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Abstract: The automotive industry has been developed over the years to build lighter and more
efficient vehicles; however, the manufacturing processes still have an important environmental impact
starting from the acquisition of the raw material until the end of its useful life. In this sense, life cycle
engineering contributes to solve the environmental issues produced by the traditional manufacturing
industry by considering a process that evaluates the technical aspects of the product but also weights
the importance of the environmental impact. However, since there are some alternatives that can be
considered as suitable for their technical, environmental, or cost qualities, the multicriteria decision
methods used as an engineering tool have been useful to balance all the needed criteria in order to
make the best selection. In this sense, this research provided an analysis of five materials that could be
used in a rack and pinion system and were submitted to a process of life cycle analysis to consider the
environmental parameters as part of the criteria to be assessed by the multicriteria decision methods
such as entropy, the Technique of Order Preference Similarity method, the complex proportional
assessment method, and the multicriteria optimization and compromise solution, leading to the
selection of the best material to be considered for a rack and pinion system. In this sense, the process
allowed us to conclude that some materials that are useful can be evaluated by multicriteria decision
methods regarding the life cycle analysis, contributing to the application of these methods to make a
more environmentally responsible material selection for automotive parts. Furthermore, among all
the materials, the best suited for the rack and pinion system was the AISI 4340, which was validated
by finite elements simulation, showing that the selection was optimal with a maximum stress of
216.14 MPa, a maximum deformation of 0.0081 mm, and a minimum safety factor of 3.56. In this
sense, the simulation validated the selection made before, guaranteeing that the methods used are
feasible for automotive applications.

Keywords: multicriteria decision; life cycle engineering; materials; rack and pinion; mechanics;

automotive; finite elements

1. Introduction

The utilization of sustainable materials has become a worldwide tendency and its
development was born as a response to the environmental and social impacts of eco-
nomic growth. In this sense, the automotive industry contributes in a significant way
to the consumption of energetic resources and the production of pollutant emissions [1],
considering that the manufacturing industry is one of the most common sources of air
pollution [2]. Moreover, by the year 2015 the metallurgic industries that are responsible for
the extraction of the materials required to build an automobile produced 320,865 million
tons of CO, emissions [3]. In this sense, for example, the use of aluminum as an alternative
to reduce weight and fuel consumption was well accepted, however, the production of
1 ton of aluminum demands the extraction of 4.2 tons of bauxite and has an energy cost
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of 13,000 kWh x ton~1 [4], meaning that the environmental impact begins from the first
acquisition of the raw material. In this way, life cycle engineering (LCE) aims to reduce
the pollution and waste of manufactured products and optimize its life cycle, where the
life cycle assessment (LCA) has a well stablished approach, according to ISO-14040, of
considering the full product life [5]. LCE has the definition of designing a product’s life
cycle through choices about the concept, structure, process, and materials, visualizing the
environmental consequences [6]. In this sense, the research of Delogu et al. combined the
LCA methodology with the traditional design in the component design, material choice,
and concept design, allowing the inclusion of environmental aspects with stablished proce-
dures [7]. Moreover, research around the LCA on automobiles has studied different parts
of the vehicle, where the research of Lopes Silva et al. analyzed the improvement of an
eco-friendly manufacturing process of exhaust valves with a cradle-to-grave LCA proce-
dure [8]. The author Das made a comparison of energy consumption and CO, emissions in
the utilization of aluminum vs. steel in the body of the vehicle, considering aspects such as
manufacturing, use, and recycling [9]. Akhshik et al., studied the environmental impact of
using natural and/or recycled fiber-reinforced composites in under the hood parts such
as the battery tray, engine cover shield, cam cover, and oil pan, resulting in a reduction of
greenhouse gases and energy savings [10]. However, there is not much research done to
analyze the life cycle of the mechanical parts of the vehicle; in this sense, analyzing the LCA
of a vital part such as the rack and pinon system is a topic of interest, because according to
Chopane et al., the gearing systems of vehicles are the backbone of power transmission
systems, where the steering components, including the rack and pinion, have the func-
tion of providing directional control over the vehicle [11] with the advantage of a high
transmission efficiency, making the gear and rack appropriate to use in force and motion
systems [12]. However, the selection for the material of these parts traditionally includes
criteria such as cost, endurance to limit stress, ultimate tensile strength, and wear [13] but
not the environmental matters. Furthermore, computational tools have been developed
to make research on assessing the LCA easier. Here, the Eco-Audit software from CES
Edupack has proved to be useful in investigations such as the analysis of the enhancement
and the life cycle of a heat exchanger performed by Said et al., where the authors evaluated
the life cycle of the tubes, shell, pipes, storage tank, and pump using this software as an
innovative method [14].

Furthermore, a crucial part of the product design is the material selection, which
can be a difficult task since the consideration of different alternatives in the market and
characteristics must be oriented to find the ideal alternative [15]. In this way, the multi-
criteria decision methods (MCDM) have been used because it combines the preferences
and performance of different materials and makes a selection based on sustainability
objectives [16]. The MCDM uses weighting methods that can be subjective, taking into
consideration the experience and knowledge of the decision maker, or can be objective since
it determines the best choice by mathematical solving as in the entropy method [17,18] and
can be used with other methods like the Technique for Order of Preference by Similarity
to Ideal Solution (TOPSIS) which has been implemented in the fields of engineering and
business in a successful way [19]. Furthermore, the MCDM have been used in the selection
of materials for automotive parts in different researches, like in the study made by Dev,
Aherwar, and Patnaik, where it performed the selection of the appropriate material for the
development of a piston made with recycled porcelain as reinforcement. In this way, they
used the entropy and the multicriteria optimization and compromise solution (VIKOR, for
its Serbian acronym) method [20]. On the other hand, Stoycheva et al. showed how the
MDCM can be used in the automotive manufacturing industry for making a qualitative
selection of materials with sustainability objectives [16], and even more, the MCDM has
been proved to be useful in the selection of experimental thermal materials for vehicles
using the methods VIKOR, TOPSIS, and COPRAS [21].

