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The turning process involves the linear removal of material from the work-
piece and requires a relatively high amount of energy. The high energy
consumption of the machining process increases carbon emissions, which
affects the environment. Moreover, production costs will rise as the cost of
energy rises. Energy savings during the machining process are crucial for
achieving sustainable manufacturing. In order to determine and optimize the
cutting parameters, this study creates a multi-pass turning processes optimi-
zation model. It considers cutting speeds, feed rates, and depth of cut. In this
study, the model uses multi-objective optimization by incorporating three
objective functions: processing time, energy consumption and production
costs. OptQuest completed the proposed model in Oracle Crystal Ball
software, then normalized and weighted the sum. Ordering preferences, the
Multi-Objective Optimization based on Ratio Analysis (MOORA) approach
is utilized. It ranks items based on their higher priority values. This paper
provides a numerical example to demonstrate the application of an optimi-
zation model. Based on the preference order ranking results, the optimal
values for three objective functions are as follows: total processing time of
4.953 min, the total energy consumption of 5.434 MJ, and total production
cost of 395.21$.
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1. INTRODUCTION
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procedure intended to generate physical changes in

The manufacturing sector is the primary
industry that relies on energy utilization to change
material values as long as the production process
[1]. Energy consumption that exceeds the limit is
currently one of the most important challenges in
the manufacturing business, and saving energy has
become a need for industry [2]. The industrial
sector consumes 54% of the world's total energy
demand [3] with manufacturing as the main energy
consumption sub-sector [4]. Manufacturing is a

material to compound material values [5]. Manu-
facturing processes contribute significantly to
energy and resource consumption in the industrial
sector. The manufacturing industry employs
various machines to facilitate the manufacturing
process. Computer numerical control (CNC) turn-
ing machine is widely used in production. CNC
turning processes are categorized into single-pass
turning and multi-pass turning. In single-pass
turning, the cut depth is believed to be constant [6].
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Whereas multi-pass turning combines the roughing
and finishing processes with the machining
processes of wet cutting turning and dry cutting
turning.

The turning process produces a workpiece by
removing material that consumes a significant
amount of energy [7]. The energy utilized by CNC
machines accounts for more than 99% of the
environmental effect generated by the machining
process [8]. Several machining processes, in-
cluding milling, turning, and other metal cutting,
consume 66-82 MJ/kg of energy, with roughing
accounting for around 60% of total energy
consumption and finishing accounting for approxi-
mately 95% [9]. The high energy consumption
from the machining processes will generate an
environmental impact by producing higher carbon
emissions. Besides, the unit cost of production will
increase as energy prices increase [10].

Energy savings of 6-40% can be gained by
selecting cutting parameters, cutting tools, and
efficient tool path design [11]. The selection of
cutting parameters in the machining process affects
production efficiency, cost, energy consumption,
and workpiece surface quality [12], [13]. The
optimal cutting parameters by creating an
optimization model. Savings in energy consump-
tion during the machining process are significant to
achieve sustainable manufacturing [14]. Compa-
nies must adapt by implementing sustainable
manufacturing as a strategy to reduce consumption
[15], both saving production costs [16] and creating
a green manufacturing process [17].

Many studies have developed optimization
models of multi-pass turning processes that are
considered sustainable manufacturing analytically
with a combination of two or more objective
functions. Aryanfar & Solimanpur [18] used
Genetic Algorithms (GA) to develop a multi-pass
turning optimization model that reduced production
costs and surface roughness. Decision variables in
that research were roughing and finishing process
cutting speed (vr, vs), feed rate (fi,fs), and depth of
cut (dr,ds). The machining, machine idle, tool
replacement and tool costs are all part of the pro-
duction expenses. That model was not considering
the cutting fluid cost and energy costs. Jabri et al.
[19] designed a multi-objective optimization model
in multi-pass turning processes to reduce cutting
costs and tool life. That model was solved using
Genetic Algorithms (GA). Liu et al. [20] devised a
multi-objective cutting process optimization using
Non-dominated Sorting GA 11 (NSGA 1) to reduce

processing time and carbon emissions. The energy
consumption was not considered in the model. That
research was carried out using a single-pass turning
technique.

Lu et al. [21] optimized a multi-pass turning
process to reduce energy consumption and
machining precision using Multi-objective Back-
tracking Search Algorithm (MOBSA). The energy
consumption includes machining energy, tool
replacement, machine idle, tool wear, and cutting
fluid. The production cost was not considered in the
model Lu et al. [21]. Jabri et al. [22] used the
Hybrid Genetic Simulated Annealing Algorithm
(HGSAA) to create a model of multi-pass turning
optimization to reduce production costs. Widhiarso
& Rosyidi [23] devised a multi-objective optimi-
zation in single-pass turning, with decision vari-
ables including cutting speed and feed rate. The
goal serves to reduce production costs as well as
environmental impact. Rosyidi et al. [24] created a
multi-objective optimization model in single-pass
turning to reduce processing time and carbon
emissions. As auxiliary time, the starting time, the
tool setting time, the tool change time, the idle
operating time, and the cutting time are all included
in processing time. The model did not take into
account for energy consumption and production
costs. Widhiarso & Rosyidi [23] and Rosyidi et al.
[24] solved those models by OptQuest in Oracle
Crystal Ball software.

