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Abstract

:

Machining operations on computer numerically controlled (CNC) machine tools are essential for the machining industry. Most of these operations take place in machining workshops. Safety issues in machining workshops shops can affect not only the health of the operators, which is extremely important, but also the productivity of the process and the accuracy of the parts. The research presented in this article addresses the issue of evaluating the safety of a CNC machining workshop, using a combined approach based on the analytic hierarchy process (AHP) and technique for order performance by similarity to ideal solution (TOPSIS) methods. A set of four evaluation criteria was proposed and the methods of processing the information for each criterion were used to extract the significant data needed for the evaluation. The proposed method was used to select the safest CNC machining workshop out of a total of three considered for assessment.
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1. Introduction


The manufacturing industry is one of the basic branches of industry. At present, both manufacturing operations, subtractive and additive, coexist and share the general field of manufacture. Machining operations (cutting operations such as milling, turning, drilling and grinding) performed on computer numerically controlled (CNC) machine tools are usually the most widely used operations when subtractive manufacturing is considered. Machining workshops, as modular manufacturing units, are usually the most common places for cutting operations.



Machining operations are carried out at high speeds, with high forces and torques, so the problems related to work safety in the processing workshops must be given special importance. Potential risks that may occur in machining workshops in vocational high schools were identified and studied in [1]. Assembly workshops and the typical accidents encountered by the workers were studied in [2].



A comprehensive study in [3] presented a synthesis of the safety issues directly related to the machines used in machining workshops. The study also evaluated the safety practices and programs related to the use of machines in metal cutting operations. One of the important conclusions of the study was that none of the assessed machines complied with all safety requirements. Moreover, the results have shown that workshops with dedicated safety committees tend to be safer than the ones without such committees. Another related study [4], which was also focused on machine-specific safety issues, developed a scoring system as a measure to assess machine safety in a reproducible manner.



Technological equipment other than machine tools are also considered as potential sources of hazards during machining and assembly operations. Collaborative robots, regarded as state-of-the-art equipment when human–machine interaction is considered, were the subject of a comprehensive study of the safety issues related to collaboration with humans in industrial settings [5].



To assess machine safety, one should consider that state-of-the-art CNC machine tools are presently fitted with modern devices able to monitor almost every functional module of the machine. Modern monitoring systems are suitable to increase productivity and reduce machining costs and could also play an important role in machining safety. Multi-sensor data fusion [6] is one of the methods that could improve the performance of CNC machine monitoring systems. A comprehensive review of monitoring and signal processing methods and devices was presented in [7]. This study stressed the fact that modern monitoring systems have an objective, among others, to ensure the safety of the machine operator. It also points to the fact that monitoring systems could increase the overall costs of the machine; thus, great care must be taken when choosing the monitoring system. However, this implies that many commercially available monitoring systems, which could affect machining safety, are offered by many CNC machine tool vendors only as optional modules.



Launched in an article published by German national authorities, the concept of Industry 4.0 has emphasized (among other things) the importance of cyber-physical systems (CPS) in manufacturing [8]. Seen as having at least a similar impact as the other three industrial revolutions since the 18th century, Industry 4.0 places intelligent manufacturing systems as the core of the new manufacturing paradigm. The new concept of Industry 4.0 has also introduced new approaches with regard to CNC machining operations, which can also influence safety. Computer-aided manufacturing (CAM) techniques, which are utilized for generating the programs (codes) that control the movements of the machine slides, can be enhanced by using augmented reality (AR). The work presented in [9] reported the use of AR to visualize the CAM instructions, which permits the machine tool worker to view, in an advanced manner, the safety zones in which the machining movements take place and provides the user with advanced menus and instructions.



Another very important issue linked with safety when CNC machining equipment are studied is the training of the machine operators. The traditional content of machine tool operator training was significantly affected by the introduction of CNC control [10]. The large demand of CNC machine tool operators has moved the training process to vocational high schools, lowering the age and subsequently the experience of the trainees. Thus, it is very important to design and tailor the training process [10,11] in order to increase the awareness of how important safety issues are when equipment characterized by automatic high-speed motions has to be operated. Furthermore, CNC machine tool operator training should be a lifelong training process in order to keep pace with the fast development of CNC technology. Moreover, the training level of the operators should be assessed on regular basis.