Moreover, making the right selection of the material for a mechanical system consider-
ing the environmental aspects is important for the development regarding the functionality
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of the part with the replace material. In this way, the simulation by finite elements method
(FEM) allows static and thermal analysis, and, thus, optimization leading to more reliable
parts [22] where the pinion has to endure forces in the teeth due to the curved surface that
pushes one against the other to produce the rotary motion [23], and that is the phenomenon
that can be replicated with the FEM. In this sense, the research of Chen et al., using com-
putational simulations, proved the importance of mesh performance on modified straight
bevel gears, showing that the modifications on tooth end relief and symmetric crowns
allows them to avoid the edge effect and alignment errors, hence, reducing the sensitivity
of bending and meshing impacts and improving the results of bending fatigue [24] that can
be directly associated to the LCA of the gears [24]. Lingbeek et al. developed a spring back
compensation with finite elements deep drawing simulations which proved to be useful in
feasibility checks and (re)design of deep drawing tools [25]. Szmytka et al. performed finite
elements simulations to detect the areas that would suffer more and identify a potential
lifetime of a diesel engine piston, making it possible to adjust the experimental values as
close as possible to the real thermal conditions needed [26]. In the research of Chopane
et al., a steering system was developed with the material Nylon 66 in the rack and pinion
design, where the simulations showed that applying a moment of 13,000 N*mm~2 to the
pinion in an anticlockwise direction gave a maximum deformation of 0.1811 mm and a
maximum stress of 16.296 MPa, which is acceptable for the Nylon 66 [11], while a simulated
structural transient comparison between the most preferred materials for manufacturing
rack and pinion systems, revealed that the nickel aluminum bronze alloy got a von Mises
stress of 0.001 MPa, making it the best [12].

Furthermore, the different research made in the selection of materials for the rack and
pinion system have shown that different materials can fulfill the needs of the applications.
In this sense, the materials that are considered suitable for the steering rack are the steel
41Cr4 annealed (AISI 5140), also the steel 20MoCr4 (AISI 8620) annealed [27] and the
steel AISI 4340 are often used for the pinion [28]. Kusmoko and Crosky carried out
research to characterize a wear resistance improvement of a pinion made of AISI 4140 that
reached 45HRC [29]; in this sense, we were interested in using the basic material annealed.
Lastly, the research of Vinodh and Jayakrishna suggested a change of material for the
ABC company in India, the manufacturer of hydraulic power rack and pinion steering
wheels, where the material AISI 1045 presented a reduction on environmental impact
indicators such as carbon footprint, water eutrophication, air acidification, and total air
consumed [30]. However, the selections made before have been limited by traditional
selection methods or by technical considerations that did not consider the environmental
aspects or both, hence, making the material selection by MCDM with LCA indicators is an
important tool to be considered in the manufacturing process, taking into consideration
that LCE has been determined as the application of technical and scientific principles to
protect the environment [31]. Furthermore, the review research of Gbededo et al., about the
life cycle sustainability analysis and approaches to sustainable manufacturing, holds an
important state of the art overview where the LCA and the MCDM are mentioned only
in the assessment of environmental impact of business, and optimization in tandem with
sustainability objectives [32], but not as it was proposed in this research.

Considering the facts before exposure, the research problem to be solved relates to
the optimization of material selection by the utilization of the MCDM regarding the LCA,
considering an important vehicle part that is processed in the manufacturing industry.
In this sense, the objective of this research proposed the utilization of the MCDM as an
engineering tool that allows us to find a suitable material to be used for the rack and pinion
part of a vehicle, where the selection considers the LCA of the candidate materials along
with the technical and cost aspects; furthermore, the validation of the chosen material was
made by a finite elements method simulation of the part in operative conditions.
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2. Materials and Methods

The rack and pinion system is the most popular steering system in cars and is also the
simplest. When the steering wheel is turned, the pinion at the end of the shaft moves along
a linear toothed rack, transferring a rotary movement to a horizontal movement [33], this
behavior is the base of the material selection and simulation. In this way, bibliographical
research of suitable materials that have been previously described has been carried out
before. However, these sources do not present all the technical information needed; hence,
information on the materials’ properties was extracted from the level 3 library of the
software CES-EDUPACK which has 4026 materials [34]. However, because the material
AISI 1045 was not available in the software’s library, the next most likely steel was used, that
being the AISI 1050 annealed. In this sense, the mentioned materials have been described
by the software with applications in gears, engine parts, and crankshafts.

2.1. Computational Based Life Cycle Analysis Tool

The LCA takes into consideration the aspects associated with the product or processes
such as energy, materials, and emissions. In this way, the analysis considers the indications
expressed in the normative ISO 14040 for the LCA with the following framework:

e  Definition of goals and scopes;
e Inventory Analysis;
e Impact assessment.

These three definitions interact with the interpretation and have direct applications on
product development, and the results have been catalogued as useful inputs in decision-
making processes [35].

The assessment method was performed by the utilization of the software CES-Edupack,
which holds the database of the materials and has the Eco-Audit tool that allows it to
enable the product designers to assess the environmental impact of the product, focusing
on two environmental indicators, such as the energy usage and the CO, footprint [36].
In this sense, the calculation of these two indicators was the scope definition for this
research, regarding the process of extracting raw material to deliver a functional rack
and pinion system, and regarding that these quantitative values are useful to assess the
importance of the environmental impact on the MCDM. In this way, the process to calculate
the embodied energy and the CO; footprint of the candidate materials was performed
following the decision flow chart expressed in the methodology of the research of Morini
et al.,, who addressed the life cycle definition as “a consecutive and interlinked stages of
a product system, from raw material acquisition or generation from natural resources to
final disposal”, extracted from the ISO 14040, Environmental Management—Life Cycle
Assessment—Principles and Framework [35,37]. In this way, the production of the parts
were defined along with the process and disposal, followed by the transport and use,
leading to the needed calculation results that will be compared and used as assessment
values [37]. In this sense, Table 1 shows the evaluation parameters used by Morini et al.,
these are the parameters that the software considers according to the part. On the other
hand, Table 2 displays the elements that are considered part of the transportation’s elements.
In this sense, the declaration of these variables are made for every candidate material.
However, it is important to mention that in this case the life cycle inventory only used
1 material for every analysis that was taken from the CES Selector Library, and the bill of
materials was not considered.

Table 1. LCA evaluation parameters [34].

% Recycled

Component Content

Primary Process End of Life Mass

Rack % Typical extrusion recycled 0.995 kg
Pinion % Typical extrusion recycled 0.184 kg
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Table 2. Mobility conditions [34].