Dityarini et al. [25] used Goal Programming
to create a multi-objective optimization in a multi-
pass turning process, which reduces energy, carbon
emissions, and production costs. Decision variables
included roughing and finishing process cutting
speed (vrVs), feed rate (f,fs), and depth of cut (d,,ds).
The model in that research did not account for the
energy consumption of cutting fluid as well as the
cost of cutting fluid. Pangestu et al. [26] designed a
multi-objective cutting parameter optimization
model in a multi-pass turning process to improve
energy consumption, carbon emission, production
costs, and production time. Decision variables
comprised spindle speed for i, feed rate for i, and
depth of cut for i in roughing and finishing passes,
the number of roughing passes. The model was
resolved using Oracle Crystal Ball OptQuest.
Fittamami et al. [27] designed a multi-objective
optimization in multi-pass turning to reduce carbon
emission, energy, noise and costs using Genetic
Algorithm (GA) with MATLAB R2016b. The
energy consumption of cutting fluid, the cost of
cutting fluid and energy costs were not calculated.
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Pujiyanto et al. [28] created sustainable multi-
objective optimization in multi-pass turning opera-
tions. The aim serves to minimize energy, surface
roughness, noise, costs and carbon emissions with
cutting depth, feed rate, cutting speed, and the
number of roughing passes as decision variables.
That research considered the cost of quality
(Taguchi). The model was resolved using
MATLAB’s Gamultiobj Algorithm and TOPSIS
method, which is used to identify a single optimal
solution.

The Multi-Objective Optimization based on
Ratio Analysis (MOORA) approach is a multi-
objective optimization technique used to handle
different complicated decision-making problems in
the manufacturing industries [29]; it relates to
multiple conflicting objectives optimized simulta-
neously by specific constraints. The multi-objective
optimization based on ratio analysis (MOORA)
approach separates the subjective from an evalua-
tion process by weighting the criteria with a variety
of decision-making qualities, it is both flexible and
simple to grasp [30]. Therefore, this research
develops a multi-objective optimization model in a
multi-pass wet-cutting turning process, which is
then transformed into a mathematical model. The
model will be considered an advanced model of
Rosyidi et al. [24] for the processing time that is
customized from a single-pass to a multi-pass
turning process. Furthermore, this study is based on
Lu et al. [21] to formalize the energy consumption,
Aryanfar & Solimanpur [18] in formalize the
production cost by adding cutting fluid cost of
Pangestu et al. [26] and the energy cost of Dityarini
et al. [25]. This research aims to create a multi-
objective optimization model for selecting optimize
the cutting parameters while minimizing process-
sing time, energy consumption, and production
costs. These three objectives were solved simul-
taneously by utilizing OptQuest of Oracle Crystal
Ball software. The Multi-Objective Optimization
based on Ratio Analysis (MOORA) is used to select
the optimal solution based on preference ranking by
higher priority values.

2. RESEARCH METHODS

The system that will be modelled in this
research is the CNC machining process of multi-
pass turning while considering numerous factors
of sustainable manufacturing. Sustainable manu-
facturing produces low carbon emissions, saves
energy consumption and production costs, and
creates a green environment. Several aspects of

sustainable manufacturing were considered in this
research, including energy consumption and
production costs, by adding aspects of the
processing time on the machining process.

Model components on the system will be
developed, including the objective function,
decision variable, and model parameters. The
optimization model in CNC multi-pass turning
machining with wet cutting considered processing
time, energy consumption, and production costs.
The objective functions of the model are to
achieve minimum processing time, energy
consumption, and production costs. The cutting
parameters serve as decision variables, including
cutting speed, feed rate and depth of cut in
roughing and finishing processes. The objective
functions are given in equation (1).

Minimize F(vr,fr,dr,Vs,fs,ds) = {min Tp, min E, min
ucC} 1)

2.1. Processing time

The total amount of processing time (Tp)
referred to by Rosyidi et al. [24] comprises startup
time (ta), tool setting time (t), tool change time
(t), and machine idle time (t) are defined in
equation (2).

