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ABSTRACT 

The type of material employed in crankshaft production has a great influence on the performance, 

durability, and product lifespan. There are many types of material that can be used to manufacture 

crankshafts, but choosing the best one is a complicated work. This study is carried out to select the best 

material type among four commonly deployed types, including 1080 steel, 18CrMo4 steel, 4130 steel, and 

S48C steel. Fifteen parameters (criteria) were chosen to describe each material. The weights of the criteria 

were determined by three methods, including the Mean weight method, the Entropy weight method, and 

the MEREC (Method based on the Removal Effects of Criteria) weight method. To rank the steel types, 

the PIV (Proximity Indexed Value) method was adopted, and it was demonstrated that the ranks did not 

depend on the weighting method followed. S48C is the best choice among the four types of steel generally 

utilized for crankshaft production. 

Keywords-MCDM; PIV; weight method; crankshaft material 

I. INTRODUCTION  

The crankshaft is a part of the engine that converts the 
reciprocating motion of the piston into rotational motion. It 

receives the force from the piston to generate torque, then 
generates rotational force and sends it to the working part. It 
also receives energy from the flywheel that is transmitted to the 
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piston to perform force generation processes. In working 
process, the crankshaft is subjected to three types of forces 
simultaneously, namely gas force, inertial force, and centrifugal 
force [1, 2]. Unlike the shafts with shaft steps that are 
concentric with each other, on the crankshaft there are many 
parts with different functions. The crankshaft end usually has a 
lug to attach it to working parts such as pulleys and gears. Two 
crankshaft necks are always concentric and are the place to 
connect the crankshaft with the bearing (ball-bearing or plain 
bearing). The crankpin is the part to be fitted with the big end 
of the connecting rod. Both crankshaft and crankpin need to be 
precision machined with high gloss and heat treated to a high 
degree of hardness. The elbow is the connecting part between 
the seamless neck and the pin neck. The elbows are usually 
elliptical for the most reasonable stress distribution. 
Counterweight balances the unbalanced forces and moments of 
inertia of the motor. Counterweight also reduces the load on the 
bearing, and is a place to remove excess weight when 
balancing the crankshaft. Material removal on the 
counterweight is usually performed with the drilling method. 
Counterweights can be fabricated integrally to the elbow or 
disassembled and then welded or bolted to the elbow. The end 
of the crankshaft is the place to transmit the power to the 
outside, whereas on the tail of the crankshaft there is a flange to 
install the flywheel [3, 4]. Given that there are many parts on 
the crankshaft, each of which performs very different functions, 
the crankshaft material also needs to meet many requirements, 
namely high stiffness, high durability, low elongation, high 
melting point, high thermal conductivity, etc. In addition, since 
the crankshaft has a complex shape, it is more difficult to 
manufacture them than other types of shaft. Therefore, the 
technology (machinability) of the materials implemented to 
construct the crankshaft is also a parameter that needs to be 
considered [5]. For each type of crankshaft, there are usually 
several types of materials that can be employed to manufacture 
them. However, the parameters of these materials have many 
differences. Thus, determining which material type is 
considered the best to manufacture a crankshaft constitutes a 
complicated work. This complexity can be eliminated when the 
crankshaft material selection is executed using MCDM (Multi-
Criteria Decision Making) [6-8]. PIV is a MCDM method that 
has the advantage of limiting rank reversal [9]. This method 
will be followed to choose the crankshaft material in this paper. 

II. LITERATURE REVIEW 

MCDM is a tool engaged to identify the best option among 
available alternatives by considering multiple criteria for each 
option [10]. The number of MCDM methods is extensive, with 
over 200 existing methods as of 2023 [11]. MCDM methods 
have been applied in various fields, such as education [12], 
sports [13], mechanical engineering [14], petroleum industry 
[15], financial management [16], and engineering disciplines in 
general [17, 18], etc. The PIV method is known as an MCDM 
method with the ability to minimize rank reversal [6], and has 
been applied to make multi-criteria decisions in many different 
fields. It has been adopted to choose the best location among 
six locations to build a garment factory in Turkey. The best 
alternative determined by using this method is similar to that 
identified when using ARAS (Additive Ratio Assessment), 
MOORA (Multiobjective Optimization On the basis of Ratio 

