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Abstract: The nucleus of this concept and system is directly focused on a 'computer numerical control' (CNC) turret lathe and
milling machine tool systems. These concepts focus specifically to this category of engineered systems. Quality design review
for quality service systems is a unique concept. Standard product service systems are qualitative and subjective in nature. A
quantitative system identifies Key Predictive Attributes (KPA’s), which identifies a new concept application technique and
applies quantitative methods to these attributes to develop a systemic process of analyzing and monitoring the system. This
research is reviewing the specific projection of service outcomes for Machine tool CNC machining centers (Lathes and Milling
Machines). The specific key predictive attributes are the elements being utilized in the newly created modular function in this
research, to assess the potential impact of discrete elements of these attributes as it affects the occurrence of equipment down
time for a system which will work to quantify the service quality of the maintenance process. This project is unique in that
currently there is no system which utilizes methods or tools, that proactively gather, analyze, assess, and project outcomes of
equipment “Down Time” of the Service Quality process. The innovative position of this analysis is one of actual variable
tolerances, versus a more traditional nominal referenced variable reference. What makes this research unique additionally is the
system is pre-service and not post service reporting of actual down time of the equipment. This research is much more than
pro-forma estimate of service outcomes. Another unique aspect of this method is that it will establish tangible tolerances to assess
the performance of the Design Review and Service Quality process and not just rely on subjective nominal values. Mathematical
Upper Control Limits (UCL) and Lower Control Limits (LCL) will be programmatically developed based upon the system data.
This system tool will develop programming algorithms which will propel this current process from a subjective qualitative
process to become a robust quantitative projection tool. The novelty in this research is the development of a quality index through
the creation of the new Moriarty/Ranky Transform approach.
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Production/Assembly,  Use/Operation (which is not
component of this research study), Quantified Service Quality
Maintenance and End of Life (EoL) steps. Material types
include: (e.g., steel, aluminum, titanium, and composites, etc.),
manufacture process (casting, forging, removal (machining)
and/or additive (3D printing) manufacturing and assembly
methods (manual, semi & automated and/or robotic). A
quantifiable scoring method Moriarty / Ranky Transform
(M/R T algorithm) has been developed and used to decide how
certain attribute factors affect the prediction of maintenance
outcomes using these scenarios. The factor categorized into
two groups: operational, and technical groups. Each group has
analogous features which are (or may be) utilized, so only

1. Introduction

The purpose of this research article is to present a set of
quantifiable measures for the prediction and performance of
quality maintenance of CNC manufacturing equipment for
improving productivity and reduce machine down time due to
unscheduled and scheduled maintenance functions that can be
applied to this equipment. In this article, the analysis is a
unique methodology presented as applied to the quantifiable
analysis in terms of major “Key Predictive Attributes” (KPA)
aspects. A comprehensive component life cycle analysis, cost
factor reviews over the equipment’s four steps of product life
cycle: Material & Supplier, Manufacture
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important KPA’s would be selected in the application of this
report. The actual dissertation proceeds to develop and
validate scoring methods to get a better understanding of the
relative M/R T ranking for different maintenance applications
circumstances. This work examines the application and role of
multi-criteria activities and methods in assessing and
predicting the outcome of projected maintenance functions
and activities.

Materials selection methods include quality function
deployment (QFD) and analytical hierarchy process (AHP) [4,
18]. The addition of multi-criteria variable selection methods
are tools which assist in the choice of alternatives, particularly
when conflicting goals exist [19, 20]. And then the use and or
creation of a knowledge-based system (KBS) to establish the
computer resource technology and means of managing the
quality service modeling process [21, 22]. The goal behind
using KBS is to help designers, service managers, technicians
and machine operators establishing the KPA data and
generation of the Predictive Quality Service System (PQSS)
index value for associated with necessary equipment service.