Tp=t,+t +

tetm
m +t; 2
The cutting time (tm) is proportional to
machining parameters, workpiece diameter, and
turning process length [24]. It is calculated as the
sum of roughing process cutting time (tmr) and
finishing process cutting time (tms). The total
cutting time of Jabri et al. [19] is defined in
equation (3), roughing and finishing process
cutting time as shown in equations (4) and (5).

tn = tmr + U 3)
_ DL _ DL dt—ds)
tmr = 1000urfrn - 100017rfr( dy )

f o _mbL
mS T 1000vsfs

()

The tool change time (te) is related to tool life
(Ty) and total cutting time (tn). In this research, tool
life (Ty) is calculated using Taylor’s formula,
which has two components: roughing (T,) and
finishing (Ts) as shown in equations (6), (7), and

(8).
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The machine idle time (t;) is determined as
the sum of the constant time during the loading
and unloading operation (t;), and the variable time
during idle tool motion (t;) [21] is defined in
equations (9) and (10).

t;=t.+t, )
t, = (L +hy)(n+1) (120)

2.2. Energy consumption

The total amount of energy consumption (E)
referred to by Lu et al. [21] is calculated by adding
cutting energy consumption (En), energy con-
sumption while the machine of idle (E;), energy
consumption when tool changing (E;), cutting tool
energy consumption (E:), and cutting fluid energy
consumption (Ec) can be defined in equation (11).

E=E,+E +E, +E +E. (11)

The cutting energy consumption (Enm) is
calculated from the total machining process
energy consumed during cutting the workpiece,
which includes the roughing process energy (Emr)
and the finishing process energy (Ems) based on the
model of Chauhan et al. [31] which are presented
in equations (12), (13), and (14).

En = Emrﬂ"'ﬁEms (12)
_ kffr d‘r 177' iDL (dt—ds)

Enr = 61207 x 10000, \  dy (13)
_ kgflafvs L

Ens = 61201 ~ 1000vgfs (14)

The energy consumption while the machine
is idle (Ej) is related to transmission line length,
lubricant condition, and spindle speed can be
defined in equation (15).

E; = Py(hL + hy)(n + 1) + Pot, (15)

In the research, the transmission line and
lubricant were assumed to remain constant. The
machine power is idle (Py) is a quadratic function
from the speed of spindle rotational is defined as:

B, = 1073x(40.6 + An; + A,n?) (16)

The energy consumption when tool changing
(Er) is computed by multiplying the power by the
tool change time (t) presented in equation (17).

Er = Ryt () (17)

The cutting tool energy consumption (E:) is
defined by the power footprint of the tool insertion
in the workpiece, and the tool per edge piece is
expressed in equation (18).

E. =Ry (2) (18)

The cutting fluid energy consumption (Ec) is
calculated using the cutting fluid’s embodied
energy and fluid volume. Cutting fluid energy
consumption involves energy consumption to
prepare pure mineral oil and handle liquid waste
[21], [32] can be defined in equation (19).

(vo +Av))

TP
E. = T, XeP ((vo + Av) + e (19)

2.3. Production cost

The total amount of production cost (UC)
refers to Aryanfar & Solimanpur [18], Dityarini et
al. [25], and Pangestu et al. [26], includes the
machining cost (Cn), machine idle cost (C;), tool
change cost (Cy), tool usage cost (Cy), energy cost
(Ce), and cutting fluid cost (C.) are defined in
equation (20).

UC=Cpn+Ci+Cr+C+C,+C, (20)

The machining cost (Cm) is calculated by
combining the direct labour and overhead cost (k)
with the cutting time (tn), as presented in
equations (21) and (22).

Cn = kotm L ]
T

DL d—d
C =k, [ ( ; ) +
10000,/ \ d, 1000v,f;

The machine idle cost (C;) is determined by
multiplying the direct labour and overhead cost
(ko), the machine idle time (t;). Idle time will occur
during tool preparation, installation, and cutting
tool setting [27] are defined in equations (23) and
(24).

Ci = kot; (23)
Ci=kot.+ (M L+h)(n+1) (24)

The tool change cost (Cy) is calculated by
combining the direct labor and overhead cost (ko)
with tool change time (t), as described in equation
(25). The tool usage cost (C) is a cost incurred
during the cutting of a workpiece (k) with a
cutting tool, as defined in equation (26).

Cr = kote (;_T) (25)
C, =k, (tT—’:) (26)

The energy cost (Ce) can be estimated from
the cost of using electricity energy consumption
throughout the machining process, as shown in
equation (27). The cutting fluid cost (C.) is based
on fluid cost (k) with the initial volume (vo) and

(21)
(22)
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additional volume (Av) of cutting fluid [26]

defined in equation (28).
=k Etotal

C —k (v0+Av)

(27)
(28)

2.4. Constraints

Several constraints are considered in this
research, including the cutting parameters, namely
depth of cut, feed rate, and cutting speed, as well
as cutting force, power, stable cutting region, chip
tool interface temperature, and parameter relations
constraints in roughing and finishing processes.
The constraint functions for the multi-pass turning
process are represented in equations (29) to (47).