Analysis), and MABAC (Multi-Attributive Border 
Approximation area Comparison) [19]. When utilized to rank 
five e-learning sites, all four methods, including PIV, AHP 
(Analytic Hierarchy Process), COPRAS (COmplex 
PRoportional ASsessment), and WEDBA (Weighted Euclidean 
Distance Based Approach) showed the same best option [20]. 
PIV, EDAS (Evaluation based on Distance from Average 
Solution), MARCOS (Measurement Alternatives and Ranking 
according to Compromise Solution), TOPSIS (Technique for 
Order Preference by Similarity to Ideal Solution), and MOORA 
demonstrated the same best option when ranking metal milling 
processes [21]. When deployed to choose the best among 16 
alternatives of turning process, PIV and RAFSI (Ranking of 
Alternatives through Functional mapping of criterion sub-
intervals into a Single Interval) exhibited similar results [22]. In 
[23], the PIV method was also confirmed to be as effective as 
SAW (Simple Additive Weighting), WASPAS (Weighted 
Aggregates Sum Product ASsessment), TOPSIS, VIKOR 
(Vlsekriterijumska optimizacijaI KOmpromisno Resenje), 
MOORA, and COPRAS in selecting the best option among 
nine turning process options [23]. When implemented to rank 
27 alternatives of the grinding process, PIV and WASPAS 
were found to be equally effective in finding the best 
experiments [24]. PIV, SAW, and MAUT (MultiAttribute 
Utility Theory) were determined to be equally competent in 
finding the country worst affected by the Covid 19 pandemic 
out of a total of 40 considered countries [25]. When used to 
identify the best location to build a warehouse among five 
alternatives, the PIV method gave equivalent results with 
TOPSIS, WASPAS, and COPRAS [26]. Thus, it can be seen 
that the best alternative determined by the PIV method is 
similar to that of the other MCDM methods, but, in the field of 
ranking materials, the number of studies that have applied the 
PIV method is still modest. This study detected only a few 
documents that have applied the PIV ranking method to select 
materials for the gearbox housings for F1 formula racing cars 
[27], to select materials for making car roofs in order to 
improve fuel efficiency and reduce CO2 of passenger cars [28], 
to choose cutting oil [29], to choose semiconductor packaging 
materials [30], and to select the material for automotive brake 
pad [31]. As far as is known, ranking materials to manufacture 
crankshaft by the PIV method has never been performed. This 
study is conducted with two main purposes, firstly, to select the 
best material to manufacture crankshaft, and secondly, to 
contribute useful material to the list of documents applying the 
PIV method to MCDM.  

As discussed above, the PIV method has the advantage of 
minimizing rank reversal. However, the extent of reduction has 
not yet been mentioned. To elucidate this content, the 
combination of the PIV method with weighting methods for the 
criteria will be performed in this study. The weighting methods 
that have been employed are the MEAN weight method, the 
Entropy weight method, and the MEREC weight method. 
Using more than one methods to calculate criteria weights is a 
common approach in MCDM research. It helps assess the 
stability and reliability of the results, while also allowing for 
testing the decision's sensitivity to different weighting 
calculation methods. In this way, it can provide a more 
comprehensive and objective view of the final decision [32]. 
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MEAN is deployed because it is the simplest method, while 
Entropy and MEREC are the most recommended ones [29, 30]. 
Another way to measure rank reversal, which has also been 
performed, is creating scenarios by removing alternatives from 
the list to be ranked. Generating different scenarios during the 
process of ranking alternatives is an important part of the 
research process. This is often done to test the sensitivity of the 
results to variations in conditions or different assumptions. 
Specifically, scenarios can reflect changes in the priority levels 
of the criteria, fluctuations in input information, or different 
constraints in the decision-making process. This helps better 
understand how the alternatives are evaluated in different 
contexts and provides a more comprehensive and flexible view 
of the decision-making process. Moreover, creating different 
scenarios also helps assess the stability and reliability of the 
results in various situations, thereby increasing the applicability 
and adaptability of the decision in practice [33]. All these 
methods are adopted for the evaluation of the degree of rank 
reversal when following the PIV method in the most objective 
way. 

