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Abstract: Existing medical masks have various disadvantages, such as the environmental damage
caused by disposable masks, the discomfort and poor ventilation caused by prolonged mask wearing,
and the lack of aesthetic design in mass-produced masks. Thus, this study used quality function
deployment, the fuzzy analytic hierarchy process, and fuzzy comprehensive evaluation to research,
develop, and design masks. The aforementioned methods were also used to determine the ranking
of design requirements. The following priority ranking of design requirements from most to least
important was obtained: reducing discomfort at the contact between the mask and the skin (0.265),
avoiding foul odor inside the mask (0.187), convenient cleaning and portability (0.166), good air-
tightness (0.152), suitable aesthetic design for wearing in public and on social occasions (0.130), and
reducing waste (0.100). Experts evaluated mask designs, and their opinions were subject to fuzzy
analysis. Specifically, 50% of the experts evaluated the designs to be “good” or “very good”. Only
29% of the experts rated the design results as “average”. Thus, the innovative mask designed in this
study can meet the needs of users, overcome the drawbacks of existing masks, and provide a feasible
solution for the current COVID-19 pandemic.

Keywords: COVID-19; mask design; quality function deployment (QFD); fuzzy analytic hierarchy
process (FAHP); fuzzy comprehensive evaluation (FCE)

1. Introduction

In 2019, coronavirus disease 2019 (COVID-19) triggered global panic [1]. The global
pandemic has not only caused many deaths but also affected the economy of all countries.
The ongoing pandemic of COVID-19 affects the medical system and public facilities’
operation on the social aspect and impacts the emotional, work, and mental health between
families [2]. Recent studies have shown that patients with COVID-19 often sustain bacterial
and fungal co-infection situations in addition to the primary infection of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) [3]. Moreover, the pathogenesis of
SARS-CoV-2 itself with a co-infection situation will cause the prognosis of COVID-19 and
the difficulty of treatment or even increase the severity of disease symptoms and increase
the probability of death [4]. It also shows the horror of COVID-19 and the complexity
of treatment. Recently, in India, there was an outbreak of a deadly fungal infection,
mucormycosis, in addition to the pandemic of COVID-19. Patients with COVID-19 have a
vulnerable infection due to immunocompromised conditions and cause a 50% death rate [5].
Most of the cases worldwide come from India (72%), and most patients are male (78%) and
have diabetes (85%) [6]. People cannot work due to the severe pandemic which forces a
considerable number of Indians to return to their hometown, facing famine, suffering, and
death on the way home [7]. Currently, countries worldwide are actively investing lots of
resources to develop vaccines to reduce the public health damage from SARS-CoV-2, and
many vaccines are undergoing clinical trials [8]. At present, stopping the spread of the
pandemic has become an urgent task. SARS-CoV-2 is a highly contagious virus and has
three main methods of transmission: droplet, contact, and aerosol transmission. When a
carrier of SARS-CoV-2 coughs or sneezes, droplets containing the virus may be inhaled by
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people nearby or may mix with the air to form aerosols, which propagates the virus [9].
Studies have indicated that wearing masks can effectively reduce the transmission of
coronavirus and influenza virus among humans [9-11]. Thus, mask wearing is regarded
as an effective method for controlling the spread of SARS-CoV-2 [12]. Consequently,
the demand for masks has increased rapidly, which has resulted in a global shortage of
disposable masks and panic among people [13-16].

Mask wearing is an effective method for preventing the spread of SARS-CoV-2 [15].
Considering the health and safety of users, masks must be replaced regularly to ensure
maximum protection; however, discarded masks also cause considerable harm to the
environment. OceansAsia, an environmental protection organization, conducted a study
on beach garbage in the Soko Islands and found a large amount of disposable mask waste
on the islands. This waste has destroyed the marine and wildlife habitats of the islands and
caused massive ecological pollution [17]. Saadat et al. [18] indicated that the pandemic has
resulted in the generation of large quantities of untreatable medical waste globally. Due to
their water resistance, disposable masks do not decompose naturally and are ultimately
buried in landfills. Thus, irreversible environmental pollution is eventually caused when
disposable masks are discarded. Existing masks are difficult to recycle because of their
composition and because doing so is costly and unhygienic. Therefore, the reduction of
mask waste is an important issue.

The COVID-19 pandemic has profoundly changed people’s life patterns in education,
work, life, etc. In order to prevent people from getting together and causing the spread
of the virus, people’s social activities are restricted; in terms of education, many schools
have switched to online cores; in terms of work, lots of companies allow employees to
work from home or diversion of work schedule; in terms of life, many restaurants changed
to take-away only instead of dine-in. Future human civilization must adopt contingency
measures in the face of unknown infectious diseases. Humans must also find new methods
of living, socializing, and working. Wearing masks on social occasions could become a
new lifestyle and trend in the future. Therefore, new masks must be developed in line
with the new normal to solve the drawbacks of existing masks. Moreover, the amount of
mask waste should be reduced to make masks more pleasant to wear and friendlier to
the environment.

2. Literature Review
2.1. Correlational Research on Masks’ Reduction

Developments in mask design can focus on sustainability (such as ensuring reusability
or prolonging mask service life) to reduce the shortage of masks [19,20]. Focusing on this
issue, some scholars have proposed that removing the one-way valve of the cardiopul-
monary resuscitation (CPR) mask and covering the front opening of the mask with a
small piece of cut surgical face mask can be reusable and reduce the number of masks
used [21]. However, the comfort of wearing a CPR mask may be far worse than ordinary
masks. Meanwhile, a CPR mask is a medical assistive device for first aid, which may cause
psychological rejection from the user. Nonetheless, the concept proposed by Phan and
Ching [21] provides considerable inspiration to the innovative design of masks. If the
problem mentioned above can be improved, it could increase the willingness to wear the
mask and reduce the waste generated by using the mask.

2.2. Enhance the Wearing Experience of Masks

Existing masks in the market have many limitations. For example, wearing a mask
often causes discomfort, such as increased respiratory resistance and skin irritation on the
contact surface between the face and the mask [22]. The elastic straps of the masks will
cause pressure and friction constantly in the posterior auricular region and cause pain
and discomfort to the user [23]. The upper border of the mask is not sealed with the face
causing the exhaled exhaust gas to flow upward while wearing a mask. The condensed
moisture will adhere to the lenses and affect the user’s vision if they wear glasses [24]. It
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also increases the chance of people’s ocular surface inflammation by wearing a face mask
for a long time. For a patient with dry eye disease, wearing a mask regularly every day can
also damage the ocular surface [25]. Most of the masks sold on the market are designed for
one-time use with almost no inhibition of the growth of bacteria in the mask [26]. However,
it is easy to breed bacteria if people wear the face mask for a long time or even create an
additional risk of infection [27]. Therefore, the mask needs to be replaced regularly or
disinfected. In addition, the outer and middle layers of common medical and surgical
masks shield the human respiratory tract from external disease sources. Therefore, these
layers should closely fit the user’s face. However, when masks are worn for a long time,
the air inside the mask does not circulate, which results in a stuffy and often intolerable
smell. Thus, the user cannot breathe fresh air, and their mask-wearing intention and usage
experience are affected.

Balachandar et al. [28] successfully injected active compounds of natural medicinal
plants into mask fibers to eliminate viruses. These plants also emit a pleasant scent.
Thus, applying the compounds of natural medicinal plants to masks constitutes a feasible
and innovative research direction to make mask wearing more pleasant. In addition,
mask effectiveness is affected by the design of the exhalation valve, nose clip, and peek
flaps as well as the material used for the mask edge contacting the face [29]. Therefore,
the mask design process in this study applied and emphasized the design guidelines
proposed by Faridi et al. [29], selecting suitable material and feasible engineering techniques
to ensure the mask can effectively resist the virus and provide a more comprehensive
wearing experience.