2.4.1. Roughing process constraints

The roughing process constraints in
equations (29), (30), and (31) define the model
solution space, which is the stated depth of cut,
feed rate, and cutting speed within lower and
upper bounds.

drL < dr <drU (29)
frL< fr<fru (30)
vrL <vr <wvrlU (31)

Cutting force constraint in equation (32) to
prevent workpiece and tool deflection and
dimensional errors, where cutting force should not
exceed the machine’s maximum cutting force.

kefiid? <F (32)

The power constraint in equation (33) is
essential to ensure that power during roughing

operations does not exceed the machine’s
maximum power.
kefldiv,
<
61200 Py (33)

The constraint of a stable cutting region in
equation (34) is required to avoid machining
vibration establishment, adhesion, and built-up
edges. It must be greater than a specified region.

vifd? = Sc (34)

The chip tool interface temperature constraint
in equation (35) is related to tool life; when
sharpness and hardness diminish, the tool can not

cut when the temperature exceeds the limit.
kuifPdl < Q (35)

2.4.2. Finishing process constraints

space, which is expressed as the depth of cut, feed
rate, and cutting speed within lower and upper
bounds.

dsL < ds <dsU (36)
fsL<fs<fsU (37)
vsL < vs < vsU (38)

Cutting force constraint in equation (39) to
prevent workpiece and tool deflection and
dimensional errors, where cutting force should not
exceed the machine’s maximum cutting force.

kefld? < Fy (39)

The power constraint in equation (40) is
required to ensure that power during finishing

operations does not exceed the machine’s
maximum power.

kefladv

fls UsVs

s S <

6120 Py (40)

The constraint of a stable cutting region in
equation (41) is necessary to avoid machining
vibration establishment, adhesion, and built-up
edges and must be greater than a specified region.

vrfd? > Sc (41)

The chip tool interface temperature constraint
in equation (42) is connected to tool life; when
sharpness and hardness diminish, the tool can not
be used for cutting when the temperature exceeds
the limit.

kovifdd < Qy (42)
The surface roughness constraint in equation

(43) represents the workpiece’s surface quality

and must be smaller than the provided value.

fE

= <R,

o (43)
2.4.3. Parameter relations constraints

The parameter relations constraints in
equation (44) imply that the roughing process’s
cutting speed is usually less than the finishing
process’s. Equations (45) and (46) represent
roughing process feed rate and depth of cut, which
are typically greater than the finishing process
feed rate and depth of cut. The total depth of
removed materials is denoted by equation (47) as
the sum of the finishing depth of the cut and
roughing depth of the cut multiplied by the
number of rough cuts (n).

The finishing process constraints in equations Vs = K1vr (44)
(36), (37), and (38) serve as the model solution fr = kafs (49)
d | http://dx.doi.org/10.30656/jsmi.v7i1.5747 5
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dy > ksd,
d, = dy +nd,

(46)
(47)

2.5. Normalization

The normalization or transformation function
is typically necessary to unify the different
objective function units and generate nondimensi-
onal objective functions [33]. The normalization
model is presented in equation (48).
Fitrans(x) _ fi)—fi°

fimaxio (48)
2.6. Weighting method

The weighted sum method is required to
transform a multi-objective function into a single
objective function, and the weight of each
objective function is determined by the decision
maker’s preference [34]. The weighted sum is
calculated by multiplying the weight by the value
of the objective function [35], where w; + w, +
ws = 1. The weighted sum in this research using
three objective functions is presented in equation
(49).

U=wi.fi(x) +wy. fo(x) +ws. f3(x)

2.7. MOORA method

Multi-Objective Optimization on the Basis of
Ratio Analysis (MOORA) is a multicriteria decisi-
on-making method based on a ratio system and
non-dimensional  measurement  [36]. The
MOORA approach can be utilized to handle
various complicated decision problems in the
manufacturing environment, simultaneously opti-
mizing two or more objective functions [37]. The
MOORA approach begins with a response
decision matrix and computes the decision matrix
normalized by the vector method [38] defined in
equation (50). It calculates the ratio, and each
alternative is given weight by multiplying it with
the maximised or minimised criteria, which can be
presented in equations (51) and (52). The decision
alternatives are ranked in the order of preference
according to a value of y;, which might be
positive or negative depending on the criterion and
priority values [39].

(49)

Xy = 0)
i=1%ij
— VY
y; - j=1x;j - ;L=g+1x;j (51)
— VY
yi = Zj:le Xjj — Z?=g+1Wj Xij (52)

3. RESULTS AND DISCUSSION
3.1. Numerical example

There are numerical examples provided to
demonstrate the applicability of the established
model. The numerical parameter values were
derived from Aryanfar & Solimanpur [18], Lu et
al. [21], Rosyidi et al. [24], Dityarini et al. [25],
and Pangestu et al. [26].

During the turning process, the workpiece
material is C45 carbon steel with a diameter (D)
of 50 mm and a length (L) of 300 mm They were
cutting speeds ranging from 50 to 500 m/min
according to machine specifications. The engine's
maximum power (Py) is 5kW with a power
efficiency (77) of 85%. The machining temperature
maximum (Qu) is 1000°C. The maximum surface
roughness (Ra) is required, and the depth of cut (d;)
is 6.3 um and 6 mm, respectively. The maximum
cutting force (Fu) is 4903.325 kgf, and the stable
cutting region (S¢) has a bound of 140. Specifica-
tions of the cutting tool are presented in Table 1.