III. METHODS 

A. The PIV Method 

Supposing that m alternatives need to be ranked, each 
alternative including j criteria, with yij being the value of 
criterion j of alternative i, with i=1÷m, j = 1÷n. The sequence 
of ranking the alternatives according to the PIV method is [9]: 

Calculate the normalized values according to (1): 

��� =  ���
	∑ �������

    (1) 

Calculate the weighted normalized values of the criteria 
according to (2): 

��� = �� × ���    (2) 

Calculate the weighted asymptotic indexes according to (3) 
and (4). Equation (3) is applied for the larger the better criteria, 
whereas (4) is applied for the smaller the better criteria. 

�� = ���� − ��     (3) 

�� = �� − ����    (4) 

The scores of the alternatives are calculated according to: 

1

n

i i
j

d u


      (5) 

Rank the alternatives in ascending order of their scores. 

B. The Weighting Methods 

The weighting methods for the criteria that have been used 
are the mean weight method, the Entropy weight method, and 
the MEREC weight method. According to the mean weight 
method, the criteria will have an equal weight, which is 1/n, 
with n being the number of criteria. This is the simplest method 
among the options. The determination of the weights of the 
criteria according to the Entropy method is performed by 
applying (6), (7), and (8) [34]. 
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The MEREC weight method [34] is performed in the 
following sequence [35]: 

Calculate the normalized values according to (9) and (10), 
where (9) is applied for the larger the better criteria, (10) is 
applied for the smaller the better criteria. 

��� =  ��"���
���

     (9) 

��� =  ���
�#$ ���     (10) 

Calculate the overall efficiency of the alternatives 
according to (11): 

%� =  &� '1 + *�
" ∑ +,� ���!+"� -.   (11) 

Calculate the efficiency of the alternatives according to 
(12): 

%��/ =  &� '1 + *�
" ∑ +,� ���!+"0,02� -.  (12) 

Calculate the absolute value of the deviations according to: 

3� =  ∑ +%��/ − %�+��     (13) 

The weights of the criteria are calculated according to: 

�� =  4�
∑ 45�5

     (14) 

IV. SELECTION OF THE CRANKSHAFT MATERIAL 

Since the crankshaft has a special structure consisting of 
many components and each component has a different task, the 
material used to manufacture the crankshaft also needs to meet 
many requirements, such as high stiffness, high durability, and 
high melting point [36, 37]. In Table I, the information about 
four types of steel commonly employed for manufacturing 
crankshafts are listed [38]. Fifteen criteria were used, namely 
ultimate tensile strength (C1), yield strength (C2), elongation at 
break point (C3), bulk modulus (C4), shear modulus (C5), 
proportion of toxicity (C6), Brillness hardness (C7), Rockwell 
hardness (C8), machinability (C9), elastic modulus (C10), 
degree of thermal expansion (C11), thermal conductivity 
(C12), specific heat (C13), melting point (C14), and density 
(C15). C1 measures the load-bearing capacity of the material 
before it undergoes tensile failure. C2 determines the 
magnitude of the load the material can withstand before 
undergoing permanent deformation. C3 measures the material's 
ability to elongate before fracturing, indicating its ductility. C4 
measures the material's resistance to volume deformation under 
pressure. C5 determines the material's resistance to shape 
deformation under shear or sliding forces. C6 evaluates the 
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material's resistance to erosion or corrosion during use. C7 
measures the surface hardness of the material under light, 
reflecting its scratch and damage resistance. C8 determines the 
material's hardness through Rockwell measurement, aiding in 
assessing the uniformity of the material's structure. C9 reviews 
the material's processing and manufacturing capabilities into 
the final product. C10 measures the material's ability to recover 
its original shape after deformation. C11 assesses the material's 
dimensional changes with temperature variations. C12 
determines the material's thermal conductivity during use. C13 
measures the amount of heat the material can absorb or emit 
when temperature changes. C14 identifies the maximum 
temperature at which the material can transition from a solid to 
a liquid state. C15 measures the mass of the material per unit 
volume, affecting its weight and mechanical properties. Criteria 
C3 and C11 are the smaller the better and the remaining 
thirteen criteria are the larger the better. The weights of the 
criteria were calculated according to three methods, with the 
results portrayed in Table II. The results of data normalization 
according to (1) are summarized in Table III. The weighted 
normalized values of the criteria were calculated according to 
(2). Firstly, the weights of the criteria determined by the 
MEAN weight method were considered. The results are 
summarized in Table IV. The weighted asymptotic indexes 
were calculated according to (3) and (4), and the results are 