Transport Name Type Distance (km)
1 Mine to steel mill Ocean Freight 2000
2 Steel mill to automotive workshop 55-ton truck 500
3 Automotive workshop to transcontinental dealer shop Cargo ship 3000
4 Transport and recycle 55-ton truck 700

Furthermore, regarding the energy aspect, 4 stages were determined: material produc-
tion, manufacturing, use, and end of life [38]. In this case, the same stages were considered,
barring the use because there will be the same application for all alternatives, making the
other three enough to assess the energy consumption and emissions.

The software had the option to introduce the use of the part; however, this was not
considered since it was assumed that the use was for the same vehicle in the same conditions
with the same endurance, meaning that there would be no difference between one material
or another. Hence, following the definitions of the normative ISO 14040, every material
has its own inventory analysis in Tables 1 and 2 with the aforementioned conditions; in
this sense, the impact assessment was reflected in the embodied energy and CO, footprint
values that were used to compare the materials between each other and allowed us to
discuss the importance of this factor on the selection of the best material by multicriteria
means. Therefore, the definition of goals, the inventory analysis, the impact assessment,
and the interpretation were fulfilled between the definition of the method and the results
that the normative ISO 14040 requires [35] by using the computation tool of Eco-Audit.

2.2. Multicriteria Decision Methods

The MCDM helped to assess the different mechanical properties considered important
to developing a rack and pinion system, where the density of the materials is considered
since lighter materials contribute to the better performance of the vehicles. On the other
hand, since the rack and pinion system applies forces from one to another, it is important to
regard the yield strength that manages deformations before breaking, compressive strength
resists the axial forces of the pinion’s teeth when they are pressed against the rack, tensile
strength endures the pulling forces in the root of the pinion when moving through the
rack, and, considering that this system has a solid against solid component, its durability
depends on the hardness of the material to avoid wear of the parts and the fatigue that
damages the utility of the system over time [23]. Even more, the CO, footprint and the
energy consumption that were obtained from LCA analysis as parameters for decision
making are regarded as the environmental aspects that should be diminished and were
considered along with the price that makes a part affordable. Table 3 displays the materials
and the properties used; also, in the application of the MCDM, the materials and criteria
were coded and classified by their utility as follows:

e  Material

AISI 5140—M1
AISI 8620—M2
AISI 4340—M3
AISI 4140—M4
AISI 1050—M5

e  C(riteria

Price ($*kg~!)—C1: Non-beneficial

Density (kg*m~3)—C2: Non-beneficial

Yield strength (MPa)—C3: Beneficial
Compressive strength (MPa)—C4: Beneficial
Tensile strength (MPa)—C5: Beneficial
Hardness (HV)—C6: Beneficial

OO0 00O

OO0 O0OO0OO0O0
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O Fatigue strength at 107 cycles (MPa)—C7: Beneficial
O CO; footprint (kg)—C8: Non-beneficial
O Energy consumed (M])—C9: Non-beneficial

Table 3. Candidate materials’ properties [34].

Material C1 C2 C3 C4 C5 Ceé c7 C8 (&)
AISI 5140 0.79 7900 260 260 510 155 267 2.62 35.4
AISI 8620 0.86 7800 345 345 480 140 256 3.6 49
AISI 4340 1 7800 420 420 670 200 300 3.73 50.7
AISI 4140 0.81 7800 370 370 595 183 297 3.65 49.6
AISI 1050 0.75 7800 325 325 570 173 288 3.57 48.6

The classification of the criteria depended on the status where, if its value was greater,
it had a better performance, and so, it was considered beneficial, and for the aspects that
were better if its value was lower, then it was considered non-beneficial.

2.2.1. Entropy

The method of entropy that has been used to establish the objective weights of at-
tributes was first proposed in 1948 by Shannon [39,40]. This method was performed fol-
lowing the steps described by Jahan et al. in their research of “A framework for weighting
of criteria in ranking stage of material selection process” [41]. In this sense, this assessment
technique allows more importance to be given to the attributes that are different for all
the candidates, meaning that the attributes that have similar performance ratings are con-
sidered less important [41]. In this sense, the entropy method was considered because all
the candidate materials were proven to be useful with the aforementioned technical and
environmental considerations. However, the weighting must reflect the difference that can
make a material to stand out.

The method was used as expressed by the author, where the decision matrix (x;j) of
Table 3 was transformed to a normalized matrix (p;;) using the following equation:

i=1,..., mj=1,...,n

. -1
pij = Xij X <Z xij) @

i=1

Then the entropy (Ej)was calculated considering m as the number of criteria:

m
Ej = — .Zipij x Inpy; x (Inm) ™" 2)

1

Lastly, with the calculated entropy, the weight (w;) for each criterion was found by
normalizing the criteria.

-1
wjzl—E]-x(k_Z:ll—Ek> ®)

2.2.2. VIKOR

The VIKOR method that is useful for multicriteria optimization of a complex system
was developed as expressed by Opricovic and Tzeng. In this method the selection is made
by looking for the closest to ideal option in the presence of conflicting criteria [42]. In
this sense, the VIKOR method was first introduced by Opricovic as a technique to rank
alternatives that considers conflicting criteria [43,44]; hence, the method was needed for
this evaluation because the materials were being assessed not only for their technical
performance, but for their environmental impact, leading to conflicting analysis.
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The method starts with the determination of the best (ﬁ ) and worst (ﬁ ) values,
comparing the features of each material.
Where: The beneficial criteria are represented by f;* = maxx;j; f;” = minx;j;
J J

The non-beneficial criteria are represented by f;* = minx;;; f; = maxx;;
]

In this way, the method continues by calculating the values S; and R; that are consid-
ered rankings by themselves. Where the values of w; are transposed to w;.

w; X fi* = fij ¥ (F—f) " 4)

™=

S =

Il
-

Rj = max x w; x fi" — fij x f=f)" ©)

In this way, the method uses the values of §; to determine §* = min S;; S~ = max §;.
] ]
On the other hand, the values of R; for R* = min R;; R = max R;, and this application uses
] ]

a value v = 0.5 as the maximum group of utility to calculate the following values of Q;.
In this sense, the ranking of the values is sorted under the criteria that the closer to zero,
the better.