The work presented in this paper proposes a method for deciding which machining workshop is the safest by selecting it out of three alternatives. Being a “multi-criteria decision making” (MCDM) process, specific methods for MCDM will be used.



The proposed approach relies upon the use of both the technique for order performance by similarity to ideal solution (TOPSIS) and analytic hierarchy process (AHP) techniques.



TOPSIS [12] is a ranking procedure used to select between alternatives, ranking them in descending order by means of a so-called closeness coefficient. The closeness coefficient considers simultaneously the distances from the positive ideal solution (which has to be the shortest) and from the negative ideal solutions (which have to be the farthest). TOPSIS, as an MCDM technique, has enjoyed much attention and intensive use during the last period. A comprehensive analysis of TOPSIS applications as revealed by the literature is presented in [12]. The method is still under development, with different extensions of TOPSIS also being reported [13].



AHP is another MCDM method, proposed by Saaty [14,15,16], enjoying widespread use and is also undergoing many developments [17,18]. AHP is based upon choosing some criteria to assess the alternatives considered for selection and comparing them in pairs (pair-wise comparison). One of the advantages of the AHP approach is that it can deal with both quantitative and qualitative criteria by using a mathematical apparatus, which allows the user to convert subjective verbal inputs into numerical ones. Some significant results about using improved versions of AHP (fuzzy AHP) were also reported in the literature [19,20,21].



A literature survey also identified research works that combined the two methods, TOPSIS and AHP, for selecting the best alternative by means of an MCDM method [22,23].



The authors of this paper have some previous experience in implementing MCDM, with some of the results presented in [24,25,26].




2. Materials and Methods


The proposed approach aims to identify which alternative is the safest by analyzing the existing situation of three machining workshops. Of course, the method is intended to have a reasonable degree of generality to be useful for safety comparisons of any machining workshops that meet certain conditions, which will be presented in the following paragraphs. The approach relies upon a joint implementation of AHP and TOPSIS as MCDM techniques.



The weights calculated during the implementation of AHP will be further used during TOPSIS implementation.



Finally, if both methods indicate the same alternative as being the best option, the analysis will be considered finished, and the results will be considered as having a reasonable degree of trustworthiness. If the results of running both AHP and TOPSIS indicate a difference, the analysis must be resumed, and the input data must be analyzed again, possibly requesting the assistance of new specialists.



Figure 1 presents a flowchart of the approach developed in this paper.



The safety of a manufacturing workshop using mostly CNC machine tools as technological equipment depends on the way these machines are running. One must keep in mind several aspects regarding the CNC machine tools:




	
These are very complex pieces of equipment, requiring highly trained workers to operate them. Many literature references indicate potential contact with moving parts of the machine tools as the main sources of accidents in the manufacturing industry [27,28,29]. This is particularly important when the movements are fully automated (for CNC machine tools) [30,31]. The moving parts of CNC machine tools can inflict accidents not only during the machining stage but also during the setup, maintenance and cleaning stages [27]. The activities are also very complex and should be performed only by highly trained machining operators [10];



	
The machines are working in a fully automatic way, controlled by a numerical code (program). After the program is started, the machining process (consisting of technological movements of the machine slides and performed in high velocities and involving high forces and torques) runs automatically. Any errors within the program will lead to errors within the machining process and result in potential collisions (due to erroneous technological movements) [32];



	
Many software tools (computer-aided design (CAD)/computer-aided manufacturing (CAM) software packages) were developed to assist the programming process (the process of generating the numerical code that controls the machine), but the efficiency of these tools depends heavily on their purchase price. While many authors are highlighting the fact that, due to higher complexities of the surfaces that have to be machined, usually requiring five-axis tool paths (collisions are also a major source of safety risks [32,33,34]), it is also recognized that many CAM software packages do not provide collisions detection facilities. Moreover, not all machining workshops are using such software tools, mostly due to financial reasons;