There are numerous researchers today exploring new
methods in CNC machine control to monitor and improve
quality of machined parts. Many prediction models based on
empirical methods are used to analyze the relationships
between machining parameters and part quality. Practical data
has been identified for further development of optimizing
machine control, and many have been built upon Artificial
Intelligence (AI) algorithms [16]; An example of this
empirical approach using Al as a prediction model for
material condition was developed [16], which intended to
optimize machining conditions by minimizing the machine
forces thereby improving part condition quality.

While there has been a great deal of research done on many
aspects of CNC machine control and productivity
interruptions, none have addressed the down time in product
return issues, they have not addressed a quantitative,
prognostic, predictive method to improve the service
provider’s performance. Previous research verifies Adaptive
Control (AC) has been introduced as an effective method of
optimizing machining parameters in the past [11, 12]. More
recently, the implementation of fuzzy logic models for
predicting and controlling part condition has been investigated
and implemented as a method of improving the machined part
quality of key components of the machine. Continued
productivity of CNC machines can be monitored through the
ability to model process down time risk. The incorporation of
fuzzy logic controllers to assist in controlling and predicting
part quality has increased in popularity [24].

Within the new age of Smart Manufacturing and Industry
4.0, product life cycle management (PLM) and prognostic
health management (PHM), a key connection must exist
between these and data management systems, [26]. Xia T,
Dong Y, Xiao L, Du S, Pan E, Xi L., 2018]. Within several
applications of 3D printing (additive manufacturing) there has
been extensive development and support for PLM and PHM
[10].

This research addresses the next generation of service
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maintenance, which is a new and unique approach developed
as Quantifiable Service Quality. The focus is on the
preliminary materials suppliers, manufacturing
/production/assembly method, Quantifiable Service Quality
maintenance, and EoL analysis. The combination of the
material selection principles with decision making methods
are a means of developing multi-attribute material selection
methods instead of utilizing only one objective at a time [9,
17]. Consider a machine contains 'n” number of parts, each
component has "m’” material options, each material there
are "s"” supplier, "p” production methods, "a"” assembly
processes, and finally for each of these material options "e"
EoL possibilities exist, Therefore, m" x s" x p" x a" x €"
solutions are possible. As a result, the objective of the life
cycle analysis cost estimation is to minimize the service cost
and the production impact (its productivity impact)
throughout the equipment product life cycle.

The overall objectives are to minimize the service costs and
productivity interruptions through quantifiable service quality
system methods and equipment life cycle management. This
model is designed to assess different issues simultaneously:
namely: material alternative selection, supplier selection,
manufacturing and assembling process selection as well as the
actual service functions and equipment EoL options.

Therefore, the M/R T algorithm can be used for solving
multiple causes simultaneously e.g.: component alternatives,
supplier selection, production and assembly processes and
service options and the EoL option determination of the
equipment.

2. Classification Models

The use of classification models of optimal part/service
configuration selection assessment is difficult and quite
time-consuming. It is impossible to solve this multitude of
configurations in consideration of the magnitude of design
alternatives to achieve an optimal configuration. In this
document an original quantitative services quality evaluation
method creates a service index value, which takes quality
functional development to the next level derived from the multi
objective optimization model developed to assist with the
selection of the optimal combination of supplier, material,
production, and assembly methods in the shortest possible time.

a) Multi-criteria decision-making approaches and

b) Multi-objective decision making and

¢) Life-cycle analysis methods

Life cycle analysis (LCA) methods have developed
comprehensive  frameworks configurations to select
sustainable life cycle assessment perspectives [13, 25]. To
conduct an LCA, data and information needs to be collected
for analysis, of the cumulative components and services to the
end-of-life equipment. Therefore, the implementation of an
LCA, due to the complexity and diversity of components and
the time frame produces a high number of inputs and outputs
to the system which is very costly, time consuming and
difficult task [1]. Multi-criteria decision-making methods [13,
14, 15] can develop a variety of methods to apply
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sustainability considerations with a lifecycle approach for
choosing materials and methods of manufacture of the
components under review and assessed.