3. Methodology

In this study, quality function deployment (QFD), the fuzzy analytic hierarchy process
(FAHP), and fuzzy comprehensive evaluation (FCE) were used to research, develop, and
design masks. The steps of this research are shown in Figure 1.
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Figure 1. Research flow chart.
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3.1. Quality Function Deployment

QFD, which is a systematic development tool, is used to consider users’ requirements
to improve product development [30]. Matrix, qualitative, and quantitative technology can
be used to define a development strategy based on customer demand [31]. QDF has been
applied by many scholars in related research fields of product innovation so far [32-38],
and we illustrate the applicability of this method in this study. In addition, there have
been 100 articles (98 articles and two reviews) in the area of manufacturing, supply chain,
higher education, strategy, service, sustainability, marketing, and energy that integrated
QFD and analytic hierarchy process (AHP) to conduct the research, illustrating that these
methods have been developed to a mature level. At the same time, the method and tools
of QFD-AHP have evolved many variants and extensions. Many articles combine QFD
with FAHP as a research tool on product design topics as well [39]. Therefore, this study
conducted FAHP when operating the QFD method. In this study, an innovative mask
was designed by three industrial design experts by using QFD, and the experience in
professional fields of the 3 experts was: 6 years, 9 years, and 41 years.

3.2. Fuzzy Analytic Hierarchy Process

The FAHP is based on the analytic hierarchy process (AHP). Moreover, it involves
using the fuzzy theory, which was proposed by Zadeh in 1965, to analyze decision-making
problems with fuzzy properties. Csutora and Buckle [40] proposed the Lambda-Max
method for conducting fuzzy hierarchical analysis. This method can be easily conducted to
calculate any type of fuzzy number with high precision. The Lambda-Max method has also
been adopted by various scholars. In this study, the Lambda-Max method was employed
in the FAHP. Therefore, the FAHP was used to calculate the weights of design requirements
in the house of quality. Meanwhile, we will invite experts with more than two years of
design or medical experience to fill in the experts” questionnaire.

3.3. Fuzzy Comprehensive Evaluation

Fuzzy comprehensive evaluation (FCE) is an evaluation method based on fuzzy theory.
This method can be used to comprehensively evaluate various fuzzy object attributes. The
membership function in fuzzy mathematics can be used to quantify qualitative evalua-
tions [41]. FCE is widely used in engineering, design and development, development
planning, and other fields of design evaluation to solve evaluation problems with fuzzy
and complex attributes [42—44]. Therefore, FCE was used to calculate and obtain a com-
prehensive evaluation result of mask design. What is more, we will invite another expert
who is different from the previous experiment and has more than two years of design or
medical experience to fill in the questionnaire.

The evaluation questionnaire was conducted through an online questionnaire. Six
design requirements were used as the evaluation criteria, and the level of each design
requirement was evaluated separately after the expert had read the design drawing and
description (function, mechanism) of the innovative mask. The evaluation included five
levels of scale which were “very bad”: very inadequate to meet the design requirement;
“bad”: cannot meet the design requirement; “average”: generally meet the design require-
ment; “good”: closely satisfy the design requirement; and “very good”: very closely satisfy
the design requirement. Experts rated each evaluation aspect according to their profes-
sional judgment. Finally, we applied the FCE to calculate the experts’ evaluation results of
the innovative mask to receive a comprehensive evaluation.

4. Research Execution and Analysis
4.1. Mask Design Requirements
By reviewing the relevant literature and expert discussion, the problems of existing

masks and the requirements had by mask users were summarized and used as design
requirements in QFD (Table 1).
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Table 1. Design requirements.

No. Design Requirements

Al Good airtightness

A2 Convenient cleaning and portability

A3 Reducing discomfort at the contact between the mask and the skin
A4 Avoiding foul odor inside the mask

A5 Reducing mask waste

Ab Suitable aesthetic design for wearing in public and on social occasions

4.2. Weight of Each Design Requirement

The FAHP was used to calculate the weights of the design requirements. In this study,
16 experts (Table 2) were invited to fill in questionnaires. The content of the questionnaire
combined the six design requirements in Table 1 into an AHP questionnaire, and the FAHP
calculation process was divided into the following five steps.

Table 2. Experts’ background.

Years of Experience

No. in Professional Field Professional Field
1 12 visual design, industrial design
2 5 industrial design
3 30 art, design education, industrial design
4 6 medical product design, industrial design
5 3 design of health care industry
6 8 industrial design
7 10 industrial design, mechanism design
8 4 industrial design, consumer behavior
9 5 product design
10 12 visual design, industrial design
11 10 human factor engineering, product design, chromatics
12 2 industrial design
13 3 industrial design
14 3 industrial design
15 5 industrial design
16 4 industrial design

4.2.1. Step 1: Establishment of a Fuzzy Positive Reciprocal Matrix

In this step, according to Table 3, the questionnaire results filled out by 16 experts are
transformed into a fuzzy positive reciprocal matrix. The results of the transformation are
shown in Table 4. Fuzzy positive reciprocal matrix is expressed as:

1 (ho,mig,u12) -+ (lip, M1y, U1n)
1 1 1
. _ (ler T E) 1 ce (ZanWanuZn)
A=[a] = : : . : (1)
(L 1 ;) (L 1 ;) . 1
Uty My’ lln Upy” Moy’ lZn

4.2.2. Step 2: The a-Cut Method Is Used to Calculate the Fuzzy Weight Vector

Equation (2): Normalization of the Geometric Mean of the Rows is used in this study
to calculate the approximate solution of the eigenvector.