	
Machine tool vendors are aware of the possible consequences of erroneous technological movements occurring in CNC machine tools (which can not only damage these expensive pieces of equipment but, most importantly, can also affect the safety of the operators) and are focused on developing solutions to avoid these situations. Thus, every new generation of CNC machine tools is fitted with various safety systems, but most of them are optional, so they are not present on every latest machine (and not present at all on older ones);



	
Presently, in the context of a highly competitive market, manufacturers try to reduce the overall manufacturing time (OMT) of every machined part. OMT for a given part has many components, including [35] setup time, processing/machining time, moving time and waiting time. Reducing the OMT is achieved not only by optimizing the machining process but also by overloading the machine tools and reducing the setup time. Overloading and reducing the setup time (which is paramount for such complex technological equipment) can generate various issues that are considered potential sources of safety problems. On the other hand, a comprehensive study presented in [35] has indicated “dedicated equipment” as an efficient method for reducing all components of the OMT. Thus, it can be presumed that the greater the number of machine tools available for a given manufacturing task, the easier it will be to reduce the working time without increasing safety risks.








To assess the relative safety of a machining workshop, a set of four criteria was proposed. Each criterion is detailed below.



C1—Training of the operators (TRO): This criterion takes into consideration the certified training of the CNC machine tool operators. In an emerging market (as the one considered) with a dramatic workforce crisis due to migration, it is quite hard to find qualified operators. Hands-on training at the workshop level could be a solution, but it must be conducted by certified trainers, the results of the training must be certified and proper diplomas must be issued. Consequently, this criterion does not assess how skilled the operators are, but how qualified and trained they are for the specific task. Thus, it evaluates the qualification of the operators by means of proper certification papers.



C2—Quality of programming (QPR): This criterion takes into consideration whether the programming department has access to computer-aided tools for programming, such as CAD/CAM software package tools. It also assesses whether the software package (if present) belongs to the high-end, middle-range or entry-level category. The classification of the software package in one of these categories will be made based on the purchase price.



C3—Machine endowment for safety (MES): This criterion will assess whether the CNC machine tools within the workshop are fitted with modern safety systems, such as realistic simulation with collision control embedded on the machine CNC controller and other advanced safety systems (e.g., tool breakage monitoring systems, motors overload monitoring systems). Most modern CNC machine tool manufacturers provide these systems as optional when purchasing a new machine, and many customers do not acquire them because of their high prices. Thus, if these systems are not standard, their presence is regarded as an assessment criterion for safety.



C4—Production load on a machine (PLD): This criterion will compare the overall number of machine tools able to perform a given machining task for each analyzed workshop. According to the criterion, it is considered that a smaller number of machine tools available for a manufacturing task (so a higher load on the machine) can adversely affect safety. This criterion could be affected by large differences in size between considered workshops (for example, if one workshop owns 100 machines and the other one only 10 machines). Thus, the proposed method is intended to be applied only to machining workshops belonging to small and medium-sized enterprises (SMEs) with a total number of employees less than 250. This staff number limitation (250 being the maximum number of employees allowed by law in many countries for the company to be considered an SME) is considered to ensure the fact that the total number of machine tools is relatively close from one SME to another.



In order to implement the proposed method, three machining workshops (WKS 01, WKS 02 and WKS 03) were evaluated. The preliminary requirements imposed to the evaluated units, for the method to be applied were the following:




	
The workshop has to belong to an SME with an overall number of employees less than 250, being its only machining unit. The method can hardly quantify the complex effects and connections that appear in a large company that has several machining workshops;



	
The evaluated workshops must be close in terms of size (with regard to the overall number of employees involved in manufacturing activities and the overall number of CNC machine tools), ensured by the imposed limitation that the analyzed workshops belong to SME-type companies. Similar sizes are not required, with most of the entries used for evaluation expressed as percentages, however, at least the same order of magnitude for the above-mentioned numbers is expected;



	
Finally, the acquisition of data required for analysis has to be performed by specialists, with many entries to be assessed requiring a high degree of manufacturing expertise in order to be categorized, along with full cooperation from the staff of the assessed workshops. Thus, questionnaires are not recommended for this purpose; on-site observation and data gathering and processing are recommended instead.









