is defined 

by the triangular function which increases and decreases 

progressively with single value only [44]. 
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Figure 10 (a, b, c) surface graphs and (d, e, f) 2D contour plots corresponding to a, b and c, respectively. 

𝑛 (rpm) 𝐷 (mm) 

Tensile strength (MPa) 

𝐷 (mm) 𝑠 (mm/min) 

Tensile strength (MPa) 

𝑠 (mm/min) 𝑛 (rpm) 

Tensile strength (MPa) 
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In the experimental work, each parameter had only three 

levels so, it couldn’t be presented in more than three 

membership functions. So, for every considered parameter, 

three membership functions were applied: low (𝐿), 

medium (𝑀) and high (𝐻). The output response (the joint 

tensile strength) was employed with five membership 

functions: bad (𝐵), acceptable (𝐴), good (𝐺), very good (𝑉) 

and excellent (𝐸). Membership functions for input and 

output are shown in Fig. 11. As 15 experimental points 

were carried out and the 3 repeated points from the 

experiments were averaged to represent a single fuzzy 

point. Thus, a set of 12 rules were as follows: 

R1: IF 𝑛 is 𝑀 AND 𝑠 is 𝐻 AND 𝐷 is 𝐿 THEN 𝑇 is 𝐸  

R2: IF 𝑛 is 𝑀 AND 𝑠 is 𝐻 AND 𝐷 is 𝐻 THEN 𝑇 is 𝑉𝐺  

R3: IF 𝑛 is 𝑀 AND 𝑠 is 𝐿 AND 𝐷 is 𝐿 THEN 𝑇 is 𝐵  

R4: IF 𝑛 is 𝐿 AND 𝑠 is 𝑀 AND 𝐷 is 𝐿 THEN 𝑇 is 𝐺  

R5: IF 𝑛 is 𝑀 AND 𝑠 is 𝐿 AND 𝐷 is 𝐻 THEN 𝑇 is 𝐴  

R6: IF 𝑛 is 𝐿 AND 𝑠 is 𝐻 AND 𝐷 is 𝑀 THEN 𝑇 is 𝑉𝐺  

R7: IF 𝑛 is 𝐿 AND 𝑠 is 𝑀 AND 𝐷 is 𝐻 THEN 𝑇 is 𝐺  

R8: IF 𝑛 is 𝐻 AND 𝑠 is 𝑀 AND 𝐷 is 𝐿 THEN 𝑇 is 𝐴  

R9: IF 𝑛 is 𝑀 AND 𝑠 is 𝑀 AND 𝐷 is 𝑀 THEN 𝑇 is 𝐸  

R10: IF 𝑛 is 𝐿 AND 𝑠 is 𝐿 AND 𝐷 is 𝑀 THEN 𝑇 is 𝐵  

R11: IF 𝑛 is 𝐻 AND 𝑠 is 𝐻 AND 𝐷 is 𝑀 THEN 𝑇 is 𝐴  

R12: IF 𝑛 is 𝐻 AND 𝑠 is 𝑀 AND 𝐷 is 𝐻 THEN 𝑇 is 𝐵  

R13: IF 𝑛 is 𝐻 AND 𝑠 is 𝐿 AND 𝐷 is 𝑀 THEN 𝑇 is 𝐵  

 

a) 

 

b) 

 

c) 

 

d) 

 

Figure 11 The membership function for a) rotational 

speed, b) traverse speed, c) shoulder diameter and d) 

joint’s tensile strength. 

In our model the method of centroid of area was 

implemented as a defuzzification method as it gives accurate 

results rather than other defuzzification methods [45]. 

4.2.2. OPTIMIZATION  

Figure 12 shows the input parameters’ values resulting in the 

maximum joint’s tensile strength. Based on the fuzzy model, 

the maximum joint’s tensile strength resulted by a value of 

980 rpm, 200 mm/min and 20 mm for the rotational speed, 

traverse speed and shoulder diameter respectively. These 

values are almost the experiment no. 15 of the experiments 

performed which means that the fuzzy model is more 

accurate than the RSM in prediction. Unfortunately, the 

limited availability of the data usually results in high error 

and affect the prediction efficiency badly.   