1 —
Zi=(an X ap X -+ ay) Vi =12, ,m; Wy =Zi x (Zy+ Zo+ - Zu) " (2)
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Table 3. Translating linguistic terms into triangular fuzzy numbers.
Saaty Scale Fuzzy Triangular Scale Definition
1 (1,1,1) Equally important
2 (1,2,3) In between “equally important” and “weakly important”
3 (2,3,4) Weakly important
4 (3,4,5) In between “weakly important” and “fairly important”
5 (4,5, 6) Fairly important
6 (5,6,7) In between “fairly important” and “strongly important”
7 6,7,8) Strongly important
8 (7,8,9) In between “strongly important” and “absolutely important”
9 9,9,9) Absolutely important
Table 4. The fuzzy positive reciprocal matrix of 16 experts” questionnaires.
Experts Al A2 A3 A4 A5 A6
Al 1,1,1) 1,1,1) (1/8,1/7,1/6)  (1/8,1/7,1/6) @,3,4) 1,1,1)
A2 (1,1,1) 1,11 (1/6,1/5,1/4) (1/8,1/7,1/6) 2,3,4) (1/4,1/3,1/2)
. A3 6,7,8) ,5,6) 1,1,1) 1,1,1) 6,7,8) 6,7,8)
A4 6,7,8) 6,7,8) 1,1,1) (1,11 6,7,8) (2,3,4)
A5 (1/4,1/3,1/2)  (1/4,1/3,1/2) (1/8,1/7,1/6)  (1/8,1/7,1/6) 1,1,1) 1,1,1)
A6 (1,1,1) 2,3,4) (1/8,1/7,1/6)  (1/4,1/3,1/2) (1,1,1) (1,1,1)
Al (1,1,1) (1/9,1/9,1/9) (1,1,1) (1/9,1/9,1/9) 1,1,1) 2,3,4)
A2 9,9,9 (1,11 9,9,9) (1/4,1/3,1/2) 4,5,6) 9,9,9
’ A3 (1,1,1) (1/9,1/9,1/9) 1,1,1) (1/9,1/9,1/9) 1,1,1) (1,11
A4 9,9,9) (2,3,4) 9,9,9) (1,11 6,7,8) 6,7,8)
A5 1,1,1) (1/6,1/5,1/4) 1,1,1) (1/8,1/7,1/6) 1,1,1) 6,7,8)
A6 (1/4,1/3,1/2)  (1/9,1/9,1/9) 1,1,1) (1/8,1/7,1/6)  (1/8,1/7,1/6) 1,1,1)
Al (1,1,1) (1,1,1) 2,3,4) (2,3,4) 1,1,1) (1,1,1)
A2 (1,1,1) 1,11 (1,11 (1,11 (1/4,1/3,1/2) (1/4,1/3,1/2)
A3 (1/4,1/3,1/2) a,1,1) a,1,1) a,1,1) (1/6,1/5,1/4)  (1/8,1/7,1/6)
3 A4 (1/4,1/3,1/2) 1,11 (1,1,1) (1,11 (1/6,1/5,1/4) (1/6,1/5,1/4)
A5 (1,11 2,3,4) 4,5,6) 4,5,6) (1,11 (1,11
A6 (1,1,1) 2,3,4) 6,7,8) 4,5,6) 1,1,1) (1,11
Al (1,1,1) (1/6,1/5,1/4) (1/6,1/5,1/4) (1,11 (1/8,1/7,1/6)  (1/6,1/5,1/4)
A2 4,5,6) (1,1,1) 1,1,1) 2,3,4) 1,1,1) (1/4,1/3,1/2)
A3 4,5,6) (1,11 (1,11 1,11 2,3,4) (1,11
4 Ad a,1,1) (1/4,1/3,1/2) 1,1,1) 1,1,1) a,1,1) (1/4,1/3,1/2)
A5 6,7,8) (1,11 (1/4,1/3,1/2) (1,11 1,1,1) (1/4,1/3,1/2)
A6 4,5,6) 2,3,4) 1,11 2,3,4) (2,3,4) (1,11
Al (1,1,1) 2,3,4) 1,1,1) 2,3,4) 6,7,8) 4,5,6)
A2 (1/4,1/3,1/2) 1,1,1) (1/4,1/3,1/2) 1,1,1) 6,7,8) (4,5,6)
5 A3 1,1,1) 2,3,4) 1,1,1) 6,7,8) 6,7,8) 4,5,6)
Ad (1/4,1/3,1/2) 1,1,1) (1/8,1/7,1/6) 1,1,1) 6,7,8) 1,1,1)
A5 (1/8,1/7,1/6) (1/8,1/7,1/6) (1/8,1/7,1/6) (1/8,1/7,1/6) 1,1,1) (1/6,1/5,1/4)
A6 (1/6,1/5,1/4)  (1/6,1/5,1/4)  (1/6,1/5,1/4) 1,1,1) “,5,6) 1,1,1)
Al (1,1,1) (2,3,4) (1,1,1) (4,5,6) 6,7,8) 4,5,6)
A2 (1/4,1/3,1/2) 1,1,1) (1/6,1/5,1/4) (2,3,4) @,3,4) (2,3,4)
6 A3 (1,11 4,5,6) (1,11 4,5,6) 4,5,6) 6,7,8)
Ad (1/6,1/5,1/4)  (1/4,1/3,1/2)  (1/6,1/5,1/4) 1,1,1) ©,3,4) (2,3,4)
A5 (1/8,1/7,1/6)  (1/4,1/3,1/2)  (1/6,1/5,1/4) (1/4,1/3,1/2) 1,1,1) (1/4,1/3,1/2)
A6 (1/6,1/5,1/4) (1/4,1/3,1/2) (1/8,1/7,1/6) (1/4,1/3,1/2) 2,3,4) (1,1,1)
Al (1,1,1) 6,7,8) (1,11 1,11 (1/4,1/3,1/2) (1,11
A2 (1/8,1/7,1/6) a,1,1) 1/9,1/9,1/9) (1/6,1/5,1/4) (1/8,1/7,1/6)  (1/8,1/7,1/6)
A3 (1,1,1) 9,9,9) (1,1,1) 2,3,4) 2,3,4) (1,11
7 A4 (1,11 4,5,6) (1/4,1/3,1/2) 1,11 (1/4,1/3,1/2) (1/4,1/3,1/2)
A5 @,3,4) 6,7,8) (1/4,1/3,1/2) (2,3,4) 1,1,1) (2,3,4)
A6 (1,11 6,7,8) (1,11 2,3,4) (1/4,1/3,1/2) (1,11
Al (1,1,1) 2,3,4) 6,7,8) (1,11 6,7,8) 2,3,4)
A2 (1/4,1/3,1/2) 1,1,1) (1/4,1/3,1/2)  (1/8,1/7,1/6)  (1/4,1/3,1/2)  (1/8,1/7,1/6)
8 A3 (1/8,1/7,1/6) 2,3,4) (1,1,1) (1/6,1/5,1/4) 2,3,4) (1,1,1)
A4 (1,1,1) 6,7,8) 4,5,6) 1,11 6,7,8) 2,34
A5 (1/8,1/7,1/6) 2,3,4) (1/4,1/3,1/2)  (1/8,1/7,1/6) 1,1,1) (1/4,1/3,1/2)
A6 (1/4,1/3,1/2) 6,7,8) 1,1,1) (1/4,1/3,1/2) @,3,4) 1,1,1)




Sustainability 2021, 13, 8011

7 of 18

Table 4. Cont.