This proposed model uses a cohesive mixed method
considering issues simultaneously: component selection, service
providled and the EoL options similar to the
gray-relational-analysis method, where the choice of the optimal
option is in terms of economic, technical, and aspects [6-8, 27].

3. Model Formulation

3.1. Supply and Distribution

1. Stock
2. Warehouse next day
3. Order
a. Short term (3-5 days)

b. Long term (7-30 days)
4. Need to Manufacture (special order)

3.2. Main Concepts

The Main Components of the Model Material Type and
Fabrication Method, Source/Supply, and Assembly Methods,
Then Finally the EoL Decision Process and Options

Materials

1. Metal:

Ferrous

Nonferrous

2. Plastic

3. Ceramic

Each product, has lifecycle steps and each step is depicted
in Figure 1.

< Part Supply

Raw
it Manufacture
Maintenance

] Repair

Operation

@4’

Figure 1. Life cycle steps through quality service.

3.3. Production Process Is the Method of Fabrication of the
Specified Components

1. Machining
2. Casting

3. 3D printing
4. other

3.4. Assembly Service Process

1. Manual mechanical
2. Manual electronic
3. Software digital

3.5. End of Life

1. Repair

2. Limited use

3. Remanufacturing

4. Disposal

Sell: used as is

Scrap: Disassembly, Recycle

Therefore, simultaneous reviews of the steps of machine
lifecycle for the determination of the level of service is
essential. In each step, several factors that strongly influence
the performance outcome of type of service conducted. The
factors considered in each Step respectively are: suppliers,
manufacturing, assembly processes and EoL options. The
end-of-life step is an important component of equipment life

cycle, which is of great interest to many researchers in the area
of  critical equipment  maintenance. End-of-life
equipment/machines have a high potential for failure.

In addition, many of these products have large physical
dimensions, if not repaired for continued use this space
impacts operational resources and not available for productive
purposes which then impacts performance.

Sets

B The set of components, index by i, |B|=n

G Number of product life cycle steps, index by g, g=1... 4

M; The set of possible material choices for component 7,

index by j, |M;|=m,, i<- N

P; The provider of material j for component i, index by u,

\P1j=py i<- N, j<- M,

C; The set of components i, for material j, index by ¢, |G} j
=c;, i<- N, j<- Mi

E; The set of EoL possibilities for component i, under
material j, index by £,

[Ey|=ey. i <-N, j<- M,

R;;.» The processes attributes (M/R T) for the service and
assembly of components i material j, along with the
component i’ of material j', index by a, |R;;ij'|=h;.,j", i <N,j
<Mi, i, <N,j<M,/

0O; The set of expected performance of service provided
from PQSS program i, index by b, |Qi|=¢;, i 2 N.

Decision variable: binary variables which will equal 0 or 1
respectively.

x; if the material j is chosen for component i, variable
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equals 1; otherwise, it equals O for this.

Vi if supplier u is chosen to supply j for component i,
variable equals 1 otherwise it equals 0.

wy, if manufacturing process ¢ is chosen to produce
component i of material j variable equals 1; otherwise, it
equals 0.

gy iy o if the assembly process a is used to assemble the
component i of material j to the component i’ of material j'; the
variable equals 1 otherwise it equals 0.

z if EoL option k is chosen for component i of material j,
the variable equals 1, otherwise it equals 0.

Parameters

C” Total product cost over its life cycle

C, Total product cost at step g

C” iju The cost of purchasing material j from the provider u
to produce component .

d;;, The distance of supplier u from manufacturer to supply
material j for component i

CM,-J«, The production cost of component i from material j by
manufacturing process .

C“,-j; 7+« The cost of assembling component i of material j
along with the component i’ of material ;'

by assembly process a i, i’ If component i is assembled
into i’, the value is one or otherwise it will be zero.

The machine lifetime usage (hours)

CR,-j The replacement cost of component i from material j _ij
the maintenance and repair frequency of component i from
material j during a product life cycle

Q The EoL cost

C”;. iy « The cost of disassembling component i of material
j from component i’ of material j' if they are assembled by a
process.