3. Results and Discussion


3.1. AHP Method


To implement the AHP method, the first step involves setting an objective. For the proposed approach, the objective was to identify the safest machining workshop out of three alternatives. After setting the objective, a set of four criteria introduced above were used for assessing the alternatives.



The layered structure of AHP implementation is synthesized in Figure 2.



In the first stage of the proposed approach, according to the AHP method, the above-proposed criteria were compared against each other by the authors [14,15], using pairwise comparisons of i and j elements in order to determine the aij value.


    a  i j   = 1    for    i = j ,    where    i , j = 1 , 2 , … n     a  i j   =  1   a  j i        for    i ≠ j   



(1)







For the comparison, the scale introduced in [14] was used:




	
1—equally important;



	
3—weakly more important;



	
5—strongly more important;



	
7—demonstrably more important;



	
9—absolutely more important.








The intermediary values (2, 4, 6 and 8) are treated as compromise judgments.



After running the pairwise comparisons of the C1–C4 criteria, the preference matrix A was generated and stored in Table 1.



As an exemplification, the first line of Table 1 can be explained in the following manner:




	
Quality of programming (C2) is judged as weakly more important as the training of the operators (C1);



	
Machine endowment for safety (C3) is judged as strongly more important as the training of the operators (C1);



	
Training of the operators (C1) is judged as a compromise judgment between equally important and weakly more important as the production load on a machine (C4).








The following stage of AHP, as stated in [14,15], necessitates the normalization of the matrix A followed by the generation of matrix B by using the formula:


    B    =    [   b  i j    ]  .     b  i j     =      a  i j       ∑  i = 1  n    a  i j     .   



(2)







Table 2 was used to store the calculated normalized B matrix.



The eigenvectors w (the arithmetic average method was used for their calculation) for each row of the matrix B (normalized) were introduced on the last column.



The next step of the AHP process, according to [14,15] involves the consistency check of the proposed comparisons, by calculating the maximal eigenvalue using the following formula:


   λ  max   =  1 n    ∑   i = 1  n       (  A w  )   i     w i    = 4.2481  



(3)







Table 3 stores the random consistency index, defined in [15], permitting the calculation of the consistency ratio CR (for a 4-dimensional matrix, 0.90 was used as r-value).



The following formula was used for CR:


   CR  =    λ  max   − n   r  (  n − 1  )    · 100 % = 9.1901 %  



(4)







Consequently, the comparisons made during the building of A and B matrixes are consistent, a fact verified by the CR value, which is smaller than 10% (9.1901%) [14,15].



Table 4 presents the quantitative values obtained after analyzing the on-site situation of the three considered machining workshops: WKS 01, WKS 02 and WKS 03.



A detailed description of the meaning of each entry from Table 4 is presented below.



Qualified CNC machine tool operators (QMO): This entry considers the total number of machine operators in the three assessed workshops holding valid documents (diplomas and/or certificates) to confirm that they are trained as CNC machine tool operators. Because the overall number of machine operators is different for each workshop, the entry was expressed as a proportion (number divided by 100-percentage) of the overall operators working in each workshop.



Engineers in the programming department (EPD): This entry considers the total amount of engineers (mechanical and/or manufacturing engineers—seen as graduates of at least a bachelor’s degree in engineering) who work in the programming department of each assessed workshop. Modern CAM software packages have significantly eased the task of generating CNC programs, so many company managers believe that CNC programming tasks can be performed by technicians or even operators. The idea that only software skills to master CAM software are sufficient for CNC programming is erroneous in many ways. Extensive knowledge of machining technology, tools and cutting regimes and technological equipment (CNC machine tools), which are mastered only by mechanical and/or manufacturing engineers, are also required to produce optimized CNC programs (in terms of both manufacturing and safety issues). Indeed, simple and repetitive CNC programs can be generated by technicians or operators, but at least a final check of them must be done by an engineer. This entry was also expressed as a proportion (number divided by 100-percentage) of all personnel in the programming department of each workshop.