Experts Al A2 A3 A4 A5 A6
Al (1,1,1) (1,1,1) (1L,1,1) (1,1,1) (6,7,8) (4,5,6)
A2 (1,1,1) (1LY (1/6,1/5,1/4) (4,5,6) (4,5,6) (4,5, 6)
9 A3 (1,1,1) (4,5,6) (1L,1,1) (4,5,6) (4,5,6) 9,9,9)
A4 (L1171 (1/6,1/5,1/4)  (1/6,1/5,1/4) (1,1,1) (2,3,4) (2,3,4)
A5 (1/8,1/7,1/6)  (1/6,1/5,1/4)  (1/6,1/5,1/4)  (1/4,1/3,1/2) (1,1,1) 111
A6 (1/6,1/5,1/4) (1/6,1/5,1/4) (1/9,1/9,1/9) (1/4,1/3,1/2) (1,1,1) 1,11
Al 1,1,1) (1/4,1/3,1/2)  (1/9,1/9,1/9) 2,3,4) 1,1,1) (1/8,1/7,1/6)
A2 (2,3,4) (1,1,1) (1/6,1/5,1/4) (2,3,4) (4,5,6) (1,1,1)
10 A3 9,9,9 (4,5,6) (1,1,1) 6,7,8) (6,7,8) 6,7,8)
Ad (1/4,1/3,1/2)  (1/4,1/3,1/2) (1/8,1/7,1/6) 1,1,1) 1,1,1) (1/8,1/7,1/6)
A5 1,1,1) (1/6,1/5,1/4) (1/8,1/7,1/6) 1,1,1) 1,1,1) (1/6,1/5,1/4)
Ab 6,7,8) (1,1,1) (1/8,1/7,1/6) 6,7,8) (4,5,6) (1,1,1)
Al (1,1,1) (1/9,1/9,1/9)  (1/9,1/9,1/9)  (1/9,1/9,1/9) (1L,1,1) (1,1,1)
A2 9.9,9 (1,1,1) (1,11 (1,1,1) 9,9,9 4,5,6)
1 A3 99,9 (1,1,1) (1L,1,1) (1,1,1) (4,5,6) (1,1,1)
A4 9.9,9 (1,1,1) (1,11 (1,1,1) (4,5,6) (1,1,1)
A5 (1,1,1) (1/9,1/9,1/9) (1/6,1/5,1/4) (1/6,1/5,1/4) (1,1,1) (1/6,1/5,1/4)
A6 (1,1,1) (1/6,1/5,1/4) (L1 (1L, L1 4,5,6) (1, L1
Al 1,1,1) 1/9,1/9,1/9)  (1/9,1/9,1/9)  (1/9,1/9,1/9)  (1/9,1/9,1/9) 111
A2 9,99 (1,1,1) (2,3,4) (1,1,1) (2,3,4) (2,3,4)
1 A3 9.9,9 (1/4,1/3,1/2) (1L,1,1) (1,1,1) (2,3,4) 9,9,9)
A4 99,9 (1,1,1) (1L,1,1) (1,1,1) (1L,1,1) 9,9,9)
Ab 9,9,9 (1/4,1/3,1/2)  (1/4,1/3,1/2) (1,1,1) (1,11 6,7,8)
A6 (1,1,1) (1/4,1/3,1/2)  (1/9,1/9,1/9)  (1/9,1/9,1/9)  (1/8,1/7,1/6) 1,1,1)
Al (1,1,1) (1LY (1/4,1/3,1/2)  (1/8,1/7,1/6) (4,5,6) (2,3,4)
A2 (1,1,1) (1,1,1) (176,1/5,1/4)  (1/8,1/7,1/6) (2,3,4) (1/4,1/3,1/2)
13 A3 (2,34 (4,5,6) (1,11 (1, L1 (4,5,6) 6,7,8)
A4 (6,7,8) (6,7,8) (1,11 (1,1,1) (1,2,3) (2,3,4)
A5 (1/6,1/5,1/4) (1/4,1/3,1/2) (1/6,1/5,1/4) (1/3,1/2,1/1) (1,1,1) (1/4,1/3,1/2)
Ab (1/4,1/3,1/2) (2,3,4) (1/8,1/7,1/6)  (1/4,1/3,1/2) (2,3,4) (1,1,1)
Al (1,1,1) (1/9,1/9,1/9) (1L,1,1) (1/9,1/9,1/9) (1L,1,1) (2,3,4)
A2 9,9,9 (1,1,1) 9,99 (1/5,1/4,1/3) (1,2,3) 9,9,9
u A3 (1,1,1) (1/9,1/9,1/9) 1,1,1) 1,1,1) (1,1,1) 4,5,6)
A4 99,9 (3,4,5) (111 (1, L1 (6,7,8) (7,8,9)
A5 (1,1,1) (1/3,1/2,1/1) (1,11 (1/8,1/7,1/6) (1,11 6,7,8)
A6 (1/4,1/3,1/2)  (1/9,1/9,1/9) (1/6,1/5,1/4) (1/9,1/8,1/7) (1/8,1/7,1/6) (1,1,1)
Al (1,1,1) (2,3,4) (1/3,1/2,1/1) (2,3,4) (2,3,4) (1,2,3)
A2 (1/4,1/3,1/2) 1,1, 1) 1,1,1) 2,3,4) (1/7,1/6,1/5) (1/4,1/3,1/2)
15 A3 (1,2,3) 1,11 (1,1,1) 4,5,6) (1/6,1/5,1/4)  (1/8,1/7,1/6)
A4 (1/4,1/3,1/2)  (1/4,1/3,1/2)  (1/6,1/5,1/4) 1,11 (176,1/5,1/4)  (1/8,1/7,1/6)
A5 (1/4,1/3,1/2) (5,6,7) (4,5,6) (4,5,6) (1,1,1) (2,3,4)
Ab (1/3,1/2,1/1) (2,3,4) (6,7,8) 6,7,8) (1/4,1/3,1/2) (1,1,1)
Al (1,1,1) (1/8,1/7,1/6)  (1/3,1/2,1/1) (1,2,3) (1/8,1/7,1/6)  (1/6,1/5,1/4)
A2 (6,7,8) (1,1,1) (1,11 (2,3,4) (1,11 (1/6,1/5,1/4)
16 A3 (1,2,3) (1,1,1) (1L,1,1) (1,2,3) (4,5,6) (2,3,4)
Ad 1/3,1/2,1/1)  (1/4,1/3,1/2)  (1/3,1/2,1/1) 1,1,1) @,3,4) (1/6,1/5,1/4)
A5 6,7,8) (1,1,1) (176,1/5,1/4)  (1/4,1/3,1/2) (1L,1,1) (1/4,1/3,1/2)
Ab 4,5,6) (4,5,6) (1/4,1/3,1/2) (4,5,6) (2,3,4) (1,1,1)
When « =1, Equation (2) is used to calculate the matrix A, = [ai]-m} 1y [0 Obtain the
weight Wy, = [w;,],i =1, 2,--- ,n. When a = 0, Equation (2) is used to calculate the matrix
A= [aiﬂ}nxn and matrix A, = [aiju}nxn to obtain the weight W) = [w;],i=1,2, ---, n
and weight W, = [w;,|,i =1, 2, - -+, n. The results are shown in Table 5.
Table 5. Fuzzy weight vector (rounded to the third decimal place).
Experts 14% W, W,
1 (0.072, 0.060, 0.395, 0.352, 0.040, 0.081) (0.071, 0.062, 0.389, 0.357, 0.041, 0.081) (0.069, 0.066, 0.381, 0.356, 0.044, 0.083)
2 (0.058, 0.324, 0.052, 0.459, 0.076, 0.030) (0.057, 0.321, 0.047, 0.470, 0.075, 0.030) (0.055, 0.324, 0.043, 0.472, 0.075, 0.031)
3 (0.196, 0.098, 0.065, 0.068, 0.277, 0.296) (0.197, 0.095, 0.063, 0.067, 0.281, 0.297) (0.195, 0.097, 0.064, 0.069, 0.281, 0.294)
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Table 5. Cont.

