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ABSTRACT: This paper reports the use of multicriteria analysis in the Analyze phase of the DMAIC (Define-
Measure-Analyze-Improve-Control) cycle for continuous improvement. The research was carried out in a tissue
paper factory located in southern Brazil. A sample of 64 parts of 16 different reels of recycled paper was used. A
problem regarding paper quality variability was detected, presenting a scrap index ranging between 9% and 23%,
compromising machine productivity and product sales. This motivated the implementation of a structured project

supported by the application of the DMAIC cycle.

The project team (machine operators, maintenance staff, supervisor, and data analyst) defined the evaluation cri-
teria and determined the control intervals and their equivalence with linguistic variables to support the necessary
evaluations for the application of fuzzy TOPSIS (Technique for Order of Preference by Similarity to Ideal Solution).
The criteria were C1-Longitudinal Strength (Kgf), C2-Longitudinal Elongation (mm), C3-Cross-strength (kgf),
C4-Cross-elongation (mm), C5-Weight (g/m2), and C6-Humidity (%).

The results showed that samples with the same ranking had the lowest scrap indexes in the subsequent process.
Also, the criterion C5 had a more significant impact on the quality of the product than the other criteria, which was
determined from the DMAIC sequence. Improvements related to C5 should be prioritized. The fuzzy TOPSIS method
presented is a flexible tool, adapting itself to the solution of the problem and contributing to the decision-making

process.

Application: Academics and practitioners will understand the use of the fuzzy TOPSIS method in the DMAIC
cycle for continuous improvement in the context of the tissue paper manufacturing process.

he term quality has several definitions in the lit-
I erature, varying mainly in the way it is used [1].
For example, according to Juran [2], quality is a
fitness for use. Mitra [3] has broadened this definition and
infers that quality is the suitability of a product or service
to meet or exceed the expectation of conformity required
by the customer. Ensuring the desired level of quality in-
volves measuring performance, comparing the result with
the objectives, and taking corrective actions in case of a
negative discrepancy concerning the required quality ob-
jectives [3,4].

Process industries are increasingly striving for produc-
tivity, environmental responsibility, and the production
of high-quality goods. Papermaking is a multidisciplinary
area that has progressed significantly in recent decades.
Notable advances have been made in all areas of paper-
making, such as raw materials, process control, and final
products [5]. Between 1962 and 2015, while the rest of
the world grew at a rate of 4.58% per year in the produc-
tion of tissue paper, Brazil registered a growth of 7.48%
per year in the same period [6,7]. Tissue paper is used for
hygiene purposes, and it includes items such as toilet
paper from virgin cellulose or recycled fibers, paper tow-

els, napkins, kitchen towels, tissue, and hospital bed-
sheets [8]. For the paper industry to remain competitive
and evolving, production processes must have strict qual-
ity policies. The control of paper machines focuses on
maintaining quality constraints on their target values.
The modeling of this type of equipment is intricate, main-
ly due to the interactions between the different variables
of the process [9].

The challenge for a tissue paper manufacturer in the
southern region of Brazil was the poor quality of the prod-
uct generated by its recycled paper machine. In 2017, this
company did not meet the expectations of product quality,
both for internal and external customers. Thus, it was pro-
posed to carry out a structured project using the DMAIC
(Define-Measure-Analyze-Improve-Control) cycle in an at-
tempt to minimize the problem. The DMAIC cycle allows
the identification and optimization of the production stag-
es that affect the efficiency of a given process, focusing on
continuous improvement [10,11].

DMAIC, a modified version of the PDCA (Plan-Do-
Check-Action) cycle, is a well-defined process improve-
ment methodology for Six-Sigma projects. Managers use
tools in Six-Sigma projects according to their suitability
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for a specific phase of DMAIC. In particular, for the Ana-
lyze phase, the most popular tool is probably the cause-
and-effect diagram [12], whereas in this article we report
the use of multicriteria analysis as an efficient way to
identify the root causes.

This study focused on identifying which aspects con-
cerning paper quality properties should be prioritized in
decision-making for manufacturing improvements. In
this context, during the Analyze phase of the DMAIC, the
opinions of decision-makers, machine operators, mainte-
nance, management, and technical specialists were nec-
essary to identify the most important quality attributes
in the constitution of the tissue paper. For Jing et al. [13],
decision-makers often hold different preferences regard-
ing the same evaluation criteria. This fact can result in
substantial problems regarding the final decision. There-
fore, it turns out to be necessary to predict the solution
in terms of the selection of more critical characteristics
by using an appropriate decision-making technique.

