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ABSTRACT: The idea of the primary level Semi-

Direct technological maturity assessment 

methodology (SDTMAM) for additive and 

subtractive manufacturing technologies was 

conceived and proposed for development, designed 

and implemented with impressive results. To meet 

the industry demand for quality and high-

performance engineering components, especially in 

the high-risk fields of aerospace, medicine and 

automotive sectors of world economy, comes 

another idea termed the secondary level Semi-Direct 

technological maturity assessment methodology 

(SDTMAM) for advanced metal additive and 

subtractive manufacturing technologies statuses 

both in the academia and industry. However, it is the 

same principle that guided the design and 

development of the generic model; 

EbereDimMT001 for technological maturity 

assessment of the advanced manufacturing 

technologies, only but EbereDimMT003 in this 

case, which differs from that exact point where the 

later ends. The same artificial intelligence semi-

direct approach, with the new introduction of 

membership function in the strategic and more 

precise advanced metal additive manufacturing 

product quality technology maturity assessment 

model. Built upon the primary level model, 

EbereDimMT001 results at which the membership 

function model was introduced extending the model 

and process to obtain a more robust product quality 

technology maturity level for a metal additive and 

subtractive manufacturing technology, with the 

advanced data analytics and software engineering 

iterative mathematical models. However, the 

proposed development and design of a generic 

model for technological maturity assessment of 

independent advanced subtractive and additive 

manufacturing technology was completed and 

implemented in confirmation and validation on 

advanced metal subtractive manufacturing 

technology, and was simulated afterwards in a 

Fuzzy logic system in the MATLAB Toolbox with 

impressive result as ranked on the adopted 

capability maturity assessment model integration 

(CMMI) of the Software Engineering Institute (SEI) 

and ready to be applied on any of the advanced 

metal additive and subtractive manufacturing 

technologies. 

KEYWORDS: Advanced Manufacturing, 

Subtractive Manufacturing, Additive 

Manufacturing, Digital Manufacturing, Artificial 
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I. INTRODUCTION 
EbereDimMT003 model is the extended 

EbereDimMT001 model, the primary advanced 

metal additive and subtractive manufacturing 

product quality technological maturity assessment 

model (TMAM), hence the secondary technological 

maturity assessment model. The difference between 

the two models is the introduction of membership 

function to the technological maturity assessment 

result of the primary TMAM considering the 

vagueness and optimization of result. So, the 

EbereDimMT003 TMAM model is the extended 

generic model for technology maturity assessment 

of advanced manufacturing processes with fuzzy 

logic system, EbereDimMT001 with the application 

of membership function in the result. [1], [2] 
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II. METHODOLOGY: 
EbereDimMT003 is the secondary TMAM 

model to be designed with the membership function, 

also combined with the knowledge of artificial 

intelligence (AI), digital manufacturing technology, 

data and software engineering for the generic 

technological maturity assessment of advanced 

metal additive and subtractive manufacturing 

technology keying in EbereDimMT001 TMAM 

model and outcome in the procedural algorithmic 

steps below. [1], [2] 

 

 

Algorithm of the Advanced Generic TMAM for 

Subtractive and Additive Manufacturing 

Technologies. 

Below is the algorithm of the advanced 

generic product quality technology maturity 

assessment model, EbereDimMT003 for any of the 

advanced metal subtractive and additive 

manufacturing technologies. The Design follows the 

common algorithmic architecture providing for 

implementation of the quantitative questionnaire-

based product quality technology maturity 

assessment of either of the advanced metal 

subtractive or additive manufacturing technology 

(MSMT or MAMT) as shown in the figure 1 below 

at a time. [1], [2] 

 

 
Figure 1 Algorithm of generic TMA of advanced MAMT by membership function 

 

The Schematic Representation of the Novel 

Advanced Generic TMAM, EbereDimMT003 by 

Membership Function 

The schematic of the implementation based 

EbereDimMT003 design algorithm, a novel generic 

model for product quality technological maturity 

assessment of advanced metal subtractive and 
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additive manufacturing technology as obtained from 

the SDTMAM algorithm illustrated in figure 

1above,follows the laid-out procedural steps as 

shown in table 1. [1], [2] 

 

Table 1. Schematic representation of the advanced generic TMAM for advanced MSMT and MAMT 

Serial No. Steps Description of activities 

1. Step1. The strategic processes common capability areas of metal hybrid manufacturing 

technologies were determined  

 

2. Step2. Processes performance indices were identified, and the performance indicators 

were established 

3. Step3. The type of data, source and collection techniques was determined 

 

4. Step4. Research propositions with respect to the processes were generated 

 

5. Step5. A set of research questionnaire or survey interface tool was developed and 

designed 

 

6. Step6. Technological maturity assessment maturity profile was determined 

 

7. Step7. A digital technology and artificial intelligence (AI) Fuzzy logic and Fuzzy set 

theories were applied in the questionnaire design and administration 

programme. 

 

8. Step8. Expert’s survey was carried out, data collected and analysed 

 

9. Step9. The Input/Output maturity results were independently fuzzified into five 

subsets each  

 

10. Step10. Membership functions were created and assigned to the Input/Output fuzzy 

subset. 