Experts W, W, W,
4 (0.047, 0.184, 0.232, 0.104, 0.140, 0.293) (0.045, 0.184, 0.221, 0.097, 0.135, 0.318) (0.045, 0.185, 0.207, 0.097, 0.137, 0.329)
5 (0.296, 0.148, 0.355, 0.105, 0.026, 0.071) (0.307, 0.148, 0.354, 0.098, 0.025, 0.069) (0.309, 0.155, 0.347, 0.096, 0.025, 0.069)
6 (0.338,0.117, 0.379, 0.077, 0.037, 0.052) (0.333, 0.129, 0.363, 0.082, 0.037, 0.054) (0.323, 0.141, 0.346, 0.089, 0.042, 0.059)
7 (0.167, 0.028, 0.283, 0.098, 0.236, 0.187) (0.152, 0.026, 0.275, 0.100, 0.264, 0.183) (0.143, 0.025, 0.259, 0.108, 0.285, 0.180)
8 (0.324, 0.035, 0.093, 0.363, 0.050, 0.135) (0.327, 0.036, 0.094, 0.356, 0.052, 0.136) (0.322, 0.039, 0.095, 0.345, 0.056, 0.143)
9 (0.230, 0.201, 0.391, 0.094, 0.042, 0.041) (0.219, 0.207, 0.390, 0.102, 0.043, 0.041) (0.207, 0.212, 0.384, 0.109, 0.045, 0.042)
10 (0.052, 0.140, 0.531, 0.038, 0.046, 0.193) (0.053, 0.151, 0.524, 0.038, 0.044, 0.190) (0.054, 0.159, 0.515, 0.041, 0.044, 0.187)
11 (0.043, 0.336, 0.233, 0.233, 0.036, 0.120) (0.041, 0.334, 0.232, 0.232, 0.038, 0.123) (0.039, 0.332, 0.230, 0.230, 0.041, 0.127)
12 (0.030, 0.265, 0.241, 0.270, 0.159, 0.035) (0.027, 0.292, 0.243, 0.243, 0.162, 0.034) (0.024, 0.305, 0.247, 0.220, 0.171, 0.034)
13 (0.121, 0.071, 0.367, 0.311, 0.044, 0.086) (0.118, 0.069, 0.355, 0.322, 0.045, 0.090) (0.118, 0.070, 0.341, 0.319, 0.053, 0.099)
14 (0.068, 0.289, 0.110, 0.407, 0.100, 0.025) (0.065, 0.303, 0.103, 0.403, 0.101, 0.026) (0.062, 0.309, 0.096, 0.397, 0.108, 0.027)
15 (0.203, 0.088, 0.114, 0.042, 0.319, 0.233) (0.232, 0.083, 0.109, 0.039, 0.309, 0.228) (0.251, 0.080, 0.100, 0.039, 0.295, 0.235)
16 (0.054, 0.196, 0.247, 0.080, 0.110, 0.312) (0.055, 0.176, 0.274, 0.084, 0.102, 0.309) (0.059, 0.159, 0.275, 0.100, 0.100, 0.308)
4.2.3. Step 3: Adjustment of the Triangular Fuzzy Weight
In order to make the weight value conform to the definition of a fuzzy number:
Wi < Wiy, < Wy, the weight value obtained in step 2 needs to be re-adjusted by the
algorithms in Equations (3) and (4) (K; is used to adjust W, while K, is used to adjust W),
and then Equation (5) is used to calculate the adjusted triangular fuzzy weight vector. The
calculation results are shown in Table 6.
Kl:mm{ Zmlglgn}:mzn{lm,zm,---,nm} (3)
Wi w1 Wy Wi
w; . Wim W w
Ku—max{ S 1§1§n}—max{ Im Z2m .. "m} 4)
Wiy Wiy Way Wnu
W/ =K xW
LW 5
Wi =K, x W,
Table 6. Adjustment of the triangular fuzzy weight vector (rounded to the third decimal place).
Experts K; W? K, Wf‘
1 0.981 (0.071, 0.059, 0.388, 0.345, 0.040, 0.079) 1.019 (0.071, 0.067, 0.389, 0.363, 0.045, 0.085)
2 0.909 (0.053, 0.295, 0.047, 0.417, 0.070, 0.027) 1.092 (0.060, 0.354, 0.047, 0.515, 0.082, 0.033)
3 0.969 (0.190, 0.095, 0.063, 0.066, 0.268, 0.287) 1.014 (0.197, 0.099, 0.065, 0.070, 0.285, 0.299)
4 0.941 (0.045, 0.174, 0.219, 0.097, 0.131, 0.275) 1.064 (0.048, 0.197, 0.221, 0.103, 0.146, 0.350)
5 0.938 (0.277, 0.139, 0.333, 0.098, 0.024, 0.067) 1.026 (0.317, 0.159, 0.356, 0.098, 0.025, 0.071)
6 0.958 (0.323, 0.112, 0.363, 0.074, 0.035, 0.050) 1.049 (0.339, 0.148, 0.363, 0.093, 0.044, 0.062)
7 0.912 (0.152, 0.026, 0.259, 0.090, 0.215, 0.171) 1.067 (0.152,0.027, 0.277, 0.115, 0.304, 0.192)
8 0.979 (0.317, 0.035, 0.091, 0.356, 0.049, 0.132) 1.032 (0.332, 0.041, 0.098, 0.356, 0.058, 0.148)
9 0.948 (0.219, 0.191, 0.371, 0.089, 0.040, 0.039) 1.053 (0.219, 0.223, 0.405, 0.115, 0.048, 0.045)
10 0.957 (0.050, 0.134, 0.508, 0.036, 0.044, 0.185) 1.017 (0.055, 0.162, 0.524, 0.042, 0.045, 0.190)
11 0.960 (0.041, 0.322, 0.223, 0.223, 0.035, 0.115) 1.038 (0.041, 0.345, 0.239, 0.239, 0.043, 0.132)
12 0.899 (0.027, 0.238, 0.216, 0.243, 0.143, 0.032) 1.106 (0.027, 0.337, 0.273, 0.243, 0.189, 0.037)
13 0.968 (0.117, 0.069, 0.355, 0.301, 0.043, 0.083) 1.040 (0.123, 0.072, 0.355, 0.332, 0.055, 0.102)
14 0.932 (0.063, 0.270, 0.103, 0.380, 0.093, 0.024) 1.066 (0.067, 0.330, 0.103, 0.423, 0.115, 0.029)
15 0.928 (0.189, 0.082, 0.106, 0.039, 0.296, 0.216) 1.090 (0.274, 0.087, 0.109, 0.042, 0.322, 0.256)
16 0.895 (0.048, 0.176, 0.222, 0.072, 0.099, 0.279) 1.109 (0.065, 0.176, 0.305, 0.111, 0.111, 0.342)

4.2.4. Step 4: Consistency Test

When the AHP method is used for calculation, it is necessary to check whether
the questionnaires filled out by the experts are consistent to determine their validity.
Buckley [45] defined a fuzzy pair matrix A = [Elﬂ as follows: if it is consistent, it must

satisfy A = @] (=)ax O ax; ~ @;j. At the same time, Buckley [45] also proved that
supposing A = [a;;],@;j = (wij/ Bij, vij/ 8ij), you can find an a;; to make B < a;; < v;;, Vi, j;
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if the paired comparison matrix A = [a;] is consistent, then the fuzzy positive reciprocal
matrix A will also be consistent. As the triangular fuzzy number used in this study is a
special case of the trapezoidal fuzzy number, the questionnaire filled out by the experts
can be accepted when the matrix A;;, = [ai]-m] 11 p PASSES the consistency test.

Equation (6) is the algorithm for the consistency test in this study. Table 7 reveals that
the random index (R.1.) value is 1.24 (n = 6). After calculation, the data show that 12 of the
16 questionnaires passed the consistency test (CR < 1) (Table 8 below). Four of the experts
failed the consistency test, and thus their data are not included in the calculation in Step 5.

_ / / /
cum e V() () () e
1’1—1 n wl wz wn

Table 7. Random index.

N 1 2 3 4 5 6 7 8 9 10 11 12
RI. 000 000 058 090 112 124 132 141 145 149 151 158

Table 8. Results of the consistency test of questionnaires completed by 16 experts (rounded to the

third decimal place).

Experts” Number Amax CI CR
1 6.458 0.092 0.074
2 6.586 0.117 0.094
3 6.229 0.046 0.037
4 6.601 0.120 0.097
5 6.553 0.111 0.089
6 6.438 0.088 0.071
7 6.563 0.113 0.091
8 6.591 0.118 0.095
9 6.583 0.117 0.094
10 6.566 0.113 0.091
11 6.591 0.118 0.095
12 6.598 0.120 0.096
13 7.065 0.213 0.172*
14 7.226 0.245 0.198 *
15 7.563 0.313 0.252 *
16 7.857 0.371 0.299 *

* Not consistent.

4.2.5. Step 5: Integration of Fuzzy Weights and Defuzzification
Next, Equation (7) is used to integrate the fuzzy weights of 12 experts:
(W; = (W3, Wip,, WS ),i =1, 2,---, n). The final steps need to defuzzify the triangular

fuzzy wei;;lht value. The process of defuzzification transforms the triangular fuzzy num-
ber to the best crisp value. There are many ways to defuzzify, and the center-of-gravity
method proposed by Tzeng and Teng [46] has been widely used. Therefore, this study
applies the center-of-gravity method to obtain a crisp value and the formula calculated as
in Equation (8). After calculation, the weights of the six design requirements are shown in
Table 9 below.