depicted in Table V. The scores of the alternatives were 
computed according to (5) and are displayed in Table VI. The 
ranking of the alternatives according to the values of these 
scores was calculated. 

For the other two cases, when the weights of the criteria are 
calculated by the Entropy method and the MEREC method, 
alternative ranking with the PIV method was also similarly 
performed. In Table VI, the scores and results of alternatives 
ranking every case is summarized. According to the data in 
Table VI, the results of alternatives ranking deploying the PIV 
method are completely the same for all three different 
weighting methods. This is considered an extremely perfect 
result, without any change in the ranks of the alternatives. This 
result once again confirms the outstanding advantage of the 
PIV method. S48C is the best steel type to manufacture 
crankshaft, 1080 steel is ranked 2

nd
, 4130 steel is ranked 3

rd
, 

and 18CrMo4 steel is ranked 4
th
. To have a more objective 

view of the rank reversal when ranking the alternatives 
applying the PIV method, four other scenarios were created. In 
each scenario, one option is removed from the list of the 
alternatives to be ranked, then alternatives’ ranking is 
conducted for the remaining alternatives. Creating different 
scenarios by excluding a particular alternative from the list of 
the alternatives to be ranked is a recently favored method [34]. 
The results are exhibited in Figures 1-4. 

TABLE I.  STEEL TYPES FOR CRANKSHAFT MANUFACTURING [38] 

Type C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 

1080 steel 440 205 15 140 80 0.29 126 71 70 205 8 52 440 820 7800 

18CrMo4 steel 517 365 33 140 80 0.285 137 75 60 210 14 20 440 760 7850 

4130 steel 560 460 21.5 140 80 0.285 217 95 70 200 22.3 42.7 420 460 7800 

S48C steel 765 625 16.5 200 65 0.3 186 80 65 275 10 25 460 1480 7700 

Unit Mpa Mpa % Gpa Gpa - HB HRC - Gpa 10-6/K W/(m.K) J/(kg.K) 0C Kg/m3 

TABLE II.  WEIGHTS OF THE CRITERIA 

Method C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 

Mean 1/15 1/15 1/15 1/15 1/15 1/15 1/15 1/15 1/15 1/15 1/15 1/15 1/15 1/15 1/15 

Entropy 0.062 0.062 0.071 0.064 0.065 0.092 0.063 0.065 0.066 0.063 0.073 0.068 0.062 0.062 0.062 

MEREC 0.061 0.164 0.123 0.021 0.042 0.004 0.066 0.030 0.025 0.024 0.151 0.129 0.012 0.145 0.003 

TABLE III.  VALUES OF THE CRITERIA AFTER NORMALIZATION 

Type C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 

1080 steel 0.377 0.232 0.331 0.445 0.523 0.500 0.369 0.440 0.527 0.456 0.273 0.698 0.500 0.429 0.501 

18CrMo4 steel 0.443 0.414 0.729 0.445 0.523 0.491 0.402 0.464 0.452 0.468 0.478 0.268 0.500 0.398 0.504 

4130 steel 0.480 0.522 0.475 0.445 0.523 0.491 0.636 0.588 0.527 0.445 0.762 0.573 0.477 0.241 0.501 