High-end CAD/CAM software (HEC) available, middle-range CAD/CAM software (MRC) available, and entry-level CAD/CAM software (ELC) available: An explanation with regard to how the CAD/CAM software was assessed as high-end/middle-range/entry-level will follow. The first criterion considered was the price, using the following limit: more than 10,000 (HEC), between 5000 and 10,000 (MRC), and under 5000 (ELC), where all prices are considered in euros. The second criterion of considering a software package as HEC/MRC/ELC was the results of the periodical surveys presented on www.cnccookbook.com (accessed on 22 December 2020). Here, it is notable that both CAD and CAM software packages were considered, and the prices were calculated for the full package (CAD+CAM). Moreover, classifying a CAD/CAM software package as HEC/MRC/ELC does not assess its overall quality, but rather how complete the package is (how many modules and features are included within the package). Below, a short feature comparison is presented to clarify the concepts (it is notable here that the comparison is intended to be neither exhaustive nor complete):




	
An ELC software package generates the CNC program and simulates only the trajectories of the programmed points of the tools (the relative movements between tools and workpiece are not simulated, the material-removing process is not simulated, and the displacements of the machine moving elements (slides and tables) are not simulated; thus, collisions between tools and workpiece and between machine moving elements cannot be visualized). Usually, this type of straightforward simulation is called backplot simulation (Figure 3a);



	
An MRC software package generates the CNC program and simulates the relative movements between tools and workpiece and the material removing process; therefore, collisions between tools and workpiece can be identified (the movements of the machine moving elements (slides and tables) are not simulated. Thus, collisions between machine moving elements cannot be visualized). Usually, this type of simulation is called solid simulation (Figure 3b);



	
An HEC software package generates the CNC program and simulates the relative movements between tools and workpiece, the material removing process and the displacements of the machine moving elements (by using a 3D model of the CNC equipment). Thus, collisions between tools and workpieces and between machine-moving elements can be easily visualized. Usually, this type of simulation is called solid simulation (Figure 3c).








CNC controllers with embedded simulation with collision control (CES): Some modern CNC controllers (Heidenhain 530i, Fanuc 31i, Okuma OSP-P300M, Sinumerik 840 D—the list is neither exhaustive nor complete) are fitted with advanced simulation capabilities. Thus, the CNC controller is able to simulate the CNC program (NC code) and to visualize all types of collisions mentioned above. However, this feature is in most cases an optional one and usually very expensive; therefore, most CNC machine tool users do not acquire it when buying a machine. Usually, programmers prefer to rely on simulations issued by CAD/CAM software packages in order to avoid collisions. However, as presented before, only HEC software packages can realistically simulate all potential movements occurring on the CNC machine tool and consequently can identify and prevent/remove all potential collisions. Moreover, HEC software packages simulations are based on a kinematic model of the machine tool, which can or cannot be entirely accurate, while simulations performed by CES are based on the real physical machine tool, which is much more realistic and accurate. Consequently, the presence of CES significantly increases the overall safety of the machining processes occurring on the CNC machine tool. Because the overall number of CNC machine tools fitted with this feature is different for each workshop, the entry was expressed as a percentage from the total number of machines existing in each facility.