- (WE+W+-+WF)

W, = 5 i=1,2-,n 7)
DE, = (mi—li);_(ui—li) +ZWW,W=L 2, .n (8)
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Table 9. Weights of the design requirements (rounded to the third decimal place).
. . Triangular Fuzzy Defuzzification Normalized Fuzzy . .
Design Requirements Weight Value W; Weight Value Weight Value Weight Ranking
Al (0.147, 0.152, 0.155) 0.151 0.152 4
A2 (0.152, 0.165, 0.180) 0.166 0.166 3
A3 (0.257, 0.266, 0.271) 0.265 0.265 1
A4 (0.178, 0.187, 0.196) 0.187 0.187 2
A5 (0.091, 0.100, 0.109) 0.100 0.100 6
A6 (0.122,0.130, 0.137) 0.129 0.130 5

The order of importance for the six mask design requirements, from most to least
important, is as follows: reducing discomfort at the contact between the mask and the skin
(0.265), avoiding foul odor inside the mask (0.187), convenient cleaning and portability
(0.166), good airtightness (0.152), suitable aesthetic design for wearing in public and on
social occasions (0.130), and reducing waste (0.100).

4.3. Technical Measures for Product Development

In this study, existing mask patents as well as the related literature and technical
reports were examined to determine the feasible technology for mask design. The feasible
technology was used as the engineering technology in the QFD process. A total of 13 design
solutions were proposed for mask production (Table 10).

Table 10. Proposed technical measures.

No. Technical Measures

Bl Ergonomic contact surface for the mask

B2 No dead-ends and easy cleaning

B3 Contact surface made of cloth material

B4 Contact surface made of silicone material

B5 Exhalation valve with a spheroidal sealing element
B6 Exhalation valve with a round-slice sealing element
B7 Replaceable cotton sheet with natural plant aroma
B8 Drop in natural aromatic essential oil

B9 Repeated use, with only the local filter layer having to be replaced
B10 Use of a small-area filter layer

B11 Washable mask body

B12 Streamline body modeling

B13 Customized replaceable mask shell

4.4. Establishment of the Relation Matrix and Priority of Technical Measures

Three industrial design experts discussed the correlation of mask design requirements
with technical measures and established a relation matrix (Equation (9)). The value tmn
in the matrix represents the correlation value between m-th design requirement and n-th
technical measure. The relation matrix data obtained after expert discussion are shown in
Table 11. “Highly relevant” was assigned a score of 9, “relevant” was assigned a score of 3,
“generally relevant” was assigned a score of 1, and “not relevant” was assigned a score of 0.

f11 - b
)

tml T tmn
T : relation matrix
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Table 11. Relation matrix.

T B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13

Al 9 0 1 3 9 9 0 0 0 0 0 0 0
A2 0 9 0 3 3 0 3 0 3 3 9 3 0
A3 3 0 9 9 0 0 0 0 0 0 0 0 0
A4 0 3 0 0 9 9 9 9 0 3 0 0 0
A5 0 1 1 9 0 0 0 0 9 9 9 0 0
A6 0 0 0 0 0 0 0 0 0 0 0 3 9

A: design requirements, B: technical measures.

To obtain the priority ranking of technical measures, the weight of each design require-
ment was multiplied by the value corresponding to the technical measures in the relation
matrix. The products obtained for each technical measure were then summed to obtain
its weighted score. The calculation formula for weighted scores of the thirteen technical
measures is shown in Equation (10), and the calculation result is shown in Table 12.

6
B,= Y% [Athmn]/(n:l/ 2,---, 13)

m=1
By, : nth weighted score of technical measure, Ay, : mth weight of design requirement
(10)
Table 12. Weighted score of technical measures and priority ranking of technical measures.
No Technical Measures Weighted Scores Ranking
Bl Ergonomic contact surface for the mask 2.163 7
B2 No dead-ends and easy cleaning 2.155 8
B3 Contact surface made of cloth material 2.637 4
B4 Contact surface made of silicone material 4.239 1
B5 Exhalation valve with a spheroidal sealing element 3.549 2
B6 Exhalation valve with a round-slice sealing element 3.051 3
B7 Replaceable cotton sheet with natural plant aroma 2.181 6
B8 Drop in natural aromatic essential oil 1.683 10
B9 Repeated use, with only the local filter layer having to be replaced 1.398 11
B10 Use of a small-area filter layer 1.959 9
B11 Washable mask body 2.394 5
B12 Streamline body modeling 0.888 13
B13 Customized replaceable mask shell 1.170 12

After ranking the weighted scores of the technical measures, the priority of implement-
ing technical measures was determined. The following priority of technical measures was
obtained through QFD, from most to least important: (1) contact surface made of silicone
material; (2) exhalation valve with a spheroidal sealing element; (3) exhalation valve with
a round-slice sealing element; (4) contact surface made of cloth material; (5) washable
mask body; (6) replaceable cotton sheet with natural plant aroma; (7) ergonomic contact
surface for the mask; (8) no dead-ends and easy cleaning; (9) use of a small-area filter layer;
(10) infusion of natural aromatic essential oil; (11) repeated use, with only the local filter
layer having to be replaced; (12) customized replaceable mask shell; and (13) streamline
body modeling (House of Quality, Figure 2).

4.5. Designed Product

Based on the technical measures presented in the House of Quality, an innovative
mask was designed by three industrial design experts of this study. The innovative mask
has a reusable one-piece design, and only its local filter layer must be replaced (Figure 3).
The characteristics of the designed mask are as follows:
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Technical measures
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e
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c
=
3 | A5 Reducing mask waste 0.100 1 1 9 9 9 9
o
A6 Sulta_ble aesthetufdesngn f_orwearlngln 0.130 3 9
public and on social occasions
Weighted score of technical measures 2163 | 2155 | 2637 | 4239|3549 | 3051|2181 | 1683 (1.398 | 1959 [ 2394 | 0.888 | 1.170

The priority ranking of technical measures

Figure 2. House of Quality.

To achieve comfort and airtightness, medical-grade silicone pads were designed
with consideration to human factors and customized replacement was conducted
according to the user’s face shape.

To solve the problem of a stuffy smell inside the mask, an exhalation valve with a
spherical sealing element was used to effectively circulate the air inside the mask.
An opening was designed on the side of the outer cover of the exhalation valve to
reduce the inhalation of dust from the environment. A replacement filter screen with
fragrance from natural ingredients was used at the air-intake point for the user to
breathe well.

The mask had a streamlined design with round guide angles. Moreover, its com-
ponents were easy to disassemble, clean, and maintain. Polylactic acid was used
for environmental protection and to enhance durability. An exhalation valve with a
spherical sealing element was used. This valve was convenient to clean and maintain.
To cope with the requirement to wear masks in the midst of the pandemic, a so-
cially appropriate mask design was developed. A magnetic suction decorative sheet
was adopted in the outer ring of the air inlet of the mask. To express themselves
aesthetically, users can adopt one of many differently colored styles that they prefer.
To reduce the waste caused by the use of traditional masks, a small-area filter layer
was installed at the air inlet. This layer can be changed according to the use case.