 

11 Step11. Application and execution of Fuzzy graphical inference rules on process subset 

with result 

12 Step12. Defuzzification of the result was carried out with engineering mathematical 

model for exact maturity level results by applying a centroid defuzzification 

method with result 

 

13 Step13. Simulation of result in fuzzy logic system in MATLAB Toolbox by artificial 

intelligence (AI) fuzzy command line functions, and by using a graphical user 

interface for the simulated result from AI for confirmation and validation of 

result 

 

14 Step14. Presentation and analyses of final result 

 

EbereDimMT003 Model Design Requirements 

and Considerations 

The manufacturing technologies into 

consideration for the model design for product 

quality technology maturity assessment are the 

advanced metal subtractive and additive 

manufacturing technologies. The following facts 

and requirements for the implementation-based 

model design were determined, generated and 

established. [1], [2], [3] 

 

1. The design manufacturing technology or 

process capability area, the product Quality, 

which the attributes guide and direct the 

planning, development, design and parametric 

scope of the model. 

2. The choice of the manufacturing technology 

under study for model design and application 

was prompted by industry attention to the 

process and product challenges of the cutting-

edge additive and hybrid manufacturing 

technologies. 
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3. The scope of the model under design covers the 

advanced metal subtractive and additive 

manufacturing technologies. 

4. Determining the model’s manufacturing 

technology or process capability variable, 

parameters, performance indices and the key 

performance indicators. 

5. The membership of the appraisal and 

respondents’ team is specifically from the 

academia, industry and technology research 

institutions. 

6. Target volume of the questionnaire 

interviewees and respondents among are 

experts and professionals, researchers, mostly 

quality and manufacturing engineers and 

technologists in the metal subtractive and 

additive manufacturing technologies. 

7. The choice reference maturity profile to adopt 

or adapt as integral part of the model and 

design, the SEIs capability maturity model 

integration (CMMI). 

8. The advantages of the new technology maturity 

assessment model design, which include 

provision of benchmark quality ratingsfor 

advanced metal subtractive and additive 

manufacturing processes in the areas of 

capability maturity levels, the outcomes that 

describe the strengths and weakness of metal 

subtractive and additive manufacturing 

technologies, also in reaching consensus 

regarding the technologies key process issues 

and limitations, then provides appraisals 

database that can continue to be used to monitor 

the manufacturing processes improvement, 

progress and to support future assessment 

project. [1], [2], [3] 

 

 

Advanced Metal Subtractive and Additive Manufacturing Processes Research Variable 

 
Figure 1. The independent advanced manufacturing processes under investigation 

 

The Manufacturing Processes Capability Area 

The capabilities of any of the advanced 

metal subtractive and additive manufacturing 

technologies or processes in figure 2 above, are 

identified and classified under a single or a few 

variables or process capability areas, dependent on 

the intended research scope. Each of the process 

capability areas is defined based on the aim and 

objective of the research and with respect to the 

associated capability parameters which inversely 

transformed and served as the process capability 

performance indices. In this case, the processes 

product quality.[1], [2], [3], [4], [5], [6] 

 

 

 

 

 

 

The Manufacturing Processes Product Quality 

(PQ) Parameters 
A metal manufacturing technology product 

quality as a measure of process capability and 

maturity under consideration covers the achievable 

dimensional accuracy, surface roughness, tolerance, 

repeatability statuses of the manufacturing process. 

It is as the degree of how good or bad, in terms of 

physical appearance and related characteristics as 

limited to this design and research scope. Therefore, 

if the technology capability maturity of advanced 

metal subtractive and additive manufacturing 

technologies or processes depends on its 

manufacturable or achievable product characteristics 

and quality, they are thus considered for the design 

research technology capability maturity parameters, 

and can be expanded further as in the table 2 below 

as applicable to satisfy more research design 

need.[1], [2], [3][7], [8], [9] 
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Table 2. The manufacturing processes product quality parametric rough-in model 

Serial 

No. 

Advanced Manufacturing Technology Capability Area (Product 

Quality) 

Technology Capability Parameters (TCP) 

1 TCP1 

2 TCP2 

3 TCP3 

4 TCP4 

5 TCP5 

 

Integration of Fuzzy Logic in Model Design 

The attention to Zadeh’s 1965 Fuzzy logic 

system proposed for EbereDimMT001 model was 

drawn. A semi-direct technological maturity 

assessment methodology (SDTMAM) model, [2] is 

a multiple valued logic that is obtained from a fuzzy 

set to consider and include the intermediate or 

approximate technology maturity values for the 

questionnaire model instead of the Pierres’ 2016 

only actual binary or two truth precise values; True 

and False. Thus, it brings about infinite number of 

truth values between true and false, where the true 

can be represented as ‘’1’’, and false by ‘’0’’, and 

any truth value between the true and false lies in 

between ‘’0’’, and ‘’1’’, such as ‘’0.2, 0.3, 0.6, 0.9’’ 

are the approximate values rather than the precise 

values. In comparison, looking at a Crisp logic, it 

uses binary sets and binary logic of 1 for true and 0 

for false in handling precise or exact information, 

but in contrary to that, Fuzzy logic is not limited to 

the values, 0 and 1, rather it has the degree of truth 

proposition or statement that fall between 0 and 1. 