Table 1. Cutting tool specifications

Parameter Specification
Hardness 69 - 81 HRC
Tool lead angle 45°
Rake angle 20°
Inclination angle 5°
Radius, re 1.2 mm
Tool weight, wt 0.015 kg

Table 2. Coefficients associated with tool life

Parameter Co p g r
Value 6 x 101! 5 175 0.75
Table 3. Coefficients and constants of machining
condition
Parameter Specification
h1 7 x 10* min/mm
h2 0,3 min
ke 108
kq 132
k1 1
k2 2,5
ks 1
p 0.75
) 0.95
é 0.105
T 0.4
0] 0.2
A 2
v -1
(2 0.8
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Table 4. Parameters of processing time

Parameter Specification
ta 0.17 min
tr 3 min
te 1.5 min/edge
tc 0.75 min/unit

Table 5. Parameters of production cost

Parameter Specification
Ko 123.61 $/min
ke 2.5 $/edge
Ke 6.91 $/kWh
ke 8.75 $/L

Table 6. Parameters of energy consumption

Parameter Specification
A1 0.227
A, -0.667 x 10°®
Po 3.6 kW
Po1 40.6 KW
Pu 5.3 MJ/kg
Vo 30L
Av 6L
Xe 72.885 KJ/kg
Of 0.05
P 7.8 g/lcm?®

According to the cutting tool material and the
workpiece during the turning process, use C45
carbon steel because it has higher tensile strength,
ductility, and wear resistance. The coefficients
associated with tool life are shown in Table 2. The
coefficient and constant are related by machining
conditions displayed in Table 3. The processing
time, production costs, and energy consumption

parameters are illustrated in Table 4, Table 5, and
Table 6. The constraint variables are listed in
Table 7.

Table 7. Constraints variable

Parameter Specification
dn 1 mm
dru 3 mm
dst 1 mm
dsu 3mm
frL 0.1 mm/rev
fru 0.9 mm/rev
fsL 0.1 mm/rev
fsu 0.9 mm/rev
ViL 50 m/min
Viu 500 m/min
VsL 50 m/min
Vsu 500 m/min

3.2. Finding optimal solution

The optimal solution search is carried out to
obtain the optimize value for the decision variable.
The steps for finding the optimal solutions are as
follows:

3.2.1. Determine of the minimum and maximum
value for each the objective function

The optimization model has been developed
and will be completed using OptQuest of Oracle
Crystal Ball software. That software helps dis-
cover the optimal solution using several comple-
mentary search algorithms, such as advanced tabu
and scatter search [24]. The number of iterations
that finishes the model is 10,000 to determine the
best solution for minimum and maximum values.
The optimization results are solved separately for
each objective function in Table 8.

Table 8. Results of optimization for each of the objective functions

Objective Function

8:‘;:2'&2 ~ Tp(Min)_ ~ EM) EION
Minimum Maximum Minimum Maximum Minimum Maximum
vy (m/min) 50 315.93 50 315.93 91.78 50
Vs (M/min) 374.39 423.32 50 423.3 182.48 50
fr (mm/rev) 0.25 0.25 0.9 0.25 0.9 0.25
fs (mm/rev) 0.1 0.1 0.36 0.1 0.36 0.1
dr (mm) 3 1 3 1 3 1
ds (mm) 3 1 1 1 3 1
Value 4,941 7.653 5.368 11.609 395.209 3977.82

d | http://dx.doi.org/10.30656/jsmi.v7i1.5747
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3.2.2. Normalization of the objective functions

In this research, the optimization model
contains three different units: time, energy, and
cost. The calculation for the transformation functi-
on of each objective functions as follows:
Tp—4.941 _ Tp-4.941

Ftrans — — 53
Tp 7.653—54-.941 2.7512 (53)
E—5.368 E-5.368
Firans — = 4
. T 30n500  “4%-395209 &4
trans _ uc- . _ uc- .
Fyc™ = 3977.82-395.209  3582.61 (55)

3.2.3. The weighting of the objective functions

In this research, we assume the weight values
for each objective function were 0.2 of the
processing time, 0.3 of the energy consumption,
and 0.5 of the production costs. The processing
time function accounts for energy consumption
and production costs, whereas the energy con-
sumption function incorporates production costs.
The objective function for multi-objective optimi-
zation is calculated as follows:

U= 0.2_FTf£ans + 0.3_FEtTaTlS + 0.5.F57&ans (56)

3.2.4. Multi-objective optimization results

The multi-objective optimization results are
displayed in Table 9. The objective function value
(V) is 0.0151. The objective function value (U)
will be appraised to sustainability performance by
the evaluation index. The Sustainability Assess-
ment Index (SAI) is derived by aggregating all
normalized and weighted factors together [40].
The SAI is computed as 1 - U = 1 - 0.0151 =
0.9849 (98.49%). As a result, cutting speed in
roughing (vr) and finishing (vs) is 60.707 m/min
and 182.48 m/min, respectively, feed rate in
roughing (f;) and finishing (f;) are 0.9 mm/rev and
0.36  mm/rev, respectively, depth of cut in
roughing (dy) and finishing (ds) are both 3 mm.