Multicriteria methods have been widely used in many
fields of research to aid in decision-making. Different ap-
proaches have been proposed by many researchers, in-
cluding the analytical hierarchy process (AHP) [14] and
the Technique for Order of Preference by Similarity to
Ideal Solution (TOPSIS) [15]. AHP is the most commonly
used technique for multiple criteria analyses. TOPSIS is
also widely used to solve many complicated decision-
making problems because of its effectiveness in multicri-
teria problem solving and computational simplicity. Ad-
ditionally, the seamless building processes of AHP and
TOPSIS make them easily understandable by academics
and professionals [106].

Even with many benefits in supporting decision-making,
AHP and TOPSIS approaches are heavily criticized for their
inability to process ambiguous variables [16]. AHP cannot
deal with the ambiguity present in the decision of the
weights of different attributes due to the use of a discrete
scale of one to nine [17]. Likewise, the classic TOPSIS meth-
od uses sharp numerical values rather than language as-
sessments, and it may face practical problems due to human
cognition and vague judgment [18].

In this study, a fuzzy TOPSIS approach is proposed to
aid in more rational decision-making in the Analyze
phase of the DMAIC cycle. In addition to traditional mul-
ticriteria methods, fuzzy set theory has been used in stud-
ies where qualitative variables need to be quantified. It
is thus a powerful modeling tool to deal with real situa-
tions of imprecision [19,20]. The fuzzy TOPSIS is used
when it is necessary to use linguistic values in the mea-
surement scales [21]. The remainder of the paper presents
a literature review containing definitions needed to un-
derstand the model. Afterward, this paper details the
model structure and a case study about the quality of
tissue paper, while the final section presents the results
and conclusion.
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LITERATURE REVIEW

DMAIC methodology
The DMAIC cycle is a closed-loop process. It enables re-
searchers to identify and refine the productive phases and
parameters that affect the efficiency of a given process, often
focusing on new measurements and applying technology
for continuous improvement [10,11]. DMAIC can be consid-
ered an expansion of the Deming improvement cycle,
PDCA, divided into five stages. The “Define” (i) phase con-
sists of identifying the goals and objectives of the project.
The responsibilities and tasks of the team, including the
customer, are established, as well as the definition of project
boundaries. It includes the products and processes to be
analyzed [22]. In “Measure” (ii), the goal is to measure the
variability of the system that can create waste [23]. For Cheng
and Chang [24], the purpose is to understand and document
the current state of processes that need improvement. In
“Analyze” (iii), the detailed analysis of the process or prob-
lem in question is made based on a group of methods and
tools [25]. Barjaktarovic and Jecmenica [20] state that this
phase identifies, validates, and quantifies the problem.

In the “Improve” phase (iv), the problems identified in
the Analysis phase should be addressed. Therefore, this
phase is engaged in identifying potential solutions and also
implementing them through the use of different tools [25].
Identification and testing of the proposed solutions are
made, contrasting the costs and possible benefits of imple-
menting each one of the solutions. Thus, the best option is
established. Finally, the “Control” phase (v) is intended to
prevent the return of the original (old/faulty) process. It also
has a fundamental role in the transmission of the success-
ful results of the project to the employees. Techniques and
achievements are disseminated, ensuring more manage-
ment support in further implementations [26].

Fuzzy TOPSIS
The TOPSIS method proposed by Hwang and Yoon [15] was
adapted by Chen [21] to use fuzzy numbers, which allows
the use of linguistic variables as a way of obtaining infor-
mation. A linguistic variable is one whose values are sen-
tences defined in a natural or artificial language, thereby
distinguishing qualifications through gradation bands [27].
The use of linguistic variables requires the definition of a
set of linguistic terms to measure their values adequately
[28]. The fuzzy set theory allows the managers to incorpo-
rate unquantifiable information, incomplete information,
and partially ignored facts in the decision model [29]. Fuzzy
sets and fuzzy logic are a powerful approach for modeling
uncertain systems and capturing tacit knowledge from in-
dustry experts. A fuzzy set is also an extension of a crisp
set. Crisp sets allow only full adherence or non-adherence,
while fuzzy sets allow partial adherence [30,31].

Rathi et al. [32] and Oliveira et al. [33] dealt with similar
ideas addressed in the present research, but in different
contexts. The first used AHP, fuzzy VIKOR, and fuzzy TOP-
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1. Trapezoidal fuzzy number .

SIS to select the critical factors in a production section of
an automotive plant, and the second developed an evalua-
tion tool for the new product development enablers for
small and medium-sized enterprises (SMEs) using AHP and
fuzzy TOPSIS. In an extensive review, Behzadian et al. [34]
conducted an extensive literature survey to taxonomize re-
search on TOPSIS applications. The classification scheme
for this review contains 266 academic papers, of which only
one deals with the problem of improving the design, but
with a focus on optimizing product design rather than the
process. Therefore, there is a lack of studies using multicri-
teria analysis in projects to improve the efficiency and qual-
ity of manufacturing processes. The contribution of the
present research to the literature is therefore justified by
introducing the fuzzy TOPSIS multicriteria analysis in the
Analyze phase of DMAIC in the context of the tissue paper
manufacturing process.