Q=ovx[(Si—8)x (s =8) | +(1-0)x [(R—R)x (R =R)'] (6)

Furthermore, the calculated values of Q; allow the materials to be ranked; however,
the best material must fulfil the acceptable advantage condition (C1), ruled by Equation (7),
where Q(a’) represents the best material, Q(a”) the second best, and DQ is the number of
alternatives calculated with Equation (8), where | represents the number of alternatives.
Moreover, the acceptable stability condition (C2) states that the best ranked material of Q;
must also be the best ranked for S; and/or R;.

Q(a") —Q(d") > DQ (7)

DQ=1x(J-1)" 8)

In the case that these conditions are not satisfied, then it is necessary to declare a
compromise solution. Therefore, for C1 the alternatives a’,a”, ..., a™) must be considered

until finding the option closest to the best material regarding the following condition:
Q(a¥) - () < DQ ©)

On the other hand, if only the condition C2 is not accomplished, then the compromised
solution should consider the alternatives a’ and a”.

2.2.3. TOPSIS

The TOPSIS method is considered the second most popular MCDM worldwide and
was used first by Hwang and Yoon in 1981 [45,46]. This method was developed for this
research following the steps expressed in the research of Ma et al., aiming to find a solution
that is near to a hypothetical best and far from the hypothetical worst, where the positive
ideal solution is given the optimal values and the negative ideal solution has the set of
worst values [1]. Because the VIKOR method can present compromised solutions, it is
important to have another method to compare results; hence, the TOPSIS method that also
looks for ideal solutions is a good method to complement the analysis.

In this way, the method used the same decision matrix of Table 2 and the weights
calculated by the entropy method. The following steps are the calculation of the normal-
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ization matrix (X’ ij) that eliminated the difference of magnitudes in the criteria by using
Equation (10), and then the weighted (B;;) matrix was developed by utilizing Equation (11).

A n 2 !
X ij = Xl']' X ( 2]«:1 xi]») (10)

Bij = X/ij X w] (11)

In this way, the determination of the positive ideal solution (B™) and the negative
ideal solution (B™) followed the classification of the beneficial and non-beneficial criteria,
expressing that for the beneficial criteria, B* refers to the maximum B;;, B~ is the minimum
BZ-]-, and in the other direction, for the non-beneficial criteria, BT is the minimum value of Bi]-,
as B™ is the maximum value of B;;. Furthermore, with these values the Euclidean distances
to the positive ideal solutions (Sl*) and the negative ideal solution (S;") were calculated
with Equations (12) and (13), respectively.

st = [ga (- 5)] )

2705
57 = [2;”_1 (B - B,) ] (13)
Finally, the closest to ideal solution (C;) was calculated by applying Equation (14).
These values were used to rank the alternatives by sorting them in decreasing order.

Cr=5 x(st+s)" (14)

1

2.2.4. COPRAS

The method of complex proportional assessment (COPRAS) was presented for the
first time by Zavadskas et al. to prioritize several alternatives based on the criteria
weights [47,48]. This method was performed for this research following the process done
by Chatterjee, Athawale, and Chakraborty in previous selection researches. This method
allows the different options to be ranked by evaluating the significance and utility degree
of the alternatives, assuming their direct and proportional dependence, and taking into
consideration the weight granted to each criteria [49]. In this sense, because there is the
possibility that the other methods do not agree on a best material, a third method that
considers the utility of the winner is a useful tie breaker.

In this way, the method begins with the normalization of the decision matrix (rij) to
compare all the criteria in a dimensionless state by using Equation (15), then this matrix is
weighted (y;;)with Equation (16).

—1
m
rij = Xjj (2’%) (15)
=

yij = 1’,‘]' X w] (16)

Moreover, after the calculation of the weighted matrix these values are summated

in groups divided by the classification of the criteria, where y . ;; represents the weighted
values of the beneficial criteria and y_;; represents the non-beneficial. The equations that

rule these conditions for the positive solutions (S, ;) and negative alternatives (S_;) are
used as follows:

n
Syi= ) Yuij (17)
j=1

n
S_i= Zy,j]‘ (18)
j=1
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In this way, to determine the priorities of the alternatives, Equation (20) calculates the
relative significance of the values (Q;), considering that S_,,;, is the minimum value of
S_i. Moreover, the ranking is displayed by calculating the quantitative utility (U;) for the
alternatives as a percentual range, with Qyu.x being the highest value of relative significance
and 100% the most useful alternative to rank as expressed in Equation (20).

m m -1
Q=S4+ <S—min X Zs—z) X <S—i Z(S—min X 5})) (19)
i=1 i=1
U = Q; X (Quax) "' x 100% (20)

2.3. Computer Assisted Simulation

The selection of the best material for the rack and pinion allowed us to continue the
validation of the system by computational means. In this sense, the system was designed
according to the calculated specifications described in Table 4, using the constant values
from Table 5, while following a referential model of a real rack and pinion system of a
small vehicle.

Table 4. Constant values definition [50].

Item Symbol Value
Module m 2
Pressure angle ) 20°
Number of teeth N 20
Face width F 20 mm

Table 5. Design calculation parameters [50].

Item Symbol Formula Equation
Circular Pitch p p=nD*N"! (21)
Pitch Diameter D D =m*N (22)
Outside Diameter Do Do = m*(N + 2) (23)
Root Diameter D, D,=D-2b (24)
Base Circle Diameter Dy, Dy, = D*cos @ (25)
Whole Depth h¢ hy =2.25*m (26)
Working Depth hy hy =2*m (27)
Addendum a a=1*m (28)
Dedendum b b =1.25"m (29)
Clearance C 0.25*m (30)

Furthermore, the parts and the ensemble are modeled with the computer assisted
design software, which is presented in Figure 1 along with the mesh and the applied force.
The parameters that were used to do the simulation are presented in Table 6. It is also
important to mention that according to the research of Chopane et al., the force that is
produced in the rack of a formula supra car steering system simulates a momentum force
of 13,000 N x mm [11], so this was the value that was used in the simulation.
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B: Static Structural
Mament

Titre: 2,5
172002 1224

[ Moment: 13000 N.rmm
Components: 0,:0.-13000 M-mrm

Figure 1. Rack and pinion assembly mesh and force.

Table 6. Simulation parameters.