Table 9. Multi-objective optimization results

Decision Variable Value
Vr 60.707 m/min
Vs 182.48 m/min
fr 0.9 mm/rev
fs 0.36 mm/rev
dr 3 mm
ds 3mm
Objective Function Value
U 0.0151

3.25. The cutting parameters selection by
MOORA
The MOORA approach uses preference order

ranking by higher priority values on the objective
function. The alternatives are determined based on
the number of experiments by giving weight for
each objective function as Al to A9, which means
that the alternative is the number of experiments
of 1 to 9. The weight is only assigned for energy
consumption (E) and production costs (UC) from
0 to 1 because energy consumption (E) and
production costs (UC) are functions of processing
time (Tp). Al is defined as having weights of 0.1
and 0.9 for energy consumption and production
costs, respectively, A2 has weights of 0.2 and 0.8
for energy consumption and production costs, A3
has weights of 0.3 and 0.7 for energy consumption
and production costs, respectively, A4 has weights
of 0.4 and 0.6 for energy consumption and
production costs, respectively, A5 has weights of
0.5 for both energy consumption and production
costs, A6 has weights of 0.6 and 0.4 for energy
consumption and production costs, respectively,
A7 has weights of 0.7 and 0.3 for energy con-
sumption and production costs, respectively, A8
has weights of 0.8 and 0.2 for energy consumption
and production costs, respectively, A9 has weights
of 0.9 and 0.1 for energy consumption and
production costs, respectively.

The criteria are determined based on decision
variables, namely cutting speed in roughing (vr)
and finishing (vs), feed rate in roughing (f,) and
finishing (f5), depth of cut in roughing (d;) and
finishing (ds) as C1 to C6, respectively. Firstly,
establish a decision matrix for each alternative on
the criteria shown in Table 10, where rows
represent the number of alternatives and columns
represent the number of criteria. The MOORA
approach's criteria can be qualitative and quanti-
tative [41].

Table 10 can be calculated to normalize the
criteria values for each alternative divided by the
square result of each criterion [38]. The fair values
and decision matrix results are normalized in
Table 11 and Table 12. The normalizations are
found in Table 12 and then assigned weights for
each criterion [37], which are 0.3, 0.25, 0.1, 0.1,
0.1, and 0.15 for C1, C2, C3, C4, C5, and C6.

The weights normalized matrix is listed in
Table 13. It calculates the ratio value (y;) by
multiplying weights by the criteria and then ranks
the preference order according to the value of y;.
The maximum and minimum can be calculated to
sum the criteria, with a greater value being better
and a lower value being better. The results of
maximum and minimum values are displayed in
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Table 14, while the results of the alternative
ranking are shown in Table 15.

The ranking results in Table 15 indicate that
the alternative of Al is the best value. The ranking
results are as follows: A1 > A2>A3>A4>A5>
A6 > A7 > A9 > A8. The value of y; in the alter-
native of Al has the highest value is 0.235984076
by the weight given to the energy consumption of
0.1 and the production cost of 0.9. When the

weight of energy consumption is higher and the
weight of production costs is lower, the value of y;
will decrease. It can be seen in the alternatives of
A2 to A9 that have the value of y; that is getting
smaller than the value of y; in the alternative of Al.
The weights change of energy consumption and
production costs are not sensitive to feed rate in
roughing (fy) and finishing (), and depth of cut in

roughing (d), which have the same values.