Process for tissue paper manufacturing
Papermaking begins at the disintegrator, which is a blend-
er (between 5 and 20 m?) that disintegrates cellulose fiber
into a diluted suspension. The fiber is then directed to the
refining step, in which it undergoes a treatment that in-
creases its surface area. Next, the fiber suspension goes to
the mixing tank, where it is added with chemical compo-
nents that will constitute the paper. From the mixing tank,
the mass flows to the purification system, composed of
centrifugal cleaners and pressurized scrubbers that elimi-
nate possible impurities from the mass by centrifugal force
and sieves. After that, the mass is pumped into the inlet.
From the inlet, the mass is sprayed onto a screen that is
responsible for forming the paper. Upon being poured onto
the screen, the fibers are retained on the surface and water
passes through the screen, falling into appropriate gutters.
This water, rich in fiber particles, recirculates to dilute the
mass and refuel the machine. After the forming screen, the

wet sheet suspension enters the pressing sector, which can
contain two, three or four presses, depending on the type
of machine and the paper present [35-37].

There are several press configurations. However, they
are basically composed of the lower roller, upper roller, and
a felt for absorbing much of the water that is drawn from
the paper. At the exit of the last press, the humidity of the
sheet will be around 55% or 60% before going to the drying
system. In the final drying of the paper, steam dryer steel
cylinders with different pressures are used, depending on
the speed of the machine and the weight required for the
paper. The cylinders heat the paper, and then the evapo-
rated water is extracted by special hoods coupled in a dry-
ing hood [38,39]. The humidity of the paper at the exit of
drying varies between 5% and 8% (typical moisture con-
tent), depending on the type of paper being manufactured.
Some paper machines, such as those used to produce tissue
paper (used for sanitary purposes), have only one dryer
cylinder, called a Yankee dryer [39,40]. Finally, the paper is
wrapped in an axis called a core, which in turn is coupled
to another metal axis called a take-up roll, ending the reel
spool manufacturing process and releasing it for shipment
to the customer or a subsequent process [41].

Fuzzy set and fuzzy number
Definition 1
A fuzzy set A in a universe of discourse X is characterized
by a membership function pA(x), which associates with
each element x in X a real number in the interval [0, 1]. The
function value pA(x) is termed the grade of membership of
x in A (Kaufmann and Gupta [42]).

Definition 2

A positive trapezoidal fuzzy number (PTFN) 72 can be de-
fined as (n,, n,, n;, n) shown in Fig. 1. The membership
function pA(x) is defined as [42]: For a trapezoidal fuzzy
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number 7 = (n,, n,, n;, np, if n, = n;, then 7 is called a
triangular fuzzy number. A non-fuzzy number 7 can be ex-
pressed as (7, 7, 7, r). By the extension principle used by
Dubois and Prade [43], the fuzzy sum ® and fuzzy subtrac-
tion © of any two trapezoidal fuzzy numbers are also trap-
ezoidal fuzzy numbers; but the multiplication &) of any two
trapezoidal fuzzy numbers is only an approximate trapezoi-
dal fuzzy number. Given any two positive trapezoidal fuzzy
numbers, m = (m,, m,, my, m) and 7i = (i, n,, n;, n,) and
a positive real number 7, some main operations of fuzzy
numbers m and fi can be expressed as follows:

m D 7= [+ ny,y o+ 2y ms + ns, w1+ (H
m O = |1 — nay w2 — ns, w5 — n2, ms — i (2)
m Q r= [mr, mar, msr, mar, r =0 (3)
m Q) 7 » |y, manz, msns, mad) )
Definition 3

A linguistic variable is a variable whose values are ex-
pressed in linguistic terms. The concept of a linguistic vari-
able is very useful in dealing with situations that are too
complex or not well enough defined to be reasonably de-
scribed in conventional quantitative expressions (Zimmer-
mann [44]). For example, “weight” is a linguistic variable
whose values are very low, low, medium, high, very high,
etc. Fuzzy numbers can also represent these linguistic val-
ues.

Definition 4

If m = (m,, m,, my, my and #i = (n,, n,, n;, n, are two
trapezoidal fuzzy numbers, then the distance between
them can be calculated by using the vertex method as fol-
lows [21]:

d,(m,7) = \/% [(my —ny)?2 + (M —n)? + (M3 —n3)? + (My — ny)?]
Q)

The vertex method is an effective and simple method to
calculate the distance between two trapezoidal or triangu-
lar fuzzy numbers. According to this method, two trapezoi-
dal fuzzy numbers m and 7 are identical if and only if
d,(m, ) = 0. Let m, 7 and p be three fuzzy numbers. Fuzzy
number 77 is closer to fuzzy number mithan the other fuzzy
number pif and only if d,(m, ) < d,(m, p) [21].