 

Figure 12 Fuzzy reasoning for maximization of the 

joint’s tensile strength. 

4.3. THE HYBRID FUZZY-RSM MODEL 

4.3.1. MOEDLLING  

For three levels of parameters, a number of 27 

combinations can be prepared as experiments. There were 

13 points for the fuzzy logic model, so an additional 14 

points  were generated by the RSM model and were fed 

into the fuzzy system as rules as follows:  

R14: IF 𝑛 is 𝐿 AND 𝑠 is 𝐿 AND 𝐷 is 𝐿 THEN 𝑇 is 𝐴  

R15: IF 𝑛 is 𝐿 AND 𝑠 is 𝐿 AND 𝐷 is 𝐻 THEN 𝑇 is 𝐴  

R16: IF 𝑛 is 𝐿 AND 𝑠 is 𝑀 AND 𝐷 is 𝐿 THEN 𝑇 is 𝑉𝐺  

R17: IF 𝑛 is 𝐿 AND 𝑠 is 𝐻 AND 𝐷 is 𝐿 THEN 𝑇 is 𝑉𝐺  

R18: IF 𝑛 is 𝐿 AND 𝑠 is 𝐻 AND 𝐷 is 𝐻 THEN 𝑇 is 𝑉𝐺  

R19: IF 𝑛 is 𝑀 AND 𝑠 is 𝐿 AND 𝐷 is 𝑀 THEN 𝑇 is 𝐺  

R20: IF 𝑛 is 𝑀 AND 𝑠 is 𝑀 AND 𝐷 is 𝐿 THEN 𝑇 is 𝐸  

R21: IF 𝑛 is 𝑀 AND 𝑠 is 𝑀 AND 𝐷 is 𝐻 THEN 𝑇 is 𝐸  

R22: IF 𝑛 is 𝑀 AND 𝑠 is 𝐻 AND 𝐷 is 𝑀 THEN 𝑇 is 𝐸  

R23: IF 𝑛 is 𝐻 AND 𝑠 is 𝐿 AND 𝐷 is 𝐿 THEN 𝑇 is 𝐵  

R24: IF 𝑛 is 𝐻 AND 𝑠 is 𝐿 AND 𝐷 is 𝐻 THEN 𝑇 is 𝐵  

R25: IF 𝑛 is 𝐻 AND 𝑠 is 𝑀 AND 𝐷 is 𝑀 THEN 𝑇 is 𝐺  

R26: IF 𝑛 is 𝐻 AND 𝑠 is 𝐻 AND 𝐷 is 𝐿 THEN 𝑇 is 𝐺  

R27: IF 𝑛 is 𝐻 AND 𝑠 is 𝐻 AND 𝐷 is 𝐻 THEN 𝑇 is 𝐺  
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4.3.2. OPTIMIZATION  

Based on the RSM-Fuzzy model, the maximum joint’s 

tensile strength is exactly the same as developed by the 

fuzzy logic model.   

4.4. EVALUATING THE EMRICAL MODELS 

Many tools are usually used to check the adequacy of the 

generated models with respect to the actual (experimental) 

data. The selected tools used for evaluating were the root 

mean square error (RMSE), Nash–Sutcliffe model 

efficiency coefficient (NSE), chi-square  (𝜒2) and the 

coefficient of the determination (𝑅2). Different indicators 

were calculated for the RSM and fuzzy models and 

tabulated in Table 6. An additional model for our problem 

was created based on an artificial neural network (ANN), 

which is described intensively in [46, 47], and was 

compared in Table 6 also.  

It is clear from Table 6 that the fuzzy model has a near 

performance, but more adequate than the RSM model 

while the ANN model has a superior performance than 

both of them. However, the RSM-Fuzzy model exceeds the 

performance of all other RSM, Fuzzy and ANN models.  

Table 6 The evaluation of empirical models developed. 

 RMSE NSE 𝝌𝟐 𝑹𝟐 

RSM 2.9995 0.9192 1.6014 0.92 

Fuzzy 2.273 0.9595 1.6824 0.9343 

ANN 1.8444 0.9694 0.5552 0.9719 

RSM-Fuzzy 1.6094 0.9767 0.4243 0.9841 
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