S48C steel 0.656 0.709 0.365 0.636 0.425 0.517 0.545 0.495 0.490 0.612 0.342 0.336 0.522 0.774 0.494 

TABLE IV.  WEIGHTED NORMALIZED VALUES OF THE CRITERIA 

Type C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 

1080 steel 0.025 0.015 0.022 0.030 0.035 0.033 0.025 0.029 0.035 0.030 0.018 0.047 0.033 0.029 0.033 

18CrMo4 steel 0.030 0.028 0.049 0.030 0.035 0.033 0.027 0.031 0.030 0.031 0.032 0.018 0.033 0.027 0.034 

4130 steel 0.032 0.035 0.032 0.030 0.035 0.033 0.042 0.039 0.035 0.030 0.051 0.038 0.032 0.016 0.033 

S48C steel 0.044 0.047 0.024 0.042 0.028 0.034 0.036 0.033 0.033 0.041 0.023 0.022 0.035 0.052 0.033 

TABLE V.  WEIGHTED ASYMPTOTIC INDEX 

Type C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 

1080 steel 0.019 0.032 0.000 0.013 0.000 0.001 0.018 0.010 0.000 0.010 0.000 0.000 0.002 0.023 0.000 

18CrMo4 steel 0.014 0.020 0.027 0.013 0.000 0.002 0.016 0.008 0.005 0.010 0.014 0.029 0.002 0.025 0.000 

4130 steel 0.012 0.012 0.010 0.013 0.000 0.002 0.000 0.000 0.000 0.011 0.033 0.008 0.003 0.036 0.000 

S48C steel 0.000 0.000 0.002 0.000 0.007 0.000 0.006 0.006 0.003 0.000 0.005 0.024 0.000 0.000 0.001 



Engineering, Technology & Applied Science Research Vol. 14, No. 4, 2024, 14848-14853 14852  
 

www.etasr.com Nguyen et al.: Selection of Crankshaft Manufacturing Material by the PIV Method 

 

TABLE VI.  RANKING OF THE ALTERNATIVES 

Type 
Mean weight Entropy weight Merec weight 

Value Rank Value Rank Value Rank 

1080 steel 0.1270 2 0.1201 2 0.1754 2 

18CrMo4 steel 0.1823 4 0.1800 4 0.2800 4 

4130 steel 0.1391 3 0.1382 3 0.2348 3 

S48C steel 0.0529 1 0.0531 1 0.0750 1 

 

 

Fig. 1.  Ranking of the alternatives after removing 1080 steel from the list 

of the alternatives. 

 
Fig. 2.  Ranking of the alternatives after removing 18CrMo4 steel from the 

list of the alternatives. 

 
Fig. 3.  Ranking of the alternatives after removing 4130 steel from the list 

of the alternatives. 

 

Fig. 4.  Ranking of the alternatives after removing S48C steel from the list 

of the alternatives. 

Observing four Figures 1-4, it can be seen that in all the 
considered scenarios, the ranks of the alternatives do not 
depend on the weights of the criteria, which means there is no 
rank reversal. Once again, the advantage of the PIV method is 
confirmed. 

V. CONCLUSION 

In this paper, the PIV method was utilized to rank four 
types of steel widely deployed to manufacture crankshaft. 
Three different methods were employed to determine the 
weights of the criteria. A perfect result was achieved with the 
ranks of the alternatives being completely the same when the 
weights of the criteria were determined by three different 
methods. Even when removing an alternative from the list of 
the alternatives to be ranked, the ranks of the alternatives did 
not change in all the different weighing methods, meaning that 
there is no rank removal. These important findings give solid 
confidence to further study the use of the PIV method for 
multi-criteria decision making. 

Among the four types of steel used to manufacture 
crankshaft, namely 1080, 18CrMo4, 4130, and S48C, S48C 
was determined to be the best. 

Connecting rod, piston, and crankshaft are three 
indispensable components in diesel and gasoline engines. The 
selection of the material to manufacture the connecting rod and 
the piston is work that remains to be done in the future. The 
PIV method is a suggestion for further studies in carrying out 
this task. 