[1], [2], [3], [4], [5], [6] 

However, it has also been realized that the 

capability maturity model (CMM) maturity profile 

[7], [10] and the capability maturity model 

integration (CMMI) model maturity profile are 

linguistic variables, [2], [10] which means that 

knowledge of fuzzy logic theory is also important to 

transform the linguistic variables into numerical 

variables and figures. Thus, Fuzzy logic like other 

artificial or machine intelligence tools is a 

comprehensive or more valid way of collecting 

research data and information outside the 

conventional qualitative method. [1], [2], [3], [4], 

[5], [6], [10] 

 

The Advances Generic Semi-Direct TMAM 

Syntax Model Design 

A set of Fuzzy logic theory based linguistic 

terms and numerical figures adopted in the research 

model design as shown in the rough-in model design 

table 3 below, is introduced for application as 

suitable considering the methodology and the 

desired result. Hence, the maturity is developmental, 

and at various stages. So, there is a need to capture 

some technology or process parameters at various 

intermediate stages of maturity to make all 

accountable. For instance, as provided in the 

response, A bit True (BT), Faily True (FT), Not 

very True (NVT), It is True (T), and Very True 

(VT). [1], [2], [3] 

 

Table 3. Illustration of the linguistic and numerical syntax in rough-in model 

Fuzzy Set Linguistic Variable (Maturity) Diffuzzification 

CMMI Terms 
Initial Managed Defined 

Quantitatively 

Managed 
Optimizing 

CMMI Terms Synonyms Credle Developing Developed Mature Improving 

KPI Survey Data 

A bit 

True 
Fairly True Not Very True It is True Very True 

Semantic BT FT NVT T VT 

Number; (%) Maturity 20 40 60 80 100 

Maturity Level ML1 ML2 ML3 ML4 ML5 

Membership Function; 

µ(x) 

     Degree of Membership 

(DOM) 

     Serial Number 1 2 3 4 5 
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Product Quality Technology Capability 

Performance Indices (PI) Model Design 
The key product quality technology 

capability maturity performance indices generated 

and established as provided in the rough-in model 

design table 4 below, each transformed to metal 

subtractive and additive manufacturing processes 

capability performance indicator. Subsequently from 

the parent process capability area, product quality 

technology maturity parameters and process 

performance indicators, coined a good number of 

estimable or measurable research investigative 

propositional research statements applicable to the 

research experts’ survey questionnaire design. The 

statements are derived from the process present state 

and militating conditions or recorded challenges and 

wins of the manufacturing technology over time. 

They revolve around or cover all aspects of 

manufacturing engineering practices, concerns, 

goals, and results, as relate, and affect the 

technology capability performance indices as 

concerns the product quality technology maturity. 

To evaluate or put to test before the industry 

professionals and experts, these propositions are 

used to develop and design common sets of 

questionnaires across the technology capability area 

of product quality, purposely for more direct and 

accurate sourcing of research data. [1], [2], [3], [7], 

[8], [9],  

 

Table 4. Product Quality Technology Capability Performance Indices Rough-in Model 

S/No. 

Product Quality Technology Capability Performance Indices of 

Advanced Metal Subtractive and Additive Manufacturing 

Processes 

1 PI 1 

2 

PI 2 

3 

PI 3 

4 PI 4 

5 PI 5 

 

Product Quality Capability Maturity Fuzzy 

Experts’ Survey Questionnaire Model Design 

A set of questionnaire model providing for 

the research propositions and statements from the 

process capability area was designed. It is in relation 

to the advanced metal subtractive and additive 

manufacturing processes product quality parameters 

and performance indices. The human and linguistic 

nature of the term maturity being developmental 

was strategically considered in the design based on 

the principles of Fuzzy logic [2] as shown in table 5 

below. However, maturity being a vague linguistic 

variable and major influence in the model, fuzzy 

logic theory was employed and utilized very well in 

the definition of terms questionnaire modelling for 

direct and more accurate sourcing of research data. 

Hence, the fuzzification of the expert respondents’ 

answer options in the rough-in model in table 5 

below. [1], [2], [3] 

 

Table 5. Product Quality Technology Capability Maturity Fuzzy Expert's Survey Questionnaire Rough-in Model 

Experts' Survey Product Quality Technology Capability Maturity Questionnaire 

S/No 

Questionnaire 

Statements/Pro

position 

A Bit 

True 

Fairly 

True 

Not Very 

True 

It is 

True 
Very True 

1 P1           

2 P2           

3 P3           

4 P4           

5 P5           
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Thus, experts’ survey was conducted on the 

advanced metal subtractive and additive 

manufacturing technologies, and data collected. 

Hence, the primary maturity assessment result is 

further processed with a Minitab statistical software 

and statistically analyzed, and presented with the 

mean, median, mode, range, difference, standard 

deviation (S), and the variance etc., with respect to 

the product quality technology maturity experts’ 

survey data in Minitab. [1], [2], [3] 

 

Maturity Modelling and Profiling for the 

Product Quality Technology Maturity  

The maturity profile adapted in the design 

for the product quality technology maturity 

assessment model is the linguistic variables-based 

Capability Maturity Model Integration (CMMI) 

model by Carnegie Mellon University, Software 

Engineering Institute (SEI), USA. Maturity levels of 

a CMMI maturity profile are well-defined 

evolutionary plateau towards achieving continuous 

advanced or developed metal subtractive and 

additive manufacturing processes.They are five 

maturity levels with continuous representation, 

marked by the numbers 1 to 5, and each maturity 

level provided a layer in the foundation for 

continuous manufacturing process improvement. 