Element Parameter
Simulation Software Ansys
Element Size 0.5 mm
Nodes 1,253,685
Number of Elements 435,553
Material AISI 4340
Force 13,000 N x mm

3. Results and Discussion
3.1. LCA Results

The results obtained from the software are displayed in Figure 2, showing the com-
parison of energy consumed and the CO, footprint of every material through its life cycle,
from the extraction of the raw material to the disposal and the end-of-life potential that
each one has. In this sense, the most environmentally friendly material was the AISI
5140, followed by the AISI 1050. The research done by Vinodh and Jayakrishna, showed
that in the manufacturing company ABC, the replacement of the material AISI 347 SS
annealed with the AISI 1050 reduced the CO; footprint by nearly 10 kg and the energy
consumption by 93 MJ [30]; however, here, it could be seen that the AISI 5140 was even
more environmentally friendly material and could be considered. The chart shows that
the AISI 5040 needed less energy to be extracted and manufactured, and produced less
CO,, while the transportation and disposal were the same; nevertheless, the end-of-life
potential of the AISI 5040 was the worst, which meant that it was not as re-usable as the
other materials in recycling matters.

The discussion made with the comparative impact on the embodied energy and the
CO; footprint was the impact assessment of the materials according to the normative ISO
14040 and the utilization of these values on the MCDM was part of the interpretation
derived on the direct application of product development [35].

3.2. Entropy Method Results

The calculations for the entropy method through a normalized matrix P;; are presented
in Table 7; the E; values are displayed in Table 8 along with the weights (w;) that were used
and a ranking of priority.
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Figure 2. LCA comparison chart.
Table 7. Entropy matrix Pj;.

Material C1 C2 C3 Cc4 C5 Ce Cc7 (¢} c9
M1 0.188 0.202 0.151 0.151 0.181 0.182 0.190 0.153 0.152
M2 0.204 0.199 0.201 0.201 0.170 0.165 0.182 0.210 0.210
M3 0.238 0.199 0.244 0.244 0.237 0.235 0.213 0.217 0.217
M4 0.192 0.199 0.215 0.215 0.211 0.215 0.211 0.213 0.213
M5 0.178 0.199 0.189 0.189 0.202 0.203 0.205 0.208 0.208

Table 8. Entropy results.

Criteria E; wj Priority

Price ($*kg 1) 0.997 0.0843 7

Density (kg*m—3) 1.000 0.0002 9

Yield strength (MPa) 0.993 0.1958 1

Compressive strength (MPa) 0.993 0.1958 1

Tensile strength (MPa) 0.996 0.1132 6

Hardness (HV) 0.995 0.1255 4

Fatigue strength at 107 cycles (MPa) 0.999 0.0310 8

CO; footprint (Kg) 0.995 0.1249 5

Energy consumed (M]) 0.995 0.1294 3

In the research of Dev et al., they gave the priority to criteria such as friction coeffi-
cients and specific wear rates of the experimental data, making it possible to evaluate the
alternatives in the following phase [20]. In this case, the method gave the yield strength
and the compressive strength the greatest priority, meaning the heaviest criteria, which was
important because the resistance of the system in operation depends on these properties.
Next the energy consumption, which was part of the environmental aspect, followed by
the hardness, which was important for the endurance of the parts, and the CO, footprint
of every material. In this sense, the entropy method provided priority not only to the
mechanical aspects but also to the the environmental part that is our concern.

3.3. VIKOR Method Results

The results of the VIKOR method are displayed in Table 9, where the calculations of
the operation representing the relationship between the weight granted by the entropy
method and best and worst criteria can be seen; also, the summary of this relation in every
material (§;) and the maximum (R;) are presented.
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Table 9. VIKOR calculations.

Material

C1

Cc2

C3

C4

C5

(€3]

C7

C8

C9

Sj

R;

M1
M2
M3
M4
M5

0.013
0.037
0.084
0.020
0.000

0.000
0.000
0.000
0.000
0.000

0.196
0.092
0.000
0.061
0.116

0.196
0.092
0.000
0.061
0.116

0.095
0.113
0.000
0.045
0.060

0.094
0.125
0.000
0.036
0.056

0.047
0.062
0.000
0.004
0.017

0.000
0.110
0.125
0.116
0.107

0.000
0.115
0.129
0.120
0.112

0.641
0.747
0.339
0.463
0.584

0.196
0.125
0.129
0.120
0.116

The following Table 10 computes the relation between S;, R;, and the factor of max-
imum group utility with the value of v = 0.5, in the resulting Q; which determined the
ranking, with the best result being the one closest to zero. However, there was no acceptable
advantage since the difference of the best (AISI 4340) with the second best (AISI 4140) was
0.094 and should be greater than 1/ (#alternatives-1) = 0.25. In this case, a compromise
solution was developed looking for the closest of all the materials with a difference lower
than 0.25. In this way, the acceptable stability of the best material was the best ranked with
the S; value and the best for R; which was AISI 1050, which also placed as the best in the
compromised rank.

Table 10. VIKOR rank.

Material Q; Rank Compromised Rank

AISI 5140 0.871 5 3
AISI 8620 0.558
AISI 4340 0.083
AISI 4140 0.177
AISI 1050 0.301

W N
_ = N

The VIKOR method along with the weighted criteria by the entropy method was used
by Ishak, Sivakumar, and Mansor, to select the best matrix for a fiber metal laminate of
an automotive front hood among four candidates, where the polypropylene stud was the
best with an acceptable advantage greater than 0.33 and was also the best in the S; and R;
ranking showing an acceptable advantage and stability [18], which meant that the material
selected presented the best performance in comparison to the other candidates. In this case,
a compromised ranking must be included because, as in the COPRAS method, there was a
closeness of the materials. In this way, the materials AISI 4140 which had the second-best
properties in compressive and yield strength was considered, and the AISI 1050 that was
the best in price and the second best in environmental impact, was also considered good
enough in performance compared to the AISI 4340.

3.4. TOPSIS Method Results

The TOPSIS method used Table 3 with the characteristic of the material for the cal-
culations, then Table 11 presents the results for the normalization decision matrix. Next,
Table 12 used the previous results and the weights found with the entropy method to
calculate the weighted normalized matrix along with the positive ideal (B;*) and negative
ideal (B; ™) solutions.

Table 11. TOPSIS normalized matrix.