REFERENCES 

[1] S. Galata et al., "Web Optimization of Compression Ignition Aviation 
Engine Crankshaft," International Journal of Aerospace Engineering, 
vol. 2022, Sep. 2022, Art. no. e7976691, https://doi.org/10.1155/ 
2022/7976691. 

[2] A. Solanki, K. Tamboli, and M. J. Zinjuwadia, "Crankshaft Design and 
Optimization- A Review," in National Conference on Recent Trends in 
Engineering & Technology, Gujarat, India, Dec. 2011, pp. 1–5. 

[3] A. Fynn, "Mechanism of Crankshaft and its Applications," Journal of 
Applied Mechanical Engineering, vol. 11, no. 2, Feb. 2022, Art. no. 
1000402, https://doi.org/10.35248/2168-9873.22.11.402. 

[4] K. Alilakbari, M. Imanparast, and R. Masoudi Nejad, "Microstructure 
and fatigue fracture mechanism for a heavy-duty truck diesel engine 
crankshaft," Scientia Iranica, vol. 26, no. 6, pp. 3313–3324, Dec. 2019, 
https://doi.org/10.24200/sci.2018.50964.1939. 

[5] H. N. Gupta, Manufacturing Process. New Delhi, India: New Age 
International Limited, 2009. 

[6] H. K. Le, "Multi-Criteria Decision Making in the Milling Process Using 
the PARIS Method," Engineering, Technology & Applied Science 
Research, vol. 12, no. 5, pp. 9208–9216, Oct. 2022, https://doi.org/ 
10.48084/etasr.5187. 

[7] S. Alshehri, "Multicriteria Decision Making (MCDM) Methods for 
Ranking Estimation Techniques in Extreme Programming," 
Engineering, Technology & Applied Science Research, vol. 8, no. 3, pp. 
3073–3078, Jun. 2018, https://doi.org/10.48084/etasr.2104. 

[8] A. R. Radhi and A. M. Burhan, "Non-Profit Organization Project 
Selection Process Using the Hygiene Method of Multi-Criteria Decision 
Making," Engineering, Technology & Applied Science Research, vol. 
12, no. 5, pp. 9097–9101, Oct. 2022, https://doi.org/10.48084/etasr.5175. 

[9] S. Mufazzal and S. M. Muzakkir, "A new multi-criterion decision 
making (MCDM) method based on proximity indexed value for 



Engineering, Technology & Applied Science Research Vol. 14, No. 4, 2024, 14848-14853 14853  
 

www.etasr.com Nguyen et al.: Selection of Crankshaft Manufacturing Material by the PIV Method 

 

minimizing rank reversals," Computers & Industrial Engineering, vol. 
119, pp. 427–438, May 2018, https://doi.org/10.1016/j.cie.2018.03.045. 

[10] A. Puska, A. Stilic, D. Pamucar, D. Bozanic, and M. Nedeljkovic, 
"Introducing a Novel multi-criteria Ranking of Alternatives with 
Weights of Criterion (RAWEC) model," MethodsX, vol. 12, Jun. 2024, 
Art. no. 102628, https://doi.org/10.1016/j.mex.2024.102628. 

[11] A. Sotoudeh-Anvari, "Root Assessment Method (RAM): A novel multi-
criteria decision making method and its applications in sustainability 
challenges," Journal of Cleaner Production, vol. 423, Oct. 2023, Art. no. 
138695, https://doi.org/10.1016/j.jclepro.2023.138695. 

[12] V. N. Uyen and X. Pham, "The Multi-Criteria Decision-Making Method: 
Selection of Support Equipment for Classroom Instructors," Applied 
Engineering Letters : Journal of Engineering and Applied Sciences, vol. 
8, pp. 148–157, Jan. 2023, https://doi.org/10.18485/aeletters.2023.8.4.2. 

[13] B. Hatem and K. Ikram, "A Methodology for Selection Starting Line-Up 
of Football Players in Qatar World Cup 2022," European Journal of 
Sport Sciences, vol. 2, no. 2, pp. 46–51, Apr. 2023, https://doi.org/ 
10.24018/ejsport.2023.2.2.56. 