The model also considers to run on a chosen 

reference manufacturing process capability area, 

where achievement of a capability maturity level in 

the manufacturing process capability area allots a 

particular maturity level to the manufacturing 

process technology as seen in the table 6 below. [1], 

[2], [3], [10], [12], [13] 

However, technology maturity in manufacturing 

technology is a measurement of the ability of the 

process or its product quality to achieve a 

continuous improvement in a particular capability 

area. Whereby, the maturity levels are calculated by 

the accomplishment of the specific and generic 

goals related to all predefined set of the associated 

process capability area, maturity parameters and 

performance indices research statements. [1], [2], 

[3], [10], [12], [13]. 

 

Table 6. The Capability Maturity Model Integration (CMMI Maturity Levels) Model 

S/No Levels Maturity Levels Term 

(Linguistic) 

Maturity Levels Qualification and Description 

1 Level 5 Optimizing Industry continually improves the processes with respect to 

a good quantitative understanding of the common causes of 

variation 

2 Level 4 Quantitatively Managed Industry and the technologies establish quantitative 

objectives for process quality performance, and use them as 

bases in managing processes 

3 Level 3 Defined Technologies are well defined and understood, proactive, 

and are described in standards, procedures, tools, processes, 

and methods 

4 Level 2 Managed Technologies are planned and executed in accordance with 

the process discipline reflected by maturity level 

5 Level 1 Initial Technologies are normally ad hoc and chaotic, whereby 

success depends on the competence of the personnel 

 

Summarized Fuzzification of the Linguistic 

Maturity and Questionnaire Response Profiles 

The metal subtractive and additive 

manufacturing processes capability maturity and the 

CMMI profiles are simplified or fuzzified as in the 

table 7 below. Also, the CMMI maturity profile are 

all in human words, which are all linguistic 

variables, hence there is a need to check the 

vagueness and imperfection of human bias decision 

and judgement numerically or in numbers, most 

proficiently through percentage ratings. [1], [2], [3] 

 

 

Table 7. Fuzzification of maturity profile and questionnaire response model design 

Serial 

No. 

CMMI Maturity Profile Fuzzy Maturity Profile Fuzzy Proposition Response Profile 

1 Optimizing Well mature Very true 

2 Quantitatively managed Mature True 

3 Defined Not well mature Not very true 

4 Managed About to mature Fairly true 

5 Initial Not yet mature A bit true 
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The model, EbereDimMT003 relies on the 

advanced metal subtractive and additive 

manufacturing technologies typical process 

products, and collaborative inputs of professionals 

and experts in the emerging technology. It is based 

on the appraisal reference models to determine the 

strengths and weaknesses of the process. Thus, the 

advanced manufacturing processes maturity 

assessment methodology is driven by the capability 

maturity model integration (CMMI) as the reference 

framework for the maturity profiling, Fuzzy system 

evaluation, and statistical data analysis components. 

[1], [2], [3] 

 

111. MODEL HARNESSING AND 

PARAMETRIC FEEDING FOR EXECUTION 

The advanced manufacturing process 

technological maturity assessment model is made up 

of major components still in scalar rough-in states 

which form the tools utilized in the implementation 

of advanced metal subtractive and additive 

manufacturing processes maturity appraisals, but 

these tools need to be fed with some inputs, with 

direction and energy to kickstart to run. [1], [2], [3] 

 

Metal Subtractive and Additive Manufacturing 

Processes Product Quality Parameters 
Manufacturable product characteristics and 

quality which are considered for the technology 

capability parameters of the MSMT and the MAMT 

are the product quality technology capability 

parameters which are further expanded to 18 in 

number as shown in table 8 below covering various 

possible aspects of the technology operational 

phenomenal conditions in the advanced metal 

subtractive and additive manufacturing processes 

through relationship-based classification, grouping 

and matches. [1], [2], [3], [4], [5], [6], [11] 

 

Table 8. The Subtractive CNC Machining and Additive LBPF Manufacturing PQ Parameters 

Expanded Advanced Manufacturing Process PQ Parameters 

S/No Advanced Process Parameters 

1 Orientation 10 Material deposition velocity 

2 Surface Roughness 11 Cost 

3 Geometry 12 Lead time 

4 

Processing 

Temperature (
o
c) 13 Processing power 

5 Processing Speed 14 Surface area 

6 Build Size 15 Work holding technique 

7 Material (metal) 16 Layer thickness 

8 Processing Energy 17 Aspect ratio 

9 

Dimensional 

Accuracy 18 Side wall angle 

 

Metal Subtractive and Additive Manufacturing 

Product Quality Capability Performance Indices 
Measurable performance indices of 28 in 

number were generated, with objective checks as 

evident from the metal subtractive and additive 

manufacturing processes literature and studies, 

experience and engineering practice covering the 

technology or process challenging goals and 

operational conditions of manufacture as shown in 

table 9 below. [2], [11]These performance indices 

are meant to yield some number of well-articulated 

and purposefully coined propositional research 

statements meticulously generated for the experts’ 

survey questionnaires. However, these 

manufacturing processes product quality 

performance indices are subject to a continuous 

scrutiny and review of its capability areas, 

characteristics, propositional statements, including 

the questionnaire to suit maturity assessment of a 

target technology of study at a time. [1], [2], [3] 
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Table 9. The Advanced MSMT and MAMT Product Quality Performance Indices 