CNC machine tools with advanced safety systems (MAS): Modern CNC machine tools can optionally be equipped with advanced safety systems which are able to prevent and avoid various hazards. For example, there are systems that monitor the tools within the main spindle (either by measuring the power consumption or by measuring the acoustic emission) and can take preventive actions (stopping the main spindle) when a tool breakage is expected to occur. Another example is systems based upon current sensors, which are monitoring the loads (resistant torques) at each feed motor (and for the main spindle motor). These systems can prevent overloads, which can damage either the feed drive systems or the main spindle drive systems. Being optional and usually very expensive, these systems are also not acquired (usually) when a CNC machine tool is bought. Indeed, avoiding tool breakages and driving system overloads also increases the overall safety of the CNC machine tool. This entry was also expressed as a percentage (according to the overall number of the CNC machine tool existing in each workshop).



Number of CNC machine tools (NMT): This entry is a purely quantitative one and is used to assess how the production load may spread between the technological equipment within the assessed workshops. As stated above, the proposed method is designed to evaluate workshops that are quite similar by size and endowment; therefore, this entry is assessed in an absolute manner (not as a percentage).



Entry 1 (Qualified CNC machine tool operators (QCO)) from Table 4 was used as a quantitative assessment for the C1 criterion, entries 2–5 (EPD, HEC, MRC and ELC) for the C2 criterion, entries 6–7 (CES and MAS) for the C3 criterion and entry 8 (NMT) for the C4 criterion. A graphical synthesis of how every entry from Table 4 was used for the quantitative assessment of C1–C4 criteria is presented in Figure 4.



The next stage requires the assessment of the three machining workshops by means of the C1–C4 criteria. The results of the evaluations are presented in Table 5, Table 6, Table 7 and Table 8.



The eigenvectors calculated as arithmetic averages are stored on the last column of Table 5, Table 6, Table 7 and Table 8.



At this stage, matrix C can be generated, which contains in its columns the above-mentioned eigenvectors. It is notable here that the order of the columns of C was established according to the eigenvectors from Table 2, in descending order, as C2, C3, C1 and C4.



After the multiplication between C and w matrixes, the preference vector x was determined:


  x = C w =  [      0.6480     0.1062     0.1399     0.6334       0.1222     0.2605     0.5736     0.2605       0.2299     0.6334     0.2864     0.1062      ]   [      0.1249       0.4096       0.3764       0.0890      ]  =  [      0.2335       0.3611       0.4054      ]   



(5)







Finally, by analyzing Equation (5), one can notice the preference vector has its largest value on the third row, which certifies that the best options, from a safety point of view, are represented by the third workshop (WKS 03).




3.2. TOPSIS Method


The initial stage of the TOPSIS method requires the building of the decision matrix, which is presented in Table 9. A set of weights is needed for each criterion, which was calculated using the AHP method.



Table 9 also contains the weights taken from the last column of the normalized matrix B (Table 2).



The following stage requires the calculation of the normalized decision matrix, according to the formula


   r  i j   =    x  i j         ∑ 1 m    x  i j  2       



(6)




where xij—elements of the decision matrix, i—number of lines from 1 to m, j—number of columns from 1 to n (for our particular case m = 3, n = 4) and rij—elements of the normalized decision matrix.



By using the weights determined by means of the AHP method, the elements of the weighted decision matrix vij can be determined using the formula


   v  i j   =  w i  ·  r  i j    



(7)




where wi—the weights from the first line of Table 9.



The next step involves the detection of the “positive ideal solution (PIS)” and “negative ideal solution (NIS)”, according to the Equation


  PIS =  A +  =  {   v 1 +  ,    v 2 +  , …  v n +   }  ,   where    v j +  =   max  i   v  i j     i f   j ∈ J ,    v j +  =   min  i   v  i j     i f   j ∈  J ′  .  



(8)






  NIS =  A −  =  {   v 1 −  ,    v 2 −  , …  v n −   }  ,   where    v j −  =   min  i   v  i j     i f   j ∈ J ,    v j −  =   max  i   v  i j     i f   j ∈  J ′  .  



(9)




where J—is linked with benefit (advantageous) criteria and J′—is linked with cost (disadvantageous) criteria.



The next stage involves the computation of the separation distance of each competitive alternative from the ideal and non-ideal solution using the following formulae:


   S i +  =     ∑  j = 1  n      (   v  i j   −  v j +   )   2      i = 1 , … , m .  