C?jx The EoL cost if method  is used for component i from
material j.

i The performance score of component i

9 bi The importance of performance b in component i

1 bij The performance score b in component i if material j
use

A i Minimum acceptable performance for component i

i The importance of component 7 in the product

¢ i The Performance Score of total Product

7 Minimum acceptable performance for product.

wi; j A set of material alternatives that are must be selected
at the same time with the alternative j of component i. j i; j=I’;

J

m; «Pij m;
) 21:11 u:lll YViju (Cil;u + diju : Ci?u : Wij) /s p 21-:1

At this step, there is a cost for maintenance and repairs, and
it is assumed that the defective component is replaced with the
new one.

According to equation (4) the cost of maintenance and
repair is the total cost of material supply, manufacturing
process, replacement and EoL.

Therefore, the CNC machine operation cost is equal to
Material supply and production process costs and are
calculated in accordance with equations 3 and 4 respectively,

Pij i
T Wije - Clfy + myju + T8 20 Xije - CF - mij + Q- my; 4
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¢ i; j A set of material alternatives that are cannot to be
selected along with the alternative j of component i.j pi; j=pi’;

5

]

4. Cost Functions and Analysis
4.1. Cost Equations
minf_,Cp =%C;,g=1—BB=1..4..

C” Total product cost over its life cycle, C* Total product
cost at Step g

First step: The first step is materials provided relating to
available suppliers. The selection of a suitable supplier is the
decision variable at this step. For Original Equipment
Manufacturers (OEM’s), regional transportation and delivery
lead time are key in the material selection process.

Consequently, the cost at this step is obtained by the
following equation (1).

=1 ij:i Zilzjl Viju(Cly + diju + CL W) (1)

Second step: is manufacturing/assembly process: The
decision variable at this Step is manufacturing and assembly
process selection.

Equation (2) represents the component cost.

m: <Pii
?:1 Zj:ll Zt:ljl Wiju Cllyt (2)

In addition to the production of components the cost of
assembling components into the product should be calculated
in accordance with equation (3).

Ha Zil';% ]1:11 er":{ E::]f @ijqijij & C{j’;iljl;a (3)

Third step: operational use, maintenance, and repairs, since
the components are not used alone and are assembled together
and then the entire CNC machine is used, the costs associated
with the use phase should be examined at the product level. In
order to assess the cost and impact of this step, first the CNC
machine usage should be determined.

According to studies, machine run time has a direct
correlation with lifetime span and CNC productivity.

In this study, the runtime... equation (4), its value for the
CNC machine examined in this paper is,

m;

and the replacement cost of the components is calculated
according to Equation (5).

Yic1 24 Xije G Q)

The method for calculating EoL cost will be discussed in
the next section, equation (6). Where ij is the frequency of
maintenance and repair of component i made of material j
during the CNC machine entire life cycle.
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. Ojj
Q=% 2721 Zkil WijkCi(;'k (6)

Fourth step: End of life (EoL). The final Step is the
management of product EoL, which is an important phase for
assessing the service outcomes of CNC equipment / machines.
[1].

The EoL options investigated in this study are: repair for
use, rebuild / remanufacture, or disposal (scrap/recycle). In
order to reach total EoL, the product must be repairable,
completely disassembled for rebuild / remanufacture or
scrapped/recycled.

Product EoL and disposal costs are calculated by equation
(5) and (6) respectively.

- m; mr; h,,,
Yity Xt Xz K= Lach ij * dijijr @ Chirina (7

4.2. The Cost Associated with Assembly, Setup, and
Overhead Functions

This includes element component subassembly variants of
part design configuration, and the usage of new, reused, and/or
refurbished component parts made from recycled materials
and the cost of collecting these parts, may also be considered
when assessing EoL products.

Hence, the objective function is shown below [2], Cost
objective function.