S/No. Product Quality Performance Indices of Advanced Manufacturing Processes 

1 Achievement of tool path optimization program 

2 
Existence of residual stress 

3 
Early detection of defects or anomalies 

4 Products presence in both local and international market 

5 Part positioning error 

6 Process repeatability and reliability 

7 High dimensional Accuracy 

9 Level of surface integrity 

10 Accessing difficult to reach areas inside complex part 

11 Need for post-processing 

12 Inspection of the internal features of a produced complex part 

13 
Internal defects and porosity of additively deposited material 

14 Existence of post processing heat treatment 

15 Process and high-quality product predictability 

16 
Predicting defects before they occur and acting accordingly in order to avoid their 

appearance 

17 Analysis of the porosity, cracking, and microstructural effects of unequal reaction of 

different materials in the presence of cutting fluid remnant during deposition 

18 Availability or development of a metrology tools and measuring procedures for the 

complexity of parts 

19 R&D development of new application areas for the process 

20 Acceptable guidelines for design for manufacture 

21 Process product quality characteristics 

22 Optimized process capabilities 

23 Consistency of process results 

24 Products quality acceptability and consistency 

25 Product quality conformity to specified standard and requirement 

26 
Process product predictability due to personnel rigor and discipline 

27 Improved process yields and capabilities 

28 
Process stability 

 

Experts’ Fuzzy Survey Questionnaires for the 

Product Quality Technology Maturity 

Assessment of MSMT and the MAMT. 

Thus, a set of 26-number experts’ survey 

fuzzy questionnaire was harnessed and developed as 

in the table 10 below, ready for application on the 

metal subtractive and additive manufacturing 

processes product quality technological maturity 

assessment (TMA) independently. [2]It comprises 

of research statements jointly produced from various 

metal subtractive and additive manufacturing studies 

and literature, experience and engineering practice. 

Thus, meaning that they are subject to continuous 

scrutiny and review of the process capability 

performance areas, characteristics, propositional 

statements, and questionnaire design to suit maturity 

assessment of a target manufacturing technology at 

a time. [1], [2], [3] 

However, it was ensured that there is no 

information in the questionnaire system that can 
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reveal exactly to the participating experts and 

professionals or respondents, the intended use or 

purpose of the project, neither in the data nor their 

responses. The reason is to checkmate situation of 

bias throughout the questionnaire planning and 

administration system, and results. With the 

approach, the possible sentiments and bias 

influences are eliminated from the questionnaire 

system. [1], [2], [3] 

 

 

Table 10. Experts’ Survey Fuzzy Questionnaire for TMA of MSMT and the MAMT 

 
 

 

 

 

S/No Research Statement/Proposition Not True Not Quite True Fairly True True. Very True

1 Process tool path optimization program has been drawn and it is attainable

2 Process induced residual stress and the effects on the manufactured products been resolved

3 Mechanism for early detection of anomallies and defects during the manufacturing process is available

4 Process products have presence and competitive in the local market

5 Part positioning error is no longer a cause for concern in the manufacturing process

6 Process repeatability and reliability is tested and assured

7 Process now deliver products of high dimensional accuracy

8 There is a high level of surface integrity by the manufacturing process

9 There are no issues of difficult to access internal areas of complex parts

10 There is no much need for subtractive post- processing process after manufacturing

11 There exists a system for inspecting internal features of complex parts

12 Products are not  characterized with internal defects and porosity of additively deposited materials

13 There is no more need for product heat treatment post processing

14 There is presently a process and product high quality predictability

15 Defects are now being predicted before occurance and are prevented

16 Humidity and effects of cutting fluids on materials during manufacturing have been checked

17 There are now Metrology tools and measuring procedures for parts complexity

18 There are newly developed process application areas by the R&D

19 There are acceptable guidelines for design for manufacture

20 There are only five known process product quality characteristics and parameters

21 All the process capabilities have been optimized

22 Process produces consistent results

23 The current product quality rating is generally acceptable

24 Product quality now conform to specified international standard and requirement

25 Process predictability solely depends on the personnel or operators rigor and discipline

26 There is a subtantial reduction in the current process yield of the process

Survey Questionnaire for HMT Process Product Quality Capability Performance
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Administration of Questionnaires to the Selected 

Experts’ Respondents and Collation 

Survey was conducted with questionnaires 

administered, the data collected and processed in the 

process class frequency distribution tables. 

Similarly, to further checkmate the chances of bias 

during questionnaire administration and data 

collation, sure was still maintained that the 

participating experts and professionals do not know 

the actual purpose of the project, neither the data nor 

their responses. With this approach as well, the 

possible remnant sentimental and bias influences are 

farther eliminated from the entire inputs and 

transformation systems. [1], [2], [3] 

Also, for wholesomeness, reliability and 

confidence of research data, the questionnaire was 

directly emailed to the targeted professionals and 

experts’ respondents drawn from the field of 

advanced metal subtractive and additive 

manufacturing technologies. [2] A situation where, 

based on the research variable PQ, and importance 

of specialty in the system, the related quality and 

manufacturing engineers and technologists in the 

midst were marked and sub-grouped as main target. 