4.6. Design Evaluation

In this study, to verify the suitability of the developed mask design, 64 experts were
invited to fill in evaluation questionnaires, and the FCE method was used to analyze their
evaluations. The group of 64 experts comprised 35 men and 29 women. In total, 14 experts
(21.9%) were <20 years old, 27 experts (42.2%) were 21-30 years old, 21 experts (32.8%)
were 31-40 years old, and two experts (3.1%) were >41 years old. In total, 21 experts (32.8%)
had received university or college education, 37 experts (57.8%) had a master’s degree,
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and six experts (9.4%) had a doctorate. In total, 43 experts (67.2%) specialized in industrial
design, three experts (4.7%) specialized in medical care, and 18 experts (28.1%) specialized
in design. In total, 41 experts (64.1%) had <5 years of work experience, 18 experts (28.1%)
had 6-10 years of work experience, four experts (6.3%) had 11-15 years of work experience,

and one expert (1.6%) had >15 years of work experience.
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The evaluation indices constituted the six design requirements for QFD, and the
weight of each evaluation index, indicating its importance, was determined through the
FAHP (Table 9). The evaluation grades were “very bad”, “bad”, “average”, “good”,
and “very good”. The aforementioned five grades were mathematically expressed as
follows: v = {V1, V2, V3, V4, V5] = {very bad, bad, average, good, very good}. The experts
evaluated the proposed innovative mask according to the factors of each dimension. The
evaluation results were arranged into a factor evaluation matrix R (Equation (11)). The
value (fmn) in the matrix represents the percentage of votes for the n'' evaluation grades in
the m-th design requirement, and the data of the matrix are shown in Table 13.

LSS R &
R = : : ,(m=1,2,---,6,n=1,2,---,5) (11)

Tm1 - Vmn

Table 13. Evaluation metrics R (rounded to the second decimal place).

R A% V2 V3 V4 V5
Al 0 0.03 0.16 0.59 0.22
A2 0.02 0.16 0.31 0.38 0.14
A3 0 0.03 0.28 0.50 0.19
Ad 0 0.02 0.20 0.50 0.28
A5 0 0.05 0.08 0.55 0.33
A6 0.03 0.17 0.52 0.17 0.11

The result in the dimension of “good airtightness” shows that 22% of experts rated
the innovative mask as “very good”, 59% as “good”, 16% as “average”, 3% as “bad”, and
none as “very bad”. The result in the dimension of “convenient cleaning and portability”
shows that 14% of experts rated the innovative mask as “very good”, 38% as “good”,
31% as “average”, 16% as “bad”, and 2% as “very bad”. The result in the dimension of
“reducing discomfort at the contact between the mask and the skin” shows that 19% of
experts rated the innovative mask as “very good”, 50% as “good”, 28% as “average”, 3%
as “bad”, and none as “very bad”. The result in the dimension of “avoiding foul odor
inside the mask” shows that 28% of experts rated the innovative mask as “very good”,
50% as “good”, 20% as “average”, 2% as “bad”, and none as “very bad”. The result in
the dimension of “reducing mask waste” shows that 33% of experts rated the innovative
mask as “very good”, 55% as “good”, 8% as “average”, 5% as “bad”, and none as “very
bad” The result in the dimension of “suitable aesthetic design for wearing in public and
on social occasions” shows that 11% of experts rated the innovative mask as “very good”,
17% as “good”, 52% as “average”, 17% as “bad”, and 3% as “very bad”. According to the
statistical results for various design requirements, 81% of the experts evaluated the design
results as “good” or “very good” for the dimension of “good airtightness.” A total of 52%,
69%, 78%, 88%, and 28% of the experts evaluated the design results as “good” or “very

a7

good” for the dimensions of “convenient cleaning and portability”, “reducing discomfort
at the contact between the mask and the skin”, “avoiding foul odor inside the mask”,
“reducing mask waste”, and “suitable aesthetic design for wearing in public and on social
occasions”, respectively. Displaying results from the data, the innovative mask receives
the most positive evaluation from the experts in the dimensions of “good airtightness”,
“avoiding foul odor inside the mask”, and “reducing mask waste”. This also shows that
most experts believe that this design can meet the needs of users mentioned above. On the
other hand, the dimension of “suitable aesthetic design for wearing in public and on social
occasions” received the lowest percentage of positive evaluation from the experts, which
most experts rated as “average”, and therefore we suggest exploring the aesthetic of mask
design to improve the appearance in the future.
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After obtaining the factor evaluation matrix, first-level FCE was conducted. The
adopted calculation formula was:

LS R S V7!
B = AR:(ﬂl,az,...,ﬂm) :(bl,bz,...,bn)
(12)
Tmi  Tmn
i=1
b]'I \/((/liAT’ij) (jZl,Z,...,ﬂ)

m

The vector A was the weight of each design requirement.

The FCE vector and standardized FCE vector were calculated (Table 14). A total
of 21%, 29%, 29%, 18%, and 3% of the experts evaluated the innovative mask design as
“very good”, “good”, “general”, “bad”, and “very bad”, respectively. Thus, 50% of the
experts evaluated the design results as “good” or “very good”. From the perspective of
the maximum degree of membership, the experts rated the design proposal as “good”. In
general, the experts believe that the innovative mask proposed in this study can meet the
user’s needs.

Table 14. FCE vector and standardized FCE vector (rounded to the second decimal place).

FCE Vector 0.03 0.16 0.27 0.27 0.19
Standardization 0.03 0.18 0.29 0.29 0.21

5. Conclusions, Limitations, and Future Work

A closely interconnected world demands caution in the face of unknown infectious
diseases. Scholars also appeal that it is necessary to integrate experts in the fields of
government, social work, science, medicine, and pharmaceuticals to avoid the pandemic’s
continued deterioration [47]. In this study, we developed an innovative face mask under the
basis of industrial design. The mask accords with people’s daily requirements, especially
in reducing the problem of odors in mask wearing. Moreover, the issue of environmental
sustainability was considered to cope with the new normal of mask wearing. In addition
to technological breakthroughs, user demands are combined with engineering for product
demand to be translated into practical technological innovation from the perspective of
users. In this study, the FAHP was used to accurately analyze experts” opinions and fuzzy
answers in response to the research topic. The experts who participated in this study
believed that a suitably designed mask should primarily be highly comfortable and cause
less skin irritation than traditional masks do. Improving the stuffy odor caused by the
prolonged wearing of traditional masks is a secondary demand.

In this study, a reusable mask was designed through a systematic method based on a
modular design concept. A customized medical silicone material pad, an exhalation valve,
aromatic cotton sheets with natural plant fragrance, and a small-area filter layer were used
to achieve user comfort, solve the problem of stuffy odors, and reduce waste. The developed
mask design has a smooth and streamlined appearance. Moreover, the developed mask can
be conveniently disassembled, which makes it easy to clean and maintain. Users can change
the appearance and color of the designed mask according to their personal preferences
and social occasion. Fuzzy decisions that may arise from expert opinions can be evaluated
by comprehensively assessing design outputs through FCE. According to the evaluation
results, 50% of the experts believed that the design results were “good” or “very good”.
Moreover, only 29% of the experts believed that the evaluation results were “average”.
The aforementioned results demonstrate that the proposed innovative mask design can
meet the requirements of most users and can overcome the drawbacks of existing masks.
Limited research has been conducted on the development of new masks. In this study,
the demands for future mask development were explored through systematic methods,
and feasible strategies were provided for mask development and design. This study also
presented a feasible solution for controlling the spread of the SARS-CoV-2. There were
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some limitations to the study. A product needs to go through many stages of development
before launching in the market, including front-end design (explore the user needs, related
technology research, drafting design strategies, form, functionality, etc.), product sampling
and testing, and mass production. Each stage needs to go through continuous testing
and adjustment. Specifically, this research focused on the category of front-end design
and visualized the mask based on the research result. Therefore, there were no samples
manufactured for the actual wearing test. We suggest that future follow-up studies can
further make samples of this mask, explore the susceptibility feedback of people wearing it
from the perspective of ergonomics, and conduct experiments to verify the effectiveness of
reducing the spread of SARS-CoV-2.