Table 10. Decision matrix for each alternative and criteria

Criteria
Alternative C1 C2 C3 C4 C5 C6
(m/min) (m/min)  (mm/rev) (mm/rev) (mm) (mm)
Al 84.43 182.48 0.9 0.36 3 3
A2 74.1 182.49 0.9 0.36 3 2.99
A3 68.91 198.27 0.9 0.36 3 2.75
Ad 63.69 203.26 0.9 0.36 3 2.68
A5 66.05 263.28 0.9 0.36 3 1
A6 60.25 263.28 0.9 0.36 3 1
A7 53.99 263.27 0.9 0.36 3 1
A8 50 263.27 0.9 0.36 3 1
A9 50 263.27 0.9 0.36 3 1
Table 11. Square value of Xij
Alternative - - Criteria
Cl(m/min) C2(m/min) C3 (mm/rev) C4 (mm/rev) C5(mm) C6 (mm)
Al 7128.4249  33298.9504 0.81 0.1296 9 9
A2 5490.81 33302.6001 0.81 0.1296 9 8.9401
A3 4748.5881  39310.9929 0.81 0.1296 9 7.5625
A4 4056.4161  41314.6276 0.81 0.1296 9 7.1824
A5 4362.6025  69316.3584 0.81 0.1296 9 1
A6 3630.0625  69316.3584 0.81 0.1296 9 1
A7 29149201  69311.0929 0.81 0.1296 9 1
A8 2500 69311.0929 0.81 0.1296 9 1
A9 2500 69311.0929 0.81 0.1296 9 1
Total 37331.8242 493793.1665 7.29 1.1664 81 37.685
Value 193.2144513 702.7041814 2.7 1.08 9 6.13881096
Table 12. Normalize the matrix for each alternative and criteria
Alternative - - Criteria
Cl (m/min) C2 (m/min) C3(mm/rev) C4 (mm/rev) C5(mm) C6 (mm)
Al 0.436975596 0.25968253 0.333333333 0.333333333 0.333333333 0.488693986
A2 0.383511686 0.259696761 0.333333333 0.333333333 0.333333333 0.487065006
A3 0.356650341 0.282152868 0.333333333 0.333333333 0.333333333 0.447969488
A4 0.329633729 0.289254007 0.333333333 0.333333333 0.333333333 0.436566628
A5 0.341848136 0.374666904 0.333333333 0.333333333 0.333333333 0.162897995
A6 0.311829677 0.374666904 0.333333333 0.333333333 0.333333333 0.162897995
A7 0.279430444 0.374652673 0.333333333 0.333333333 0.333333333 0.162897995
A8 0.258779815 0.374652673 0.333333333 0.333333333 0.333333333 0.162897995
A9 0.258779815 0.374652673 0.333333333 0.333333333 0.333333333 0.162897995
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Table 13. Weight normalized matrix

. Criteria
Alternative Cl(m/min) C2 (m/min) C3(mm/rev) C4 (mm/rev) C5(mm) C6 (mm)
Al 0.131092679 0.064920633 0.033333333 0.033333333 0.033333333 0.073304098
A2 0.115053506 0.064924190 0.033333333 0.033333333 0.033333333 0.073059751
A3 0.106995102 0.070538217 0.033333333 0.033333333 0.033333333 0.067195423
Ad 0.098890119 0.072313502 0.033333333 0.033333333 0.033333333 0.065484994
A5 0.102554441 0.093666726 0.033333333 0.033333333 0.033333333 0.024434699
A6 0.093548903 0.093666726 0.033333333 0.033333333 0.033333333 0.024434699
A7 0.083829133 0.093663168 0.033333333 0.033333333 0.033333333 0.024434699
A8 0.077633945 0.093663168 0.033333333 0.033333333 0.033333333 0.024434699
A9 0.077633945 0.093663168 0.033333333 0.033333333 0.033333333 0.024434699
Table 14. Maximum and minimum values

Alternative Maximum Minimum yi (Max-Min)

Al 0.302650743 0.066666667 0.235984076

A2 0.286370780 0.066666667 0.219704114

A3 0.278062076 0.066666667 0.211395409

Ad 0.270021948 0.066666667 0.203355281

A5 0.253989199 0.066666667 0.187322533

A6 0.244983662 0.066666667 0.178316995

A7 0.235260334 0.066666667 0.168593668

A8 0.229065145 0.066666667 0,162398479

A9 0.229065145 0.066666667 0.162398479

Table 15. Alternative ranking

4.953 min, the total energy consumption of 5.434

Alternative Vi Rank
Al 0.235984076 1
A2 0.219704114 2
A3 0.211395409 3
A4 0.203355281 4
A5 0.187322533 5
A6 0.178316995 6
A7 0.168593668 7
A9 0,162398479 9
A8 0.162398479 8

MJ, and the total production cost of $ 395.21. The
cutting speeds of roughing (vr) and finishing (vs)

are 84.43 m/min and 182.48 m/min, respectively,
as are the feed rates of roughing (f;) and finishing
(fs) of 0.9 mm/rev and 0.36 mm/rev, respectively,
and the depth of cut of roughing (d,) and finishing
(ds) of 3 mm.

3.3. Comparative analysis

The optimization results were obtained from

solving by OptQuest in software Oracle Crystal

The best solutions were obtained for three
objective functions: the total processing time of

Ball and Multi-Objective Optimization based on

Table 16. Comparison similar research previous

Ratio Analysis (MOORA) and then carried out
compared with similar research previously.