[14] D. D. Trung, "Multi-criteria decision making of turning operation based 
on PEG, PSI and CURLI methods," Manufacturing Review, vol. 9, 2022, 
Art. no. 9, https://doi.org/10.1051/mfreview/2022007. 

[15] C.-N. Wang, H.-T. Tsai, T.-P. Ho, V.-T. Nguyen, and Y.-F. Huang, 
"Multi-Criteria Decision Making (MCDM) Model for Supplier 
Evaluation and Selection for Oil Production Projects in Vietnam," 
Processes, vol. 8, no. 2, Feb. 2020, Art. no. 134, 
https://doi.org/10.3390/pr8020134. 

[16] M. Ozcalici and M. Bumin, "An integrated multi-criteria decision 
making model with Self-Organizing Maps for the assessment of the 
performance of publicly traded banks in Borsa Istanbul," Applied Soft 
Computing, vol. 90, May 2020, Art. no. 106166, https://doi.org/ 
10.1016/j.asoc.2020.106166. 

[17] A.-T. Nguyen, "The Improved CURLI Method for Multi-Criteria 
Decision Making," Engineering, Technology & Applied Science 
Research, vol. 13, no. 1, pp. 10121–10127, Feb. 2023, https://doi.org/ 
10.48084/etasr.5538. 

[18] A.-T. Nguyen, "Expanding the Data Normalization Strategy to the 
MACONT Method for Multi-Criteria Decision Making," Engineering, 
Technology & Applied Science Research, vol. 13, no. 2, pp. 10489–
10495, Apr. 2023, https://doi.org/10.48084/etasr.5672. 

[19] A. Ulutas and C. Karakus, "Location selection for a textile 
manufacturing facility with GIS based on hybrid MCDM approach," 
Industria Textila, vol. 72, no. 2, pp. 126–132, 2021, https://doi.org/ 
10.35530/it.072.02.1736. 

[20] N. Z. Khan, T. S. A. Ansari, A. N. Siddiquee, and Z. A. Khan, 
"Selection of E-learning websites using a novel Proximity Indexed 
Value (PIV) MCDM method," Journal of Computers in Education, vol. 
6, no. 2, pp. 241–256, Jun. 2019, https://doi.org/10.1007/s40692-019-
00135-7. 

[21] D. D. Trung, "Application of EDAS, MARCOS, TOPSIS, MOORA and 
PIV Methods for Multi-Criteria Decision Making in Milling Process," 
Strojnicky casopis - Journal of Mechanical Engineering, vol. 71, no. 2, 
pp. 69–84, Nov. 2021, https://doi.org/10.2478/scjme-2021-0019. 

[22] D. D. Trung, H. X. Thinh, and L. D. Ha, "Comparison of the RAFSI and 
PIV method in multi-criteria decision making: application to turning 
processes," International Journal of Metrology and Quality Engineering, 
vol. 13, 2022, Art. no. 14, https://doi.org/10.1051/ijmqe/2022014. 

[23] D. D. Trung, "A combination method for multi-criteria decision making 
problem in turning process," Manufacturing Review, vol. 8, 2021, Art. 
no. 26, https://doi.org/10.1051/mfreview/2021024. 

[24] D. Trung, "The combination of taguchi – entropy – waspas-PIV methods 
for multi-criteria decision making when external cylindrical grinding of 
65G steel," Journal of Machine Engineering, vol. 21, pp. 5–20, Dec. 
2021, https://doi.org/10.36897/jme/144260. 

[25] S. E. Tuzcu and S. P. Turkoglu, "How vulnerable are high-income 
countries to the covid-19 pandemic? An MCDM approach," Decision 
Making: Applications in Management and Engineering, vol. 5, no. 2, pp. 
372–395, Oct. 2022, https://doi.org/10.31181/dmame0318062022t. 