The fuzzy TOPSIS method
The fuzzy TOPSIS method is based on choosing the best
alternatives concerning their proximity to the positive ideal
solution (PIS) and greater distance from the negative ideal
solution (NIS). In the execution of this method, the decision
problem is initially structured, arranging the decision-mak-
ing group and determining the criteria and the set of alter-
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natives. The appropriate language variables should be cho-
sen to measure the relative importance of the criteria and
evaluate the alternatives’ performance concerning these
criteria. In this paper, linguistic variables are associated
with positive trapezoidal fuzzy numbers (PTFNs). This in-
formation is described in the illustrative example. In this
work, the version of Chen et al. [19] was adapted to develop
the fuzzy TOPSIS method.

Let the fuzzy rating and importance weight of the kzh
decision-maker be x,;, = (@, b, €, i) and w = Wy,
Wiy W3, wlﬂ); i=1,2 ...,m,j=1, 2, ..., n, respectively.
Hence, the aggregated fuzzy ratings (x;) of alternatives with
respect to each criterion can be calculated as:

Xij = (aij byj, ¢y dif) ©)
where:

1% v
aij = mkin{aijk}r b;; = Ez biji, cij = EZ Cijk, dij ml?X{dijk}
k=1 k=1

The aggregated fuzzy weights (W) of each criterion can be
calculated as:

W = (Wj1, Wj2, Wj3, Wja) (7
where:

k

k
_ 1 1
Wi = mkm{wjk,}, Wjy = E Wijk2, Wjz = E Wjk3, Wjs = mﬁlX{ijA}}
k=1 k=1

As stated before, the decision problem can be concisely
expressed in matrix format as follows:
Ay [ X1 Xige Tap
5= Ay | Xy Xapew Xop

Fmze X

N
I
&)
2

e W]

where x; = (a;, b, c;, d) and w; = Wy, Wy, wi, w) i=1,
2,..,m,j=1, 2, ..., n can be approximated by positive
trapezoidal fuzzy numbers.

Remark: If we consider the TOPSIS algorithm, the fol-
lowing step would be the normalization of the matrix, but
when utilizing linguistic terms in association with normal-
ized trapezoidal fuzzy numbers. For the evaluation of the
alternatives for all the criteria, this step is unnecessary.
More information about this step can be found in [19].

Considering the different importance of each criterion,
the weighted normalized fuzzy-decision matrix is con-
structed as:

V=[] ,i=12.,m j=12..,n

®)



According to the weighted normalized fuzzy decision
matrix, normalized positive trapezoidal fuzzy numbers can
also approximate the elements v, V; .. Then, the fuzzy pos-
itive-ideal solution (FPIS, A% and fuzzy negative-ideal solu-
tion (FNIS, A) can be defined as:

A* = (5,73, .., 7n) C))
A” = (U, V..., 0) (10)
where:

7= mlax{vm} and ¥} = miin{vijl}, i=1,2,..,m j=1,2,..,n

The distance of each alternative from A" and A- can be
currently calculated as:

d; = E?:l dv(ﬁij!ﬁj*); i=12..,m

(1)
12)

dl_ = Z;‘l:ldv(ﬁijvﬁj_)l i= 1,2,...,m

where d, (Eq. 5) is the distance measurement between two
fuzzy numbers.

A closeness coefficient is defined to determine the rank-
ing order of all alternatives once d;" and d; of each alterna-
tive A,(i = 1, 2, ..., m) have been calculated. The closeness
coefficient represents the distances to the fuzzy positive-
ideal solution (4" and the fuzzy negative-ideal solution (4
simultaneously by taking the relative closeness to the fuzzy
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positive-ideal solution. The closeness coefficient (CC,) of
each alternative is calculated as:

o

———— = 112!-"vm
d; +d;

(13)

Finally, the alternatives are ranked in descending order
by the CC,, sequentially obtaining the most important fac-
tors for good product quality. Thus, it leads the “Improve”
phase of the DMAIC cycle to a sequence of improvement
actions to be adopted, considering the ranking of product
quality characteristics. Figure 2 presents the framework
of the general process proposed to apply the fuzzy TOPSIS
methodology in this research, followed by the details of the
case study and its results.