By summation of the above four mentioned costs, the
overall cost function is obtained, and the objective is to
minimize the overall cost.

Various other constraints related to raw materials,
production methods, resource availability, production capacity,
etc., could be relevant, dependent upon the specific product
and manufacturer considered during the quantified service
optimization configuration process. Such constraints would
need to be included on a case-by-case basis when preparing
the constraints of the specific situation [3] Solving the
multi-objective optimization problem is an evolutionary
process and has been utilized in research and many other
studies. Algorithms of this nature are capable of reducing
computational difficulty and providing an effective method of
handling constraints, which makes it an efficient method of
solving for multi-objective optimization [5].

4.3. Design and Management Cost Impacts

The service cost is reverted to an original cost and added to
the cost of the original machine cost and then a percentage of
ownership cost is computed. This method is an original means
of associating the cost of ownership with the overall cost of the
equipment. This is done by calculating the present value
equivalent of this cost, the value generated from this service
analysis in the research. This present value is based upon a
general 3% cost of inflation (i) over the same time period
(lifetime of the equipment=n) on an annual basis, e.g., cost
value of service analysis * (1+ i) ™ iime ¢t (1+.03)™,

This example displays the detailed aspects of this analysis
using the following information: the machine installation date
of Feb 15“‘, 2015, a maintenance service date of Dec 15th,

2019, an interest rate of 3%, a machine installation price or
$375,000, and a maintenance cost of $5,000. As seen from this
analysis.

Added Cost=$5000 (1+0.03)>"

Table 1. Research index value example.

Description Value
Index Value 96
Maintenance Cost $5000

Table 2. Analysis.

Description Value
Percentage or

Installed cost 1.2%
Present Cost $4,455
Installed date 2/10/2015
Service date 12/18/2018
Interest 3%

Price $375,000
Maintenance Cost $5,000

5. Description of the Mathematical Model
Constraints

5.1. Component Functions

The performance of each component is multiplied by its
importance and the total product function is obtained.

S Xt Oy iy > AT, (®)
Yisq Hij - Wpij > T ©)
it xi = 1T, G < my) (10)
foil Yiju = xi5T0JG <my) (11)
21;'11 Ve = X T JG <my) (12)
Zzizjlzijt =X T <my) (13)

Constraints 8 to 13 ensure that each selected component is
made up of only one material, and has one supplier, one
production/assembly process and only one EoL option [1].

5.2. Solving the Model

In this research, categories of components investigated: The
drive motor of the machine (includes 4 key components),
closures and safety controls (6, including main panels), slides,
ways, and holding devices (including 6 components) and
electronics (8 components), therefore, for purposes of this
paper a total of 24 components have be utilized to examine the
functional model.

Material alternatives for components in this study are
classified into 6 general categories: steels, high strength steels,
stainless steel, aluminum, and composites such as: (standard
plastics, fiber glass reinforced plastic and carbon
fiber-reinforced plastic).
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Material choice can be problematical for an engineer,
particularly when the material is being used in an application
for the first time. The process of material selection for this
research supports the design engineering role during the early
and design steps of product development.

For durable material selection, tradeoffs between economic,
life cycle, and technical requirements for each component are
identified and ranked. In the proposed model, the technical
criteria are considered as constraints, as explained in the
previous section. A list of some of the major components used
in this analysis are shown in the conclusion of this research.
The technical criteria and the score of each sub-function is
extracted from [13-15] references.

To calculate impacts, performing a comprehensive life
cycle assessment is very complex, time-consuming, costly,
and requires a wide range of data.

Therefore, in this paper, EoL is used as the measure of the
product productivity [1] used as a gauge to quantify the
productivity impact of a given data set for CNC service
maintenance.