Then, applying principal component analysis, and to 

achieve a better manageable data size, the 

questionnaires returned within the stipulated time 

frame were sorted and classified under three 

employers’ groups within the first; academia, 

second; industry, and third; research institutes of the 

respondents. [2] This was based on the employment 

data provided in the questionnaires, which includes 

current position and titles of the respondents.  

 

Adoption of Capability Maturity Model 

Integration  

The capability maturity model integration 

of the Software Engineering Institute of the 

Carnegie Mellon University, USA, was adopted for 

a reference maturity profile and ranking of the 

product quality capability maturity assessment data. 

It explains the maturity based CMMI model, hence 

the data collected with the truth-based survey 

response was further processed and put to statistical 

analysis, followed with ranking of data along the 

CMMI profile as the base model ranking each 

process maturity assessment result. Thus, each of 

the advanced metal subtractive and additive 

manufacturing processes performance indicators 

(PI) capability maturity is assessed and ranked 

individually, after which all the (PI) maturity 

outcomes are integrated under the maturity CMMI 

profile and ranked under the CMMI frameworkas 

illustrated in the table 11 below. [1], [2], [3], [10] 

 

Table 11. Product Quality Capability Maturity Profile and Data Ranking 

Level Focus Process Capability Area Result 

5 

Optimizing 

Continuous 

Process 

Improvement 

X X X X …….   

4 

Quantitatively 

Managed 

Quantitatively 

Managed 

X X X ……   

3 

Defined 

Process 

Standardization 

X XXXXX ……   

2 

Managed 

Basic Project 

Management 

X ………   

1 

Initial 

Process is 

informal and 

Adhoc 

… (No Process Area)   

 

PRIMARY PRODUCT QUALITY TMAM 

RESULT 

Experts’ survey was first conducted 

independently on the advanced metal additive 

(LPBF) manufacturing process, on test run, and data 

collected, processed with a Minitab statistical 

software tool, and presented in the process class 

frequency distribution table in Minitab.  

The data was then ranked on the capability 

maturity model integration (CMMI) maturity 

profile. The maturity assessment result was analyzed 

and presented with the product quality technology 

maturity mean value, the median, mode, range, 

standard deviation (S), and the variance in a 

statistical result table. Also, presented with 

graphical normal probability test plot, histogram and 

a boxplot in Minitab.[1], [2], [3] [10] 

Therefore, the advanced metal additive 

manufacturing process primary product quality 

technology maturity is the cluster mean as contained 

in the table 12 below, both in the CMMI profile 

maturity level (ML) and in percentage ML. Thus, it 

is at the quantitatively managed (QM) ML. 
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Table 12. Primary Product Quality Technology 

Maturity of MAMT 

Product Quality Technology Maturity 

MAMT 

ML %tage ML 

QM QM 

 

FURTHERING THE PRODUCT QUALITY 

TMA MODEL, EBEREDIMMT001 

Having shown the class capability maturity 

levels for the metal additive manufacturing 

technology, then the expected capability maturity 

level of the manufacturing technology, will imply 

that a set of the AMT capability maturity variables, 

becomes the input variables, while the output 

variables by default will be the product of the AMT. 

For segregation and clarity, the five subsets of each 

of the input and the output maturity variables were 

substituted and mapped with five sets of related 

descriptors accordingly. [2] 

 

Determining the Membership Functions for the 

Maturity Level 
As the now primary maturity level of the 

advanced metal additive manufacturing technology 

has been established, yet, there is a need to also find 

out how true or the degree of truth in the maturity 

level found. Subsequently, and guided by the nature 

of each process set of numerical elements (x) of the 

defuzzified maturity assessment results, and the 

mean value (ẋ) which represents the process 

maturity level from the experts’ survey. 

Furthermore, a common universe of discourse (X) is 

decided and applied for each of the processes, as 

shown in the figure 2 below. [2] 

 

 

 
Figure 2. Triangular membership functions for any of the Technologies Input 1 and Input 2. 

 

The elements are further fuzzified by 

assigning the advanced AMT a membership 

function (µ(x)). Thus, fuzzy sets of maturity 

assessment results are got for the AMT as illustrated 

in figure 2 above.  

Where a set of maturity subsets having 

been established with the descriptors to determine 

the membership functions of either of the 

subsets,the advanced AMT Input and Output subset 

descriptors; IM, NQM, FM, M, WM as in the figure 

2, defining the membership functions for the set of 

the Input descriptors. [2] 

Then, a triangular membership function is 

opted for on the first attempt and trial, and assigned 

to the Input/Output fuzzy set variables descriptors as 

shown in figure 2 above. Where equation of the 

straight line below is used to determine the 

membership functions for all the Inputs and Output 

descriptors and their corresponding membership 

values as follow. [2] 

 

y2 − y1

x2 − x1

   

=     
y −  y1

x − x1

…… …… … …… …… …… Equation (i) 

 

Where y = μ and x = xm  (Input Variable or the 

element which must belong to the universe of 

discourse (X)) 

 

Therefore, the membership functions for the input 

(1/2) subsets becomes. [2] 

 

- µIM = 
x1−x

x1
 0 ,  x1  

 