ILLUSTRATIVE EXAMPLE
The factory selected for analysis is located in the southern
region of Brazil. The plant has a monthly manufacturing
capacity of approximately 2 million kg of paper, 65% of
which is from pure cellulose, while 35% of the production
is made from recycled material. The installed capacity for
converting this raw material into toilet paper is over 1.4
million kg per month, while the remainder is allocated to
other plants that only process jumbo reels. It was decided
to apply the DMAIC cycle to tackle the root causes of qual-
ity issues in recycled paper from the machine responsible
for its manufacture. The problem was identified through
the efficiency indicators computed by the company, which
pointed to a significant increase in the scrap index gener-
ated by the paper conversion process. In the case of recy-
cled paper, the waste limit should be 8.5%. Indexes ranging
from 9% to 23% were mapped from January to September

C3- Cross-strength

Which criteria is
C4- Cross-elongation

most importa'm’for C5- Weight
paper quality? C6- Humidity
A

Cl1- Longitudinal Strength
C2- Longitudinal Elongation

16 reels:

-4 samples per reel;
-Formulations A and B;
-8 reels from Al to A8;

-8 reels from BI to B8; Evaluate the

importance of criteria in

Total: 64 samples relation to paper quality
A A

A p

Y - N\ '

Problem
Definition

Criteria

(a) Definition of

(b) Definition of
Alternatives

(c) Survey
Application

Y

(e) Decision Matrix:

(Results in Table VI)

Evaluate Alternatives X Criteria

(d) Decision Matrix:
Evaluate Criteria
(Results in Table V)

A

'

'

(f) Aggregation Formulation A
(Results in Table VII)

(g) Aggregation Formulation B
(Results in Table VIII)

—.<—

2. Fuzzy TOPSIS process to prioritize improvement actions in the Analyze phase of the DMAIC cycle.
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DEFINE

MEASURE

ANALYZE

IMPROVE

CONTROL

Project charter

Measurement
systems evaluation

Process flowchart

Brainstorming

SIPOC

Scope Data collection plan Product map Ishikawa diagram Capacity indexes
Economic analysis Process flowchart Cycle time analysis 5W2H KPI
. Reset goals and . .
GRIP analysis . 5Whys Priority matrix Poka-Yoke
earnings
Voice of customer . e Stakeholders
(VOC) Sampling Stratification analysis Check sheet
Suppliers, inputs, process, Key performance Investment project
outputs and customers indicators Brainstorming analysis SOP
(SIPOC) (KPI) (MMIA)
Brainstorming Ishikawa diagram Gantt Meetings

Multicriteria Standard operational
Ishikawa diagram analysis fuzzy procedure
TOPSIS (SOP)

1. Toolbox used per DMAIC cycle phase.

2017. To mitigate this problem, a structured project was
started using tools and procedures from the DMAIC cycle.
Table I shows the arrangement of the tools used per phase
of the cycle.

In the first phase of the cycle (Define), in October 2017,
we defined the scope of the project, the project team (ma-
chine operators, maintenance staff, supervisor, and data
analyst), and the customer needs. In the Measure phase, in
November 2017, the focus was determined by surveying the
data that defined the problem and setting targets for the
proposed case (reducing the scrap to 8.5%). In the Analyze
phase (between December 2017 and January 2018), some
potential causes were analyzed that could lead to the high
scrap generated, all of which linked to the condition of the
manufacturing machine. However, to prioritize the im-
provement actions, it was necessary to identify which of
the characteristics of the paper should be prioritized for a
better quality of product. Since several members of the
project team differed in the opinion of which factor would
be more beneficial, we chose to use the fuzzy TOPSIS meth-
odology as the guiding principle in the decision-making
process, thereby enriching the DMAIC cycle portfolio of
options. Each parameter influencing the final quality of
recycled paper manufacturing has a degree of importance.
Therefore, there is uncertainty as to which criteria should
be prioritized in actions to improve the final product. This
led us to tackle this uncertainty using fuzzy logic.

The need for fuzzy logic is an issue that is associated
with a long history of discussions and debate. There are
many misconceptions about fuzzy logic. It is a precise logic
of imprecision and approximate reasoning. More precisely,
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fuzzy logic may be considered an attempt at the formaliza-
tion (mechanization) of two remarkable human capabilities.
The first is the capability to converse, reason and make ra-
tional decisions in an imprecision environment with ambi-
guity, incompleteness of information, conflicting informa-
tion, partiality of truth, and partiality of possibility. The
second is the capability to execute a wide variety of physi-
cal and mental tasks without any measurements or compu-
tations [45].

Returning to the sequence proposed by the framework
of Fig. 2, the first phase (a) was the identification of a set
of specific criteria used in the papermaking context, along
with those involved in the DMAIC project. The members
of the project team who participated in this phase were:
two mechanical maintenance workers (one being electrical
maintenance), three machine operators, one production
supervisor, one data analyst, and two process managers.
The criteria defined were Cl-Longitudinal Strength (mea-
sured in Kgf); C2-Longitudinal Elongation (measured in
mm); C3-Cross-strength (measured in kgf); C4-Cross-elon-
gation (measured in mm); C5-Weight (measured in g/m?,
and C6-Humidity (measured in %). In the second phase (b),
to define the alternatives, data collection was performed in
the field during the conversion of jumbo reels into toilet
paper in the subsequent process. Data were collected from
16 recycled paper reels at four different points of each reel
(beginning, middle 1, middle 2, and final), totaling 64 sam-
ples, which were analyzed concerning criteria C1, C2, C3,
C4, C5, and C6. The samples were collected on different
days of November 2017 in order to be able to collect infor-
mation from different lots. These samples represent ap-