This developed model is a multi-objective linear model. An
increase in the number of components, which increases the
alternatives of the materials, will therefore increase the
complexity of the model which then increases exponentially.
If we assume a machine has only 4 components and for each
component there are 3 material alternatives, each of the
material alternatives has at least two suppliers, for each
material, at two different means of production and assembly
are available and each of these alternatives have the four EoL
options. Therefore, there will be 3*x2*x2*x 4% or 5,308,416
alternatives to select. Adding only one component (3° x 2° x 2°
X 45) will increase the number of options to 254,803,968, This
demonstrates the challenge and magnitude of this enormous
task of selecting the best configuration. and while the
developed model provides CNC machine tool manufacturers,
and service providers and maintenance providers the means of

selecting optimal alternatives in a reasonably short time period.

While there may be no optimal answer to this type of
multi-objective problem, a successful (or optimal) pareto
solution is are achievable for these problems [23]. A
multi-objective decision problem could also be introduced to
follow digital -twin approach for product in the smart
manufacturing environment [28].

6. Conclusion

In this paper, an approach was developed utilizing integer
programming to select key alternatives (e.g., material) and
optimize CNC machines configuration of components,
composed of large number of components. This method of
option determination analysis utilizes a number of attributes:
material selection, supplier selection, manufacturing process
selection, assembly process selection and EoL for components
of a CNC machine are integrated and solved simultaneously.
The purpose of this model is to minimize producer costs as
well as impacts throughout the product life cycle so that the
technical and production constraints of the CNC machine are

Life Cycle Analysis of Computer Numerical Control (CNC) Machine Components

also considered. In order to validate the proposed model, a
simulation study was conducted in on vital CNC machine
components identified as significant to the CNC service
industry. For this purpose, the following general machine
component categories have been investigated, (a total of 25
items):

1. enclosure, doors, and safety controls of the machine (6

components),
. drive motors (4 main drives),
. frame, slides, ways and holding devices (6 components)
. electronics and sensors (8 component),
. lastly software upgrades.

In addition, sensitivity analysis was conducted to evaluate
the effect of CNC machine run time on impact and cost. The
results show that by reducing runtime the impact upon the
CNC machine is also reduced, while the total cost increased.
Since, in the proposed model, the product runtime rates and
technical functions are considered as constraints, the
over-reduction of the CNC machine runtime is in direct
conflict with these two constraints and is not feasible; because
under use of the CNC machine significantly reduces the
output rate of the machine and does not meet the expected
performance and productivity of the research.

[V NS I \9)

7. Research Innovations

The concept of reliable component, service and
maintenance has concerned maintenance and quality
researchers for decades. The development of reliable quality
maintenance and production one of the concepts that is a
requirement for quantitative tools of measuring and decision
making.

While the cost analysis in the example conducted was a
sample of just on service incident, the fully functioning
simulation uses both individual scenarios of the key
components listed as well as the C' Cost analysis value to
determine the overall cost value and percentage. This value is
then converted into a specific “Index Value” (IV) for the
specific machine and/or application site. Given an allowable
site value between 0.0% and max 30% for the example e.g.,
1.2% this IV=96.0. This index value represents the
acceptability score of this service based upon 0 - 100 value.
Therefore, this example is 96/100 acceptable cost ration
1V=96.0.

To achieve this, it is essential to review the methods of
selecting key component and service attributes, such as
material. The innovation of this methodology of both material
selection and quantitative service development approach
integrate EoL considerations into the decision process.

The consideration of supplier, manufacturing, assembly
process and EoL options variables during the process of
optimal selection are key factors.

Reliability, health, and safety requirements in material
selection are also key considerations.

Additionally, the consideration of technical requirements in
reliability of the key attributes process selection is also
fundamental.
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A recommended future direction is to consider the social
sustainability attributes in the process of selecting sustainable
materials and providing a method for their evaluation.
Another interesting future research area is in modelling;
consider uncertainty in the proposed mathematical model,
may be to use a deterministic model of programming at the
appropriate steps in the process. Considering the objective
functions of this model versus another optimizing model,
could create another kind of problem-solving method in this
research field. For example, a goal seek type programming
method might be used.
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