Material

c1

C2 C3 C4 C5 Co6 Cc7 (&} 9

M1
M2
M3
M4
M5

0.417
0.454
0.528
0.428
0.396

0.452
0.446
0.446
0.446
0.446

0.334
0.443
0.540
0.475
0.418

0.334
0.443
0.540
0.475
0.418

0.401
0.377
0.527
0.468
0.448

0.404
0.365
0.522
0.477
0.451

0.423
0.406
0.476
0.471
0.457

0.339
0.466
0.482
0.472
0.462

0.337
0.466
0.482
0.472
0.462
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Table 12. TOPSIS normalized weighted matrix.
Material C1 C2 C3 C4 C5 Cé6 Cc7 C8 C9
M1 0.035171 0.000097 0.065410 0.065410 0.045399 0.050721 0.026254 0.042312 0.043582
M2 0.038287 0.000095 0.086795 0.086795 0.042729 0.045813 0.025172 0.058139 0.060325
M3 0.044520 0.000095 0.105663 0.105663 0.059642 0.065447 0.029499 0.060239 0.062418
M4 0.036061 0.000095 0.093084 0.093084 0.052966 0.059884 0.029204 0.058947 0.061064
M5 0.033390 0.000095 0.081763 0.081763 0.050741 0.056612 0.028319 0.057655 0.059833
B;* 0.033 0.000095 0.106 0.106 0.060 0.065 0.029 0.042 0.044
B~ 0.045 0.000097 0.065 0.065 0.043 0.046 0.025 0.060 0.062
In this way, with this computed matrix the Euclidean ideal positive (S;+) and ideal
negative (S;_) distances were calculated, followed by the closeness of each material to these
ideals and the determination of the ranking in Table 13.
Table 13. TOPSIS Rank result.
Material Siy S;_ C; Rank
AISI 5140 0.057 0.028 0.326 5
AISI 8620 0.036 0.031 0.464 3
AISI 4340 0.028 0.057 0.669 1
AISI 4140 0.030 0.040 0.572 2
AISI 1050 0.041 0.026 0.392 4
The results of the TOPSIS method revealed the material AISI 4340 as the best since its
compressive strength and the yield strength were the best among all, but it is important to
mention that the closest to ideal solutions had a factor of 0.66 and was not as good as the
result of Ma et al., who selected the best material for an LCA of an automotive door panel
with a factor of closeness of 0.96 [1], which was very close to the ideal 1. On the other hand,
the research of Swapna et al. also found a factor of 0.74 of closeness in the selection of an
aluminum alloy for automotive panels [19]. Both studies were over the present results,
which does not mean that the material AISI 4340 is not worthy, but suggests that further
comparison with other methods is needed.
3.5. COPRAS Method Results
The COPRAS method was performed, and the different matrix results were displayed
in order. Table 14 displays the normalized decision matrix, followed by the weighted matrix
that took into consideration the results of the entropy method in Table 15.
Table 14. Normalized COPRAS decision matrix.
Material Cc1 C2 C3 C4 C5 Cé6 Cc7 C8 C9
M1 0.188 0.202 0.151 0.151 0.181 0.182 0.190 0.153 0.152
M2 0.204 0.199 0.201 0.201 0.170 0.165 0.182 0.210 0.210
M3 0.238 0.199 0.244 0.244 0.237 0.235 0.213 0.217 0.217
M4 0.192 0.199 0.215 0.215 0.211 0.215 0.211 0.213 0.213
M5 0.178 0.199 0.189 0.189 0.202 0.203 0.205 0.208 0.208

and the ranking of the material.

Lastly, Table 16 displays the summary of the beneficial criteria (S;.+), the non-beneficial
criteria (S;_), the relative significance of the alternatives (Q;), the quantitative utility (U;),
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Table 15. COPRAS weighted matrix.

Material C1 C2 C3 C4 C5 Ce Cc7 C8 9
M1 0.016 0.000 0.030 0.030 0.020 0.023 0.012 0.019 0.020
M2 0.017 0.000 0.039 0.039 0.019 0.021 0.011 0.026 0.027
M3 0.020 0.000 0.048 0.048 0.027 0.029 0.013 0.027 0.028
M4 0.016 0.000 0.042 0.042 0.024 0.027 0.013 0.027 0.028
M5 0.015 0.000 0.037 0.037 0.023 0.026 0.013 0.026 0.027

Table 16. COPRAS ranking.
Material Sis S;_ Q; u; Rank
AISI 5140 0.114 0.055 0.197 88% 4
AISI 8620 0.130 0.071 0.194 86% 5
AISI 4340 0.165 0.075 0.225 100% 1
AISI 4140 0.148 0.070 0.213 94% 2
AISI 1050 0.135 0.068 0.202 90% 3

The COPRAS method considered the material AISI 4340 as the best, meaning that
this material had the best utility; however, all of the options had a high performance level.
Compared with the research of Salazar Loor et al., in a selection of self-supported structure
for light vehicles, the COPRAS method gave the best performance to the martensitic steel
YS1200. Nevertheless, the second best received a performance level of 61.39% [15], meaning
a clear advantage. This differs from the present research where the second best had a
performance of 94% and the worst 86%, in this case all the materials proved to be good, but
the AISI 4340 was the best.

On the other hand, even the VIKOR method had to declare a compromised ranking
where three materials were considered worthy, the COPRAS method showed that the
performance of all materials were very close to each other, and the TOPSIS method did not
show a clear closest to an ideal solution factor of 1. However, in all the methods the material
AISI 4340 was the best. Even if this material could be considered the most expensive and
environmentally harmful, the difference when compared with the other materials was not
large enough to diminish the technical aspects that made it stand as the best. However, the
methods also proved that the other materials were also competitive, but for this research,
the material AISI 4340 was chosen for the rack and pinion simulation.

Moreover, taking in mind that the weighting method considered was an objective
method, in a comparative exercise a second selection was done with a subjective weighting
method such as the analytical hierarchy process (AHP). In this sense, the method was
performed following the steps described by Saaty in 1980 on the work of Odu [51]. In
this way, the subjective criteria assessment provided the following weights for the criteria,
displayed in Table 17. Considering that all the selected materials were proved to be useful
in the application, this subjective weighting declared the environmental aspects as the most
important criteria, followed by the mechanical aspects of yield strength and compressive
strength. All the calculations of this weighting are displayed in Appendix A.

Therefore, with this subjective weighting, the calculations of the different MCDM also
changed as displayed in Table 18. Once again, all the calculations made for these methods
are displayed in Appendix A.