Linguistic Trapezoidal

Variables Fuzzy Number
None (N) (0.0, 0.0, 0.1, 0.2)
Very Low (VL) (0.1,0.2,0.2,0.3)
Low (L) (0.2,0.3,0.4,0.5)
Moderate (M) (0.4, 0.5, 0.5, 0.6)
High (H) (0.5, 0.6, 0.7,0.8)
Very High (VH) (0.7,0.8, 0.8, 0.9)
Absolute (AB) (0.8, 0.9, 1.0, 1.0)

II. Linguistic variables for importance weight of each criterion.

proximately 16 metric tons of paper. The reels were divid-
ed into Formulation A and Formulation B due to the
formulation change during the research period, resulting
in eight reels numbered from A1l to A8 for Formulation A
and eight other reels numbered from B1 to B8 for Formula-
tion B.

To measure longitudinal, cross strength and longitudi-
nal, and cross elongations, a calibrated digital dynamom-
eter was used, measuring the two quantities in the desired
direction. One-square-meter samples of paper were cut to
measure the weight, folded, and inserted on the tray of a
digital precision scale that was calibrated and had a capac-
ity of 1000 g. For the humidity question, a moisture meter
for tissue paper was used, which was also calibrated and
assessed. To validate the quality of the result obtained, the
percentage of scrap that each of the 16 reels generated in
the paper conversion process was measured. In the mea-
surement of the scrap, all rejected paper in the production
of each sample was packed in bales and weighed on a cal-
ibrated digital scale with a capacity of 500 kg.

The decision-makers of the study were the people in-
volved with the DMAIC project who were focused on im-
proving the product quality and efficiency of the paper
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machine. Those who knew the process answered the ques-
tionnaire, evaluating the criteria regarding product quality
using linguistic terms, which corresponds to the third step
of sequence (0), according to Fig. 2. The need for the ques-
tionnaire arose from the divergence of opinion among the
experts about which of the criteria would have more impact
on the quality of the product. Then, in the fourth step (d),
the fuzzy numbers of the linguistic terms defined for the
completion of the evaluation are presented according to
Table II. The terms were expressed by trapezoidal perti-
nence functions to capture the uncertainty of language as-
sessments [19,46].

In the fifth step (e), to evaluate each reel used (alterna-
tives) in the research, value ranges were defined that fit
each sample analyzed with the specific metrological equip-
ment. These levels were used to define each linguistic vari-
able. Table III shows the ranges of values used to relate
each sample to the respective linguistic variable.

Thus, in the sixth (f) and seventh (g) steps, it was pos-
sible to analyze each sample belonging to each alternative
in relation to the different criteria. The linguistic variables
and equivalent trapezoidal fuzzy number for the evaluation
of the different alternatives are shown in Table IV.

Linguistic Variables

Trapezoidal Fuzzy Number

Terrible (T) (0.0, 0.0, 0.1, 0.2)
Very Bad (VB) (0.1,0.2,0.2,0.3)
Bad (B) (0.2, 0.3,0.4,0.5)

Reasonable (R) (0.4, 0.5, 0.5, 0.6)

Good (G) (0.5, 0.6, 0.7, 0.8)
Very Good (VG) (0.7,0.8,0.8,0.9)
Great (GT) (0.8, 0.9, 1.0, 1.0)

V. Linguistic variables for evaluating alternatives.

L. Terrible Very Bad Reasonable Very Good
Criteria
(T) (VB) (3] (VG)
C1 0-0.44 0.45-0.59 0.6-0.74 0.75-0.89 0.9-1.04 1.05-1.29 >1.3
Cc2 9-10.4 10.5-11.9 12-13.4 13.5-14.9 15-16.4 16.5-17.99 >18
Cc3 0-0.44 0.45-0.59 0.6-0.74 0.75-0.89 0.9-1.04 1.05-1.29 >1.3
C4 0-1.49 1.5-1.99 2-2.49 2.5-2.99 3-3.49 3.5-3.99 >4
15.6-16; 16.1-16.5; 17.1-17.5;
C5 <15.5; >20 16.6-17 18.6-19 17.6-18
19.5-20 19.1-19.5 18.1-18.5
5-5.4; 5.5-5.9; 6.5-6.9; 6.5-6.9; 7-75;
Cc6 <5;>10.5 7.6-8
10-10.4 9.5-9.9 9-9.4 8.6-9 8.1-8.5

lll. Value ranges for correlation of linguistic terms.
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Criteria