Parameter MOORA GA Goal . MOGA
Programming

Cutting speed of roughing (vr), m/min 84.43 109.663 50 78.08
Cutting speed of finishing (vs), m/min 182.48 169.986  374.38705631 308.09
Feed rate of roughing (f;), mm/rev 0.9 0.566 0.2499999688 0.84
Feed rate of finishing (fs), mm/rev 0.36 0.226 0.1 0.27
Depth of cut of roughing (d,), mm 3 3 3 2.55
Depth of cut of finishing (ds), mm 3 3 2.9999 0.93
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Table 17. Sensitivity analysis on machine power

Scenario Pu Vi Vs fr fs dr ds
-50% 25 50 99.5654 0.8028 0.3204 3 3
-25% 3.75 52.243 136.863 0.9 0.36 3 3

0% 5 53.658 182.484 0.9 0.36 3 3
25% 6.25 53.907 197.319 0.9 0.36 3 3
50% 75 54.053 197.319 0.9 0.36 3 3

In the Aryanfar & Solimanpur models [18]
solved using Genetic Algorithms (GA), the op-
timal values for roughing cutting speed of 109.663
m/min, finishing cutting speed of 169.986 m/min,
roughing feed rate of 0.566 mm/rev, finishing feed
rate of 0.226 mm/rev, roughing and finishing
depth of cut of 3 mm. Model Dityarini et al. [25]
solved using Goal Programming has optimal
values for roughing cutting speed of 50 m/min,
finishing cutting speed of 374.38705631 m/min,
roughing feed rate of 0.24999996881 mm/rev,
finishing feed rate of 0.1 mm/rev, roughing depth
of cut of 3 mm, and finishing depth of cut of
2.9999 mm. Model Fittamami et al. [27] solved by
using  Multi-Objective.  Genetic  Algorithm
(MOGA) in MATLAB R2016b, the optimal
values were achieved for roughing cutting speed
of 78.08 mm/min, finishing cutting speed of
308.09 mm/min, roughing feed rate of 0.84
mm/rev, finishing feed rate of 0.27 mm/rev,
roughing depth of cut of 2.55 mm, and finishing
depth of cut of 0.93 mm. The cutting speed and
feed rate affected the objective functions in that
research.

The comparison results to similar research
previously can be seen in Table 16. Table 16
indicates that the cutting speed of roughing in
MOORA has different values smaller than GA by
13%, higher than Goal Programming and MOGA
by 25.6% and 3.91%, respectively. The cutting
speed finishing in MOORA has a different value
higher than GA of 3.54%, smaller than Goal
Programming and MOGA of 34.5% and 25.6%,
respectively. The feed rate roughing in MOORA
has values higher than GA, Goal Programming
and MOGA of 22.8%, 56.5% and 3.45%,
respectively. The feed rate finishing in MOORA
has values higher than GA, Goal Programming
and MOGA of 22.9%, 56.6% and 142.9%,
respectively. The depth of cut roughing in
MOORA has the same value as GA and Goal
Programming, but has a value higher than MOGA
of 8.11%. The depth of cut finishing in MOORA
has a value that is the same as GA but has a value

higher than Goal Programming and MOGA of
0.17% and 52.7%, respectively.

This study employed several techniques,
including weighted sum, normalization, and
MOORA, to optimize cutting speeds, feed rates,
and depth of cut for roughing and finishing
processes. However, due to time constraints, this
study has not performed actual machining vali-
dation to demonstrate model applicability.

3.4. Sensitivity analysis

Sensitivity analysis was carried out to inves-
tigate how changes in mathematical model para-
meters impact decision variables and objecttive
functions. The sensitivity analysis results can be
shown in Table 17. Table 17 indicates that the
cutting speed of roughing and finishing is
sensitive to changes in machine power values,
while the depth of cut of roughing and finishing is
not sensitive to changes in machine power values.
The roughing and finishing feed rate will change
values while the machine power is lowered by -
50%.

4. CONCLUSION

A multi-objective optimization model for
multi-pass turning processes was developed while
considering aspects of sustainable manufacturing.
Several aspects of sustainable manufacturing were
considered, including energy consumption and
production costs, by adding aspects of processing
time to the machining process. In this research, the
optimize values for decision variables were
obtained, namely roughing (vr) and finishing (vs)
cutting speeds of 84.43 m/min and 182.48 m/min,
respectively, roughing (f;) and finishing (f) feed
rates of 0.9 mm/rev and 0.36 mm/rev, respec-
tively, roughing (dr) and finishing (ds) depth of cut
of 3 mm with total processing time of 4.953 min,
total energy consumption of 5.434 MJ, and total
production cost of $ 395.21. The sensitivity
analysis result shows that the machine power
given a scenario of -50%, will be sensitive to the
roughing and finishing cutting speed but not the
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roughing and finishing cutting depth. Future
research can be conducted with actual machining
validation to demonstrate model applicability as
well as the use of different raw materials can be
considered to optimize cutting parameters. In

Ma, ‘Optimisation of cutting parameters
for improving energy efficiency in
machining process’, Robot. Comput.
Integr. Manuf., vol. 59, pp. 406-416, 2019,
doi: 10.1016/j.rcim.2019.04.015.

addition, multi-criteria decision-making ap- [8] S.Pawanr, G. Kant Garg, and S. Routroy,
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