- µNQM = 
x

x1
 0 ,  x1 ,

x2− x

x2− x1
 x1

 ,  x2  

 

- µFM = 
x − x1

x2− x1
 x1

 ,  x2 , 
−x+ x3

x3− x2
 x2

 ,  x3  

 

- µM = 
x – x2

x3− x2
 x2

 ,  x3 , 
x4  – x

x4− x3
 x3

 ,  x4  

 

- µWM = 
x − x3

x4− x3
 x3

 ,  x4  
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However, applying the crisp or classical 

mean maturity value of the AMT A; Ẋ1 and taken 

the percentage each of the maximum element in the 

universe of discourse (X). This is to determine the 

range fall-in within the universe of discourse. [2] 

 

Ẋ1 % of x4 = ẋ1 

 

Therefore, the membership functions of AMT A; 

FM and M, will become 

 

µFM = [x3 – x/x3 – x2 = x3 – ẋ1/x3 – x2] and µM = [x 

– x2/x3 – x2 = ẋ1 – x2/x3 – x2] --- ---- ----- AMT A 

 

However, the Output above is an 

aggregated Output graph. It is still a vague value or 

fuzzy. Therefore, to determine the crisp or classical 

Output that gives the exact maturity value of the 

processes pair Inputs and Output value, a centroid 

method is applied as below.  

 

Finally, defuzzifying the value (Z*), by applying the 

equation of a straight line; Eqn. (i) along the fuzzy 

output boundaries. [2] 

 
y2−y1

x2−x1
=  

y−y1

x−x1
  , Where y = µz, and x = z 

 

and defuzzifying value (Z*) implies introducing the 

centroid defuzzification method formula; 

Z*= 
 μz ∗zδz

 μz ∗δz
……………… Equation (ii) 

 

Where y = μz , and x = z 

 

Which on substitution of the real data, resolves the 

center of gravity of the fuzzy set elements x(%) 

along the x-axis of the universe of discourse (X), to 

arrive at a precise technological maturity level. [2] 

 

III. SUMMARY 
Guided by the aim and methodology of the 

research, the planned, designed and developed 

generic model for technological maturity assessment 

of metal subtractive and additive manufacturing 

technology by membership function, 

EbereDimMT003 also commenced with the proper 

definition of the subject and process areas. Then, 

determining the process variable and parameters, 

and their capability performance indices, which 

formed the source of target research data. Also, 

guided by the objectives of the researchwhich 

looked and determined the maturity of the MAMT 

first from the proposed process capability area 

(PCA), the product quality, for more research 

information and data requirement aimed at process 

and product improvement. The CMMI model 

maturity profile only was adopted and characterized 

for the PCA. Research interface model (tool), a 

fuzzy logic-based questionnaire was developed and 

designed for the product quality maturity assessment 

of the metal additive manufacturing technology. 

Experts’ technological maturity assessment 

survey for the PCA of the manufacturing technology 

was planned for administration among the target and 

reachable respondent audience of quality and 

manufacturing engineers within scope of three 

industry areas of academia, industrial and 

technology research institutes. Engineering 

statistical model was introduced for processing and 

analysing the results of the survey. All the survey 

propositions which also represent the process 

performance indicators and invariably, the present 

state process or technology state or maturity were 

ranked on the referenced CMMI maturity profile 

frame. However, since the mean value maturity 

result was still vague, in fuzzy form in the actual 

sense, the fuzzy metal additive manufacturing 

technological maturity value was defuzzified with 

the assigned membership functions, while the 

graphical inference technique model was used to 

find the maturity level of the metal additive 

manufacturing technology having been defuzzified 

to obtain a crisp mean value. 

Result was simulated after defuzzification, 

with a very high impressive result as represents in 

the table 7. Thus, considering the procedure, the 

consistency of results, and reality, technological 

maturity of any manufacturing technology, process 

and management system can be assessed by the 

advanced generic semi-direct technological maturity 

assessment methodology (SDTMAM) model, 

EbereDimMT003. 

 

Presentation of Final Result and Discussion 

Below is the secondary and final result of 

the product quality technology maturity assessment 

of MAMT using the advanced generic technological 

maturity assessment model, EbereDimMT003. 

Thus, result on simulation is summarily represented 

as in the table 9 below. 

 

Table 9. The Secondary Product Quality TMA 

Result of AMT with EbereDimMT003 Model by 

Membership Function 

Process Product Quality Maturity Level 

AMT 

ML %tage 

QM QM 
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However, the methodology model; Ebere 

Dim MT003 has been implemented on an additive 

and subtractive manufacturing technologies with 

impressive, consistent results and validation based 

on scientific observations, critical statistical and 

graphical analysis, discussion of research findings 

under the summary and headings; 

 

Engineering Mathematical Model and Calculated 

Results 

The closeness and consistency of the 

results, despite the system length, ambiguity and 

complexity of engineering mathematical application 

of integral equations, and no bias result, hence the 

conciseness of the technological maturity 

assessment results show the validity. It was very 

carefully implemented as would be required, which 

show repeatability and reproducibility of the model. 

Also, results are true representation of 

information in the outside domain. It was also found 

that the application of the fuzzy logic in the design 

of the questionnaire did reduce the vagueness of the 

experts’ survey results to insignificant level. 