Aggregated Fuzzy

D10 ) -
Weights (Vl/l-)

c1 VH M H VH H M H AB H AB | (0.40, 0.68, 0.74, 1.00)
c2 H M VH M M M H L H | (0.20, 0.55, 0.60, 0.90)
C3 M H VH M H M AB M H | (0.40, 0.60, 0.64, 1.00)
Cc4 H M M M M M VL H | (0.10, 0.50, 0.53, 0.80)
C5 AB AB AB M VH H VH | VH | AB |(0.40, 0.76, 0.81, 1.00)
cé H M M L VH | VH | VH H AB | (0.20, 0.63, 0.67, 1.00)

V. Evaluation of the criteria by decision-makers.

RESULTS AND DISCUSSION
After defining the criteria, decision-makers, alternatives, and
linguistic variables, the next step was to construct the fuzzy
decision matrix to analyze the criteria evaluated by the de-
cision-makers, assigning a weight to each criterion. The lin-
guistic values assigned by the decision-makers for each cri-
terion were associated with trapezoidal fuzzy numbers,
aggregated using Eq. 7, and they are presented in Table V.

The criterion C5-Weight was more prominent compared
to the others, being evaluated by the decision-makers as
more influential in the quality of the product. Subsequent-
ly, each of the beginning, first half, second half, and final
samples of each of the alternatives were analyzed.
Table VI displays the matrix generated for each of the for-
mulations (Formulation A and Formulation B) made with
the ranges of values defined by the decision-makers, which
were previously shown in Table IV.

Subsequently, the sample values were aggregated to gen-
erate only one value related to each of the six criteria for
each reel of the different formulations. Thus, through Eq.
11 and Eq. 12, it was possible to determine the distance of
each alternative from FPIS (4" and FPIS (4) and, through
Eq. 13, the coefficient of proximity (CC,) was found for each

Formulation

of the alternatives. Table VII and Table VIII show the
results obtained for each formulation, with the percentages
of scrap from each sample, to validate the quality of the
result obtained.

The results show that the reel denoted A2 is more prom-
inent than the others. Its characteristics are those that most
benefit the quality of the product. The percentage of scrap
generated by each reel was measured in the subsequent
manufacturing process. It can be seen that reel A2 had the
lowest percentage. This supports the result obtained in the
CC, analysis, since the lower the percentage of scrap gener-
ated, the better the quality of the product. For reels A7 and
A8 ranked in 3rd and 2nd places, the similarity in their val-
ues is verified, both in the percentage of scrap and CC;.

The percentage of scrap varies significantly between
the reels. For this reason, the DMAIC project was imple-
mented, with the choice of fuzzy TOPSIS to assist in the
decision-making in the Analyze phase. In the same way
the reels of Formulation A were analyzed, the process for
Formulation B was carried out. The formulations differ
in the composition of the raw material used for paper
production. To make sure that the results of the analysis
of the reels of one formulation did not interfere with the

Formulation

A ; i CC; Ranking Scrap Ranking Scrap
A1 3.923 | 2.264 | 0.366 8 17.3% B1 3.509 | 2.655 | 0.431 6 15.6%
A2 3.157 | 3.161 0.500 1 9.5% B2 3.597 | 2.661 0.425 7 16.0%
A3 3.697 | 2.483 | 0.402 6 15.7% B3 3.340 | 3.058 | 0.478 1 11.0%
A4 3.633 | 2.499 | 0.408 5 16.0% B4 3.398 | 2.874 | 0.458 4 15.1%
Ab 3.794 | 2.2M 0.368 7 16.2% B5 3.673 | 2.623 0.417 8 17.2%
A6 3.485 | 2.695 | 0.436 4 12.1% B6 3.421 | 2.896 | 0.458 3 14.9%
A7 3.437 | 2.779 0.447 3 9.9% B7 3.508 | 3.049 0.465 2 13.1%
A8 3.455 | 2.822 | 0.450 2 9.8% B8 3.464 | 2.705 | 0.439 5 15.8%