In this way, the comparative rankings chose the material AISI 4340 as the best material
once more. However, for this case the closeness of the ranking in every method was greater,
where the acceptable advantage of the materials in the VIKOR method was narrow down,
presenting a compromised solution that declares a tie of every material as the best. The
TOPSIS ranking showed the material AISI 5140 as the third best, and COPRAS placed
the same material in second place with a difference of 4% of utility compared to the best.
Hence, considering the environmental aspects as the most important criteria reflected a
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considerable impact on the selection, but the great mechanical properties of the AISI 4340
still made it the best.

Table 17. AHP weight.

Criteria wj Priority
Price ($*kg 1) 0.028 8
Density (kg*m~3) 0.021 9
Yield strength (MPa) 0.197 3
Compressive strength (MPa) 0.142 4
Tensile strength (MPa) 0.042 7
Hardness (HV) 0.082 5
Fatigue strength at 107 cycles (MPa) 0.082 5
CO; footprint (Kg) 0.203 1
Energy consumed (M]) 0.203 1

Table 18. Ranking with subjective weight.

. VIKOR Compromised TOPSIS COPRAS
Material Qi Rank VIKOR Ci Rank Ui Rank
AISI 5140 0.530 4 1 0.454 3 96% 2
AISI 8620 0.595 5 1 0.382 4 89% 5
AISI 4340 0.500 3 1 0.546 1 100% 1
AISI 4140 0.414 2 1 0.456 2 95% 3
AISI 1050 0.340 1 1 0.318 5 91% 4

3.6. Simulation

The design of the rack and pinion system was conducted according to the calculations,
Table 19 presents the results of the calculations that make the design of the system possible
in the CAD environment. Moreover, Figures 3-5 display the results of simulation of the
system with the applied force of 13,000 N x mm, showing the deformations, stress, and
safety factor present in the pinion, respectively.

Table 19. System sizes.

Item Result
Circular Pitch 6.28 mm
Pitch Diameter 40 mm
Outside Diameter 44 mm
Root Diameter 35 mm
Base Circle Diameter 37.58 mm
Whole Depth 4.5 mm
Working Depth 4 mm
Addendum 2 mm
Dedendum 2.5 mm
Clearance 0.5 mm

In the results presented by Ramesh for the same system simulation, the maximum
von Mises stress resistance found was in the material graphite cast iron with 124.38 MPa,
and in the same material the deformation was 0.0783 mm [12]. Compared with our
results where the proposed design must bear a maximum stress of 216.14 MPa and the
deformation reached 0.0081 mm, meaning that the geometry and conditions of our model
were more difficult for the material, but it could resist better because the deformation was
lower. Moreover, for the safety factor, the Shigley’s Mechanical Engineering Design book
mentioned that even for the most difficult operations with a heavy shock in the prime
mover and in the driven machine, the safety factor must be 2.25 or greater [23], in this case
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the safety factor was 3.56, making the material AISI 4340 safe to use. Furthermore, to prove
the accuracy of the simulation, a convergence test was performed with the results shown in
Figure 6.

B: Static Structural
Total Defarmation
Type: Total Deformation
Unit: mm

Tirne: 2

17/2/2022 12:40

0.0081995 Max
0.0075326
0.0068657
0.0061982
0.0055319
0.004865

0.0041981
0.0035312
0.0028643
0.0021974 Min

Figure 3. Pinion deformation.

B: Static Structural
Equivalent Stress
Type: Equivalent (von-fdises) Stress
Unit: hMPa
Time: 2
1F/2f2022 12:51

216.14 Max
192,12

168.11

144.09

120.08

96.061

TL046

48.031

24,015
1.0409&-9 Min

Figure 4. Pinion stress.

However, even though the results of simulation validated the material selection, it
is important to point out that the LCA allows for an approximate idea of how every
material may contribute to the environmental problems, but it has the limitations of
manufacturing processes not being considered due the different policies of every enterprise
and their countries. Furthermore, another limiting aspect is the time spent on the analysis
of the MCDM and simulation, which may have a cost impact on the industry that should
be considered.
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B: Static Structural
Safety Factor

Tipe: Safety Factor
Time: 2

17/2/2082 12:52

15 Max
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0

Figure 5. Pinion safety factor.
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Figure 6. Convergence result.

4. Conclusions

The present research developed an alternative to material selection by using the
multicriteria decision methods as a tool to make an optimized selection for parts in the
automotive industry. Furthermore, the analysis considered not only the technical features
of the materials but also the environmental aspects, with both being analyzed from an
objective perspective, making it different from the traditional selection methods. In this
sense, this method led to a responsible selection that was validated by computational
means, leading us to conclude that the life cycle analysis and the multicriteria decision
method are coherent with the manufacturing processes.

The multicriteria decision methods allowed for the selection of the best material for
a rack and pinion system, and the multicriteria optimization and compromise solution
method provided a compromised solution, the Technique for Order of Preference by
Similarity to Ideal Solution and the complex proportional assessment methods helped
reinforce the selection made by providing their own selection that was in agreement
between them.
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The multicriteria methods provide balance between the technical and environmental
issues, but the best material was the one with the best compressive and yield strength due
to the fact that the carbon footprint and the energy consumption did not have a significant
difference to lower the priority of the technical aspects. Even more, when the criteria were
weighted on a subjective basis where the environmental aspects were considered the most
important, the advantage between the materials narrowed, but the material with the best
technical aspects remained the best.

Among the different materials used for the rack and pinion system, there was a
difference in the carbon footprint and energy consumption obtained by the life cycle
analysis, but this was not significant, except for the AISI 5140 that had a clear environmental
advantage over the others.

The simulation proved that even though the stress that the pinion must endure is
very important, it manages it very well, making the deformation minimal and maintaining
the safety factor over the requirement, which confirms that the technical property of the
material compensates for the environmental issues.

The present research proved that the utilization of life cycle analysis and multicriteria
decision methods can lead to a responsible material selection that can be validated by
computational means. However, it did not consider the cost and time of computing the
selection process. In this sense, it is recommended to bear in mind these considerations at
the moment of applying these solutions in the manufacturing industry.
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Appendix A

Table A1. AHP weight.