(10)






   S i −  =     ∑  j = 1  n      (   v  i j   −  v j −   )   2      i = 1 , … , m .  



(11)







After that, the “relative closeness to the ideal solution” has to be calculated, according to


   C i *  =    S i −     S i +  +  S i −    ,    C i *  ∈  [  0 ,   1  ]  ,   i = 1 , … , m .  



(12)







Finally, the alternatives can be ranked, the best being the one with the greatest value of the “relative closeness to the ideal solution”.



The calculations presented in the Equation from (6) to (12) can be conducted automatically using the free utility from https://decision-radar.com/ (accessed on 15 December 2020).



Thus, the weighted decision matrix is the following:


  V =  [      0.060     0.269     0.169     0.064       0.078     0.202     0.226     0.051       0.069     0.235     0.254     0.038      ]   



(13)







The positive ideal solution is depicted below


   A +  =  {  0.078 ,   0.269 ,   0.254 ,   0.064  }   



(14)




while the negative ideal solution is the following:


   A −  =  {  0.060 ,   0.202 ,   0.169 ,   0.038  }  .  



(15)







The separation distance from the ideal solution is


   S i +  =  {  0.086 ,   0.074 ,   0.043  }   



(16)




while the separation distance from the non-ideal solution is


   S i −  =  {  0.072 ,   0.060 ,   0.092  }  .  



(17)







Finally, the relative closeness to the ideal solution for the three alternatives are presented below:


   [      WKS   01       WKS   02       WKS   03      ]  =  [      0.454       0.450       0.680      ]  .  



(18)







According to Equation (18), the highest relative closeness to the ideal solution can be noticed for WKS 03; therefore, this workshop is the best option from a safety point of view.





4. Conclusions


This work proposed a method for selecting the safest machining workshop out of three existing alternatives. To determine the trustworthiness of the results, a combined approach relying upon both AHP and TOPSIS methods was used. After running the analysis, both MCDM methods have indicated the same workshop (WKS 03) as the best option.



The method made use of the advantages of both AHP (ability to deal with both quantitative and qualitative inputs) and TOPSIS (considered very easy to apply, among other advantages).



A set of criteria was proposed as the basis of the implementation, which was considered by the authors as able to quantify significant safety-related issues. The main objective of the proposed approach was the safety-related issues linked with the use of computer numerically controlled (CNC) machine tools, seen as the main technological equipment in modern machining workshops.



The advantages of the proposed method are its quite straightforward implementation and the ease of data gathering (if highly trained manufacturing specialists are used for this purpose). The proposed criteria are easy to evaluate, both in a quantitative and qualitative way.



The proposed work also has several limitations. First, the selection of the considered criteria was made by the authors according to their opinions and expertise and is consequently affected by subjectivity. It can be considered that the problems targeted and quantified by the selected criteria are indeed related to the relative safety of a machining workshop, but different specialists could select different criteria for the same inputs (problems).



Special mention must be made with regard to the C1 criterion, which assesses the training of the operators. At present, it is based entirely on formal recognition of the qualifications, while a better approach should take into consideration their real skills and competencies. Formal qualifications are possibly not the most efficient way to assess their actual skills and competencies, because, for example, a certificate could be obtained some time ago and the skills are not practiced for some time. Thus, the training of the operators should be much better assessed by practical and theoretical tests. However, it was quite difficult to organize such tests, due both to time issues (a lot of time in which the operators could not perform their actual machining tasks) and willingness (it was a research program, accepted by the companies as such, but with limited involvement from personnel). Another drawback is that it is quite difficult to assess the method’s efficiency because that would request a long period of experimental data gathering and analysis.