VII. Results obtained for Formulation A.
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VIII. Results obtained for Formulation B.
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Formulation A Formulation B
A1 VB R R B R B B1 G B VG B G GT
A2 VG VB G G GT VG B2 G VG B VG R VG
A3 VB G VB B R VG o B3 B GT G GT GT VG
% A4 G VG R R T G % B4 VG R VG R GT GT
§ A5 R VB VG G R R § B5 VG VG R VG G R
® A6 G VB R G T R ” B6 G R G R GT GT
A7 VG R GT B G GT B7 R VB GT VB G GT
A8 G R G B G GT B8 VG VB R VB GT VG
A1l R VG G B T B B1 R R R R G GT
A2 G VG B G GT VG B2 R VG R VG R VG
" A3 VB R G G T VG " B3 B VG R VG GT VG
§ A4 G G R R G G § B4 VG B G R R GT
ﬂZ’ A5 VB VB R R B R ‘z B5 G VG R VG G R
- A6 R VB R G GT R - B6 R G R G GT GT
A7 G VB VG B T GT B7 VB R G R B GT
A8 B B R B G GT B8 VG VB B VB GT VG
A1l B VG R VB GT B B1 R R R R G GT
A2 GT VG VG G R VG B2 R G G G R VG
w A3 B R G G T VG W B3 G GT G GT G VG
§ A4 R VG R R T B § B4 G B G B GT GT
§ Ab B R R R B R § B5 VB VG G VG T R
» A6 GT R G G G R & B6 VB R G R G GT
A7 VG B VG R T GT B7 VG VG G VG B GT
A8 R T VB G GT GT B8 GT R R R VG VG
A1 T R VB VB T B B1 G B R B G GT
A2 R VB G G R VG B2 VB R B R R VG
A3 R VG G R T VG B3 R B G B G VG
&l A4 B VG VB R T G 3:1 B4 R B R B GT GT
% Ab VB B R VB R R % B5 R R R R G R
A6 R B R G GT R B6 B R G R G GT
A7 R B G VB T GT B7 VG GT GT GT T GT
A8 VB T VB G GT GT B8 GT B B B VG VG

VI. Evaluation of alternatives for each criterion.

APRIL 2021 | VOL. 20 NO. 4 | TAPPI JOURNAL 285



PROCESS CONTROL

other, both were separated. This makes it possible to
compare what formulation leads to more quality prob-
lems in the final product. Table VIII displays the results
obtained for Formulation B.

It is observed that the reel of Formulation B that ob-
tained the best result in the ranking was B3. However,
this same reel generates a percentage of scrap higher than
the best result of Formulation A. In the case of Formula-
tion B, the problem is more pronounced, but the proxim-
ity of the CC; obtained is even higher among its first three
values relative to the case of Formulation A.

CONCLUSIONS

In the context of the importance of efficiency in the man-
agement and improvement of the competitiveness of orga-
nizations, the present study focuses on a tissue paper mill
in the Southern region of Brazil. It aimed to apply fuzzy
TOPSIS as an aid for decision-making. The improvements
identified in the Analyze phase of the project following the
premises of the DMAIC cycle were applied to the compa-
ny’s recycled papermaking machine.

The study met the objectives as proposed. The intrin-
sic criteria for papermaking quality were identified
through the application of the fuzzy TOPSIS decision sup-
port method. The analyzed reels that served as samples
were classified in the respective matrices in relation to
each of the identified criteria. Decision-makers defined
these as crucial to product quality. They also validated
the results found and confirmed the effectiveness of the
model, which provided strategic information for project
management and sequencing. In this way, from the anal-
ysis performed, it is possible to trace the ideal profile of
parameters in paper manufacturing. The weights as-
signed for each criterion ranked the improvement actions
relative to each criterion.

The reels indicating better performance concerning
the final quality, defined by obtaining the lowest scrap
index in both cases, support the conclusions of the deci-
sion-makers. Thus, in case of doubt for the prioritization
of improvement actions, preference is given to those re-
lated to the improvement of parameter C5-Paper Weight,
as observed in Table IV. At the end of this research, it is
clear that the model elaborated is flexible in dealing with
the problem, being robust concerning the results pro-
duced and capable of efficiently capturing the judgment
of the specialists about uncertainties. The research be-
comes relevant precisely for testing the usage of a tool—
one that is used little in structured design—as an essen-
tial component for prioritizing actions given the
complexity of factors related to papermaking. For further
studies, we suggest an expansion of this research involv-
ing a larger number of samples and a longer duration.
Therefore, it would be possible to evaluate how the in-
dexes can vary over time and study the influence of scrap
indexes on equipment efficiency indicators. TJ
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ABOUT THE AUTHORS
As practitioners of quality management and Six
Sigma, we propose a fuzzy TOPSIS (Technique for
Order of Preference by Similarity to Ideal Solution)
approach in this study to aid in more rational deci-
sion-making in the Analyze phase of the DMAIC
(Define-Measure-Analyze-Improve-Control) cycle.
The most challenging aspect was to bridge multi-
ple-criteria decision-making (MCDM) to the context
of paper manufacturing. We managed it using an
intervention research approach; therefore, we
worked in an in-depth longitudinal study with a
team of experts.

We found that using fuzzy logic associated with
MCDM is a powerful tool to apply in industrial appli-
cations. Our most interesting finding was that the in-
trinsic criteria for papermaking quality may be iden-
tified through the application of the fuzzy TOPSIS
decision support method.

The application/method presented can be applied
in other contexts of industrial environments. We in-
tend to expand this research by involving a larger
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