[26] A. Ulutas, F. Balo, L. Sua, E. Demir, A. Topal, and V. Jakovljevic, "A 
new integrated grey MCDM model: Case of warehouse location 
selection," Facta Universitatis, Series: Mechanical Engineering, vol. 19, 
no. 3, pp. 515–535, Oct. 2021, https://doi.org/10.22190/ 
FUME210424060U. 

[27] S. Wakeel, S. Bingol, M. N. Bashir, and S. Ahmad, "Selection of 
sustainable material for the manufacturing of complex automotive 
products using a new hybrid Goal Programming Model for Best Worst 
Method–Proximity Indexed Value method," Proceedings of the 
Institution of Mechanical Engineers, Part L: Journal of Materials: 
Design and Applications, vol. 235, no. 2, pp. 385–399, Feb. 2021, 
https://doi.org/10.1177/1464420720966347. 

[28] S. Wakeel et al., "A New Hybrid LGPMBWM-PIV Method for 
Automotive Material Selection," Informatica, vol. 45, pp. 105–115, Mar. 
2021, https://doi.org/10.31449/inf.v45i1.3246. 

[29] H. Thinh, N. Mai, N. Giang, and V. Khiem, "Applying multi-criteria 
decision-making methods for cutting oil selection," Eastern-European 
Journal of Enterprise Technologies, vol. 3, pp. 52–58, Jun. 2023, 
https://doi.org/10.15587/1729-4061.2023.275717. 

[30] S. Bingol, "Selection of Semiconductor Packaging Materials by 
Combined Fuzzy AHP-Entropy and Proximity Index Value Method," 
Mathematical Problems in Engineering, vol. 2022, Dec. 2022, Art. no. 
e7901861, https://doi.org/10.1155/2022/7901861. 

[31] F. Jahan, M. Soni, S. Wakeel, S. Ahmad, and S. Bingol, "Selection of 
automotive brake material using different MCDM techniques and their 
comparisons," Journal of Engineering Science and Technology Review, 
vol. 15, no. 1, pp. 24–33, 2022, https://doi.org/10.25103/jestr.151.04. 

[32] N.-T. Nguyen and D. D. Trung, "Combination of Taguchi method, 
MOORA and COPRAS techniques in multi-objective optimization of 
surface grinding process," Journal of Applied Engineering Science, vol. 
19, no. 2, pp. 390–398, 2021, https://doi.org/10.5937/jaes0-28702. 

[33] D. D. Trung, "Comparison R and curli methods for multi-criteria 
decision making - Advanced Engineering Letters," Advanced 
Engineering Letters, vol. 1, no. 2, pp. 46–56, Jul. 2022, https://doi.org/ 
10.46793/adeletters.2022.1.2.3. 

[34] D. Trung and H. Thinh, "A multi-criteria decision-making in turning 
process using the MAIRCA, EAMR, MARCOS and TOPSIS methods: 
A comparative study," Advances in Production Engineering & 
Management, vol. 16, pp. 443–456, Dec. 2021, https://doi.org/ 
10.14743/apem2021.4.412. 

[35] M. Keshavarz-Ghorabaee, M. Amiri, E. K. Zavadskas, Z. Turskis, and J. 
Antucheviciene, "Determination of Objective Weights Using a New 
Method Based on the Removal Effects of Criteria (MEREC)," 
Symmetry, vol. 13, no. 4, Apr. 2021, Art. no. 525, https://doi.org/ 
10.3390/sym13040525. 

[36] K. Tamura et al., "Development of Technologies for Lightening 
Crankshafts," NIPPON Steel Technical Report No. 122, Nov. 2019. 

[37] N. Bhise and M. Ramachandran, "Design and Numerical evaluation of 
crankshaft of diesel engine for total deformation and strain," IOP 
Conference Series: Materials Science and Engineering, vol. 810, no. 1, 
Nov. 2020, Art. no. 012010, https://doi.org/10.1088/1757-
899X/810/1/012010. 

[38] Compilation, Handbook of Comparative World Steel Standards, 5th ed. 
West Conshohocken, PA, USA: ASTM International, 2016. 

 

 

 

 

 

 