Further research will be oriented on finding ways to demonstrate the efficiency of the method by running a comprehensive experimental program. Additionally, future research will tackle more advanced methods of TOPSIS and AHP, as reported by the literature [36,37,38], trying to integrate them into the proposed approach.
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Figure 1. Flowchart of the developed method. 
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Figure 2. Layered structure of analytic hierarchy process (AHP) implementation. 
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Figure 3. Different types of simulation allowed by computer-aided design (CAD)/computer-aided manufacturing (CAM) software packages: (a) backplot simulation, no tool, no workpiece, no material removal process, no machine is simulated (entry-level CAD/CAM software (ELC)); (b) solid simulation, no machine is simulated (middle-range CAD/CAM software (MRC)); (c) complex simulation (High-end CAD/CAM software (HEC)). 
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Figure 4. Assessing the C1–C4 criteria using the entries from Table 4; a graphical synthesis. 
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Table 1. Preference matrix A.
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	Criteria
	C1

(TRO)
	C2

(QPR)
	C3

(MES)
	C4

(PLD)





	C1
	1
	1/3
	1/5
	2



	C2
	3
	1
	2
	3



	C3
	5
	1/2
	1
	5



	C4
	1/2
	1/3
	1/5
	1
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Table 2. Normalized matrix B.
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	Criteria
	C1
	C2
	C3
	C4
	w





	C1
	0.1053
	0.1538
	0.0588
	0.1818
	0.1249



	C2
	0.3158
	0.4616
	0.5882
	0.2727
	0.4096



	C3
	0.5263
	0.2308
	0.2941
	0.4545
	0.3764



	C4
	0.0526
	0.1538
	0.0588
	0.0909
	0.0890
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Table 3. Values of consistency indices (CIs).
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	Size of Matrix (n)
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10





	Random average CI (r)
	0
	0
	0.58
	0.90
	1.12
	1.24
	1.32
	1.41
	1.45
	1.51










[image: Table] 





Table 4. Quantitative results of the on-site analysis of the considered machining workshops.
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	On-Site Situation
	WKS 01
	WKS 02
	WKS 03





	Qualified CNC machine tool operators (QCO) [%]
	71
	88
	81



	Engineers in programming department (EPD) [%]
	100%
	100%
	100%



	High-end CAD/CAM software available (HEC)
	yes
	no
	no



	Middle-range CAD/CAM software available (MRC)
	no
	no
	yes



	Entry-level CAD/CAM software available (ELC)
	no
	yes
	no



	CNC controllers with embedded simulation with collision control (CES) [%]
	26
	31
	35



	CNC machine tools with advanced safety systems (MAS) [%]
	21
	27
	28



	Number of CNC machine tools (NMT)
	26
	17
	10
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Table 5. Comparison of the machining workshops according to criterion C1.
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	C1
	WKS 01
	WKS 02
	WKS 03
	w





	WKS 01
	1
	1/3
	1/3
	0.1399



	WKS 02
	3
	1
	3
	0.5736



	WKS 03
	3
	1/3
	1
	0.2864
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Table 6. Comparison of the machining workshops according to criterion C2.
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	C2
	WKS 01
	WKS 02
	WKS 03
	w





	WKS 01
	1
	5
	3
	0.6480



	WKS 02
	1/5
	1
	1/2
	0.1222



	WKS 03
	1/3
	2
	1
	0.2299
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Table 7. Comparison of the machining workshops according to criterion C3.
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	C3
	WKS 01
	WKS 02
	WKS 03
	w





	WKS 01
	1
	1/3
	1/5
	0.1062



	WKS 02
	3
	1
	1/3
	0.2605



	WKS 03
	5
	3
	1
	0.6334
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Table 8. Comparison of the machining workshops according to criterion C4.
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	C4
	WKS 01
	WKS 02
	WKS 03
	w





	WKS 01
	1
	3
	5
	0.6334



	WKS 02
	1/3
	1
	3
	0.2605



	WKS 03
	1/5
	1/3
	1
	0.1062
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Table 9. Decision matrix.
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	TRO
	QPR
	MES
	PLD





	Weights
	0.12
	0.41
	0.38
	0.09



	WKS 01
	7
	9
	6
	10



	WKS 02
	9
	8
	8
	8



	WKS 03
	8
	7
	9
	6
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