Criteria c1 Cc2 C3 C4 C5 Ceé Cc7 (&} 9
C1 1.00 3.00 0.14 0.14 0.33 0.20 0.20 0.17 0.17
2 0.33 1.00 0.14 0.14 0.33 0.20 0.20 0.17 0.17
C3 7.00 7.00 1.00 2.00 5.00 3.00 3.00 1.00 1.00
C4 7.00 7.00 0.50 1.00 5.00 3.00 3.00 0.33 0.33
C5 3.00 3.00 0.20 0.20 1.00 0.33 0.33 0.20 0.20
Cé 5.00 5.00 0.33 0.33 3.00 1.00 1.00 0.33 0.33
c7 5.00 5.00 0.33 0.33 3.00 1.00 1.00 0.33 0.33
C8 6.00 6.00 1.00 3.00 5.00 3.00 3.00 1.00 1.00
9 6.00 6.00 1.00 3.00 5.00 3.00 3.00 1.00 1.00

Summatory  40.33 43.00 4.65 10.15 27.67 14.73 14.73 4.53 4.53
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Table A2. AHP normalized matrix.

C1 C2 C3 C4 C5 Ceé Cc7 Cs8 9
0.02 0.07 0.03 0.01 0.01 0.01 0.01 0.04 0.04
0.01 0.02 0.03 0.01 0.01 0.01 0.01 0.04 0.04
0.17 0.16 0.21 0.20 0.18 0.20 0.20 0.22 0.22
0.17 0.16 0.11 0.10 0.18 0.20 0.20 0.07 0.07
0.07 0.07 0.04 0.02 0.04 0.02 0.02 0.04 0.04
0.12 0.12 0.07 0.03 0.11 0.07 0.07 0.07 0.07
0.12 0.12 0.07 0.03 0.11 0.07 0.07 0.07 0.07
0.15 0.14 0.21 0.30 0.18 0.20 0.20 0.22 0.22
0.15 0.14 0.21 0.30 0.18 0.20 0.20 0.22 0.22

Table A3. AHP consistency calculation.
N xW (N x W)/Weight Consistency
C1 0.25 9.06 CI 0.08
C2 0.19 9.20 Ri 1.45
C3 1.93 9.77 CR 0.05
C4 1.42 10.00
C5 0.39 9.38
C6 0.78 9.57
(€4 0.78 9.57
Average 9.96
Table A4. VIKOR calculations (AHP).

Material C1 C2 C3 C4 C5 Ceé C7 Cc8 C9 S; R;
M1 0.004 0.021 0.197 0.142 0.035 0.061 0.047 0.000 0.000 0.508 0.197
M2 0.012 0.000 0.093 0.067 0.042 0.082 0.062 0.179 0.181 0.717 0.181
M3 0.028 0.000 0.000 0.000 0.000 0.000 0.000 0.203 0.203 0.434 0.203
M4 0.007 0.000 0.062 0.044 0.017 0.023 0.004 0.188 0.188 0.534 0.188
M5 0.000 0.000 0.117 0.084 0.022 0.037 0.017 0.174 0.175 0.626 0.175

Table A5. TOPSIS normalized matrix (AHP).

Material C1 C2 C3 C4 C5 Ce Cc7 Ccs8 9
M1 0.417 0.452 0.334 0.334 0.401 0.404 0.423 0.339 0.337
M2 0.454 0.446 0.443 0.443 0.377 0.365 0.406 0.466 0.466
M3 0.528 0.446 0.540 0.540 0.527 0.522 0.476 0.482 0.482
M4 0.428 0.446 0.475 0.475 0.468 0.477 0.471 0.472 0.472
M5 0.396 0.446 0.418 0.418 0.448 0.451 0.457 0.462 0.462

Table A6. TOPSIS normalized weighted matrix.

Material C1 C2 C3 C4 C5 Ceé Cc7 Ccs8 9
M1 0.012 0.009 0.066 0.047 0.017 0.033 0.026 0.069 0.068
M2 0.013 0.009 0.088 0.063 0.016 0.030 0.025 0.095 0.095
M3 0.015 0.009 0.107 0.077 0.022 0.043 0.029 0.098 0.098
M4 0.012 0.009 0.094 0.067 0.020 0.039 0.029 0.096 0.096
Mb5 0.011 0.009 0.082 0.059 0.019 0.037 0.028 0.094 0.094
B;* 0.011 0.009 0.107 0.077 0.022 0.043 0.029 0.069 0.068
B;~ 0.015 0.009 0.066 0.047 0.016 0.030 0.025 0.098 0.098
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Table A7. TOPSIS rank result (AHP).

Material Sis S;_ C; Rank
AISI 5140 0.050 0.042 0.454 3
AISI 8620 0.044 0.027 0.382 4
AISI 4340 0.042 0.050 0.546 1
AISI 4140 0.042 0.035 0.456 2
AISI 1050 0.046 0.022 0.318 5

Table A8. Normalized COPRAS decision matrix (AHP).

Material c1 C2 C3 C4 C5 Co6 Cc7 (&} 9
M1 0.188 0.202 0.151 0.151 0.181 0.182 0.190 0.153 0.152
M2 0.204 0.199 0.201 0.201 0.170 0.165 0.182 0.210 0.210
M3 0.238 0.199 0.244 0.244 0.237 0.235 0.213 0.217 0.217
M4 0.192 0.199 0.215 0.215 0.211 0.215 0.211 0.213 0.213
M5 0.178 0.199 0.189 0.189 0.202 0.203 0.205 0.208 0.208

Table A9. COPRAS weighted matrix.

Material C1 C2 C3 C4 C5 Ce6 Cc7 C8 9
M1 0.0053 0.0042 0.0299 0.0215 0.0076 0.0149 0.0118 0.0310 0.0308
M2 0.0057 0.0042 0.0396 0.0285 0.0071 0.0135 0.0113 0.0426 0.0427
M3 0.0067 0.0042 0.0482 0.0347 0.0099 0.0192 0.0132 0.0441 0.0441
M4 0.0054 0.0042 0.0425 0.0305 0.0088 0.0176 0.0131 0.0432 0.0432
M5 0.0050 0.0042 0.0373 0.0268 0.0084 0.0166 0.0127 0.0422 0.0423

Table A10. COPRAS ranking.

Material Sis S;_ Q; u; Rank
AISI 5140 0.086 0.071 0.200 96% 2
AISI 8620 0.100 0.095 0.186 89% 5
AISI 4340 0.125 0.099 0.208 100% 1
AISI 4140 0.112 0.096 0.198 95% 3
AISI 1050 0.102 0.094 0.189 91% 4
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