 

Precautionary Measures 

Sure, was made that the participating 

experts and professionals do not know the intended 

use or the actual purpose of the questionnaire 

exercise, neither from the nature of data nor 

responses. This is to further checkmate the chances 

or situation of bias in the questionnaire planning and 

administration system, and results. Hence, with this 

approach, the possible sentimental influences are 

eliminated from the entire process. 

 

Contributions to Knowledge 

Based on the design, development, 

implementation, and testing of the advanced generic 

model for technological maturity assessment of 

metal additive manufacturing technology, 

EbereDimMT003, the research has been able make 

significant contributions to the field of metal 

additive manufacturing and manufacturing 

engineering in general. Hence, some of the key 

contributions include, 

An advanced generic TMA model by 

membership function, EbereDimMT003 has been 

designed, developed and delivered for technological 

maturity assessment of advanced metal subtractive 

and additive manufacturing technologies. 

The model has been used to determine the 

maturity level of metal additive manufacturing 

technology in terms of PQ at quantitatively managed 

(QM) maturity level (ML), which is a novel 

contribution to the field.  

Metal additive manufacturing process 

capability areas performance indices have been 

generated for the MAMT, in the area of PQ, which 

further researchers could utilise. 

The semi-direct technological maturity 

assessment model EbereDimMT001 has been 

extended from the basic statistical process and 

analysis methodology, and result to an iterative and 

more precise and conclusive model, 

EbereDimMT003 by membership function. 

It has been demonstrated that artificial 

intelligence (AI) is a veritable tool that can be used 

to assess the technological maturity of metal 

additive or any manufacturing technology with 

optimum precision and unlimited advantages. 

Especially in the absence of an advanced 

manufacturing engineering technology laboratory. 

Technological maturity has been able to be 

substantiated and quantified in terms and area of the 

process product quality, which is the first of its kind. 

A set of fluidic fuzzy questionnaires for 

process product quality maturity assessment of 

metal subtractive and additive manufacturing 

technology were generated, developed and designed. 

A questionnaire statement bank for 

subtractive and additive manufacturing 

technological assessment in the area of PQ, has been 

generated. 

Fuzzy logic has been applied, which has 

enabled a more precise and realistic maturity survey, 

monitoring and assessment, which further 

researchers embarking on similar study will find as 

a useful tool. 

Set theory is applicable to the maturity 

assessment results, especially in the maturity or 

compatibility assessment of manufacturing 

technologies. 

The vagueness of each of the experts’ 

survey results as shown can be determined from the 

maturity assessment results. 

 

Recommendations and Future Work 

Proof that EbereDimMT003 model on real 

data, in numbers and figures, the maturity of 

advanced metal additive manufacturing technology 

is at quantitatively managed maturity level. 

The advanced generic model, 

EbereDimMT003 be implemented for more 

contribution to knowledge on advanced metal 

subtractive (CNC Machining) manufacturing 

technology. 

Then, further research is required to see to 

further optimization of the model EbereDimMT003 

and more desired TMA results. 

A computer programme to run the new 

designed advanced generic technology maturity 
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assessment model on the advanced metal additive 

manufacturing technology be written. 

 

IV. CONCLUSION 
Considering the procedure, the consistency 

of the results, and reality, technology maturity of 

any manufacturing technology, process and 

management system can be assessed with either 

adoption or adaption of the membership function 

based novel advanced generic semi-direct PQ 

technology maturity assessment methodology 

(SDTMAM) model, EbereDimMT003. 

In conclusion therefore, a second model for 

maturity assessment of advanced metal subtractive 

and additive manufacturing technology was 

designed. The model was successfully illustrated 

and implemented first on a metal additive 

manufacturing process with impressive and 

consistent result. 

However, Ebere DimMT003 is an 

advanced generic model in the sense that it takes 

only provisions and definition of any choice 

technology capability area, and the parametric 

variables, then the process capability performance 

indices and a raw maturity experts’ survey data to 

run or execute EbereDimMT003 on any peculiar 

manufacturing technology with respect to product 

quality technology maturity assessment by 

membership function. Thus, generic as it has proven 

its flexibility and capacity that it can be adopted or 

adapted and used to plan and execute a 

technological maturity assessment of any other 

manufacturing technology. 

Meanwhile, it is observed that the generic 

technological model application on any process 

area, variable, parameter depends on how 

knowledgeable the researcher is in or about the area 

irrespective of his level of experience or knowledge 

about the integrated tools. Thus, applicability of the 

model depends on the knowledgeability in the 

proposed area of application. For example, as the 

questionnaire survey model certainly will continue 

to change and differ with project or process 

capability area. This implies that you may know the 

model but still not be able to apply it in every other 

domain. Hence, you will always need corroboration 

or collaboration with the experts in the field. 

Therefore, the current study is a smarter 

pioneer and second foundational research which will 

open doors for further research in the cutting-edge 

manufacturing technology with the knowledge of 

digital manufacturing, intelligent mechatronics 

systems and technology, artificial intelligence, 

Fuzzy logic system, data analytic and software 

engineering. 

In conclusion therefore, the second 

methodology or model for product quality 

technological maturity assessment of advanced 

metal subtractive and additive manufacturing 

technologies was designed and developed. The 

model was successfully illustrated and implemented 

on the LPBF metal additive manufacturing process, 

and the result was simulated with impressive and 

consistent outcome. 
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