Author Contributions: Conceptualization, S.-F.L., ].-EC. and M.-H.W.; methodology, S.-F.L. and
J.-EC.; validation, S.-EL. and J.-E.C.; formal analysis, J.-F.C.; investigation, S.-F.L. and ].-E.C.; writing—
original draft, S.-FL. and J.-E.C.; writing—review and editing, S.-F.L. and J.-E.C.; visualization, J.-E.C.
and M.-H.W.,; supervision, S.-F.L.; project administration, S.-F.L. and ].-E.C. All authors have read and
agreed to the published version of the manuscript.

Funding: The partial publication fee of this research will be subsidized by the Taiwan Ministry of
Science and Technology Project (MOST 109-2221-E-006-145-).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

Pathak, M.; Patel, S.K,; Jigyasa, R.; Tiwari, R.; Dhama, K.; Sah, R.; Rabaan, A.A.; Bonilla-Aldana, D.K.; Rodriguez-Morales, A.J.
Global Threat of SARS-CoV-2/COVID-19 and the Need for More and Better Diagnostic Tools. Arch. Med. Res. 2020, 51, 450-452.
[CrossRef]

Ramos-Zuiiiga, R. Subsequent Curves of COVID-19 in Society. Arch. Med. Res. 2021, 52, 121-122. [CrossRef]

Tiwari Pandey, A.; Pandey, I.; Zamboni, P.; Gemmati, D.; Kanase, A.; Singh, A.V.; Singh, M.P. Traditional Herbal Remedies
with a Multifunctional Therapeutic Approach as an Implication in COVID-19 Associated Co-Infections. Coatings 2020, 10, 761.
[CrossRef]

Chen, X,; Liao, B.; Cheng, L.; Peng, X,; Xu, X,; Li, Y;; Hu, T; Li, ].; Zhou, X; Ren, B. The microbial coinfection in COVID-19. Appl.
Microbiol. Biotechnol. 2020, 104, 7777-7785. [CrossRef] [PubMed]

Rocha, I.C.N.; Hasan, M.M.; Goyal, S.; Patel, T,; Jain, S.; Ghosh, A.; Cedefio, T.D.D. COVID-19 and mucormycosis syndemic:
Double health threat to a collapsing healthcare system in India. Trop. Med. Int. Health 2021, 3. [CrossRef]

Pal, R.; Singh, B.; Bhadada, S.K.; Banerjee, M.; Bhogal, R.S.; Hage, N.; Kumar, A. COVID-19-associated mucormycosis: An
updated systematic review of literature. Mycoses 2021, 8. [CrossRef]

Mukhra, R.; Krishan, K.; Kanchan, T. COVID-19 Sets off Mass Migration in India. Arch. Med. Res. 2020, 51, 736-738. [CrossRef]
[PubMed]

Ita, K. Coronavirus Disease (COVID-19): Current Status and Prospects for Drug and Vaccine Development. Arch. Med. Res. 2021,
52,15-24. [CrossRef] [PubMed]

Adhikari, S.P; Meng, S.; Wu, Y,; Mao, Y.; Ye, R.; Wang, Q.; Chang, S.; Sean, S.; Rozelle, S.; Raat, H.; et al. Epidemiology, causes,
clinical manifestation and diagnosis, prevention and control of coronavirus disease (COVID-19) during the early outbreak period:
A scoping review. Infect. Dis. Poverty 2020, 9, 29. [CrossRef] [PubMed]

Leung, N.H.L.; Chu, D.K.W,; Shiu, E.Y.C.; Chan, K.; McDevitt, ].].; Hau, B.J.P,; Yen, H.; Li, Y.; Ip, D.K.M.; Peiris, ].5S.M.; et al.
Respiratory virus shedding in exhaled breath and efficacy of face masks. Nat. Med. 2020, 26, 676—-680. [CrossRef]

Malik, T. COVID-19 and the efficacy of different types of respiratory protective equipment used by health care providers in a
health care setting. Cureus 2020, 12, 10-12. [CrossRef]

Wang, M.\W.; Zhou, M.Y.; Ji, G.H.; Ye, L.; Cheng, Y.R.; Feng, Z.H.; Chen, J. Mask crisis during the COVID-19 outbreak. Eur. Rev.
Med. Pharmacol. Sci. 2020, 24, 3397-3399.

Leung, C.C.; Lam, T.H.; Cheng, K.K. Mass masking in the COVID-19 epidemic: People need guidance. Lancet 2020, 395, 945.
[CrossRef]

Wang, X.; Zhang, X.; He, J. Challenges to the system of reserve medical supplies for public health emergencies: Reflections on the
outbreak of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) epidemic in China. BioScience Trends 2020, 14, 3-8.
[CrossRef]


http://doi.org/10.1016/j.arcmed.2020.04.003
http://doi.org/10.1016/j.arcmed.2020.09.012
http://doi.org/10.3390/coatings10080761
http://doi.org/10.1007/s00253-020-10814-6
http://www.ncbi.nlm.nih.gov/pubmed/32780290
http://doi.org/10.1111/tmi.13641
http://doi.org/10.1111/myc.13338
http://doi.org/10.1016/j.arcmed.2020.06.003
http://www.ncbi.nlm.nih.gov/pubmed/32553460
http://doi.org/10.1016/j.arcmed.2020.09.010
http://www.ncbi.nlm.nih.gov/pubmed/32950264
http://doi.org/10.1186/s40249-020-00646-x
http://www.ncbi.nlm.nih.gov/pubmed/32183901
http://doi.org/10.1038/s41591-020-0843-2
http://doi.org/10.7759/cureus.7621
http://doi.org/10.1016/S0140-6736(20)30520-1
http://doi.org/10.5582/bst.2020.01043

Sustainability 2021, 13, 8011 17 of 18

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.
40.

41.
42.

Zhu, S.; Xie, K.; Gui, P. Dynamic Adjustment Mechanism and Differential Game Model Construction of Mask Emergency Supply
Chain Cooperation Based on COVID-19 Outbreak. Sustainability 2021, 13, 1115. [CrossRef]

Kim, H. Lesson learned from the power of open data: Resolving the mask shortage problem caused by COVID-19 in South Korea.
Sustainability 2021, 13, 1-13.

No Shortage of Surgical Masks at the Beach. Available online: http://oceansasia.org/beach-mask-coronavirus/ (accessed on 28
February 2020).

Saadat, S.; Rawtani, D.; Hussain, C.M. Environmental perspective of COVID-19. Sci. Total Environ. 2020, 728, 138870. [CrossRef]
[PubMed]

Feng, S.; Shen, C.; Xia, N.; Song, W.; Fan, M.; Cowling, B.]. Rational use of face masks in the COVID-19 pandemic. Lancet Respir.
Med. 2020, 8, 434-436. [CrossRef]

Schmutz, M.; Hischier, R.; Batt, T.; Wick, P.; Nowack, B.; Wéager, P; Som, C. Cotton and surgical masks—What ecological factors
are relevant for their sustainability? Sustainability 2020, 12, 10245.

Phan, T.L.; Ching, C.T.S. A Reusable Mask for Coronavirus Disease 2019 (COVID-19). Arch. Med. Res. 2020, 51, 455-457.
[CrossRef]

Hsiao, P.C.; Li, S.Y,; Kang, C.Y.; Ko, K.H. Investigation the protective effect of the common medical masks and the satisfication of
the medical users in Taiwan. Chin. J. Occup. Med. 2018, 25, 283-292.

O’Connor, Z.; Huellewig, D.; Sithiyopasakul, P.; Morris, ].A.; Gan, C.; Ballard, D.H. 3D printed mask extenders as a supplement
to isolation masks to relieve posterior auricular discomfort: An innovative 3D printing response to the COVID-19 pandemic.
3d Print. Med. 2020, 6, 27. [CrossRef] [PubMed]

Agarwal, P.; Sharma, D. How to Prevent Fogging of Spectacle Glasses When Wearing a Face Mask. Indian J. Surg. 2021, 10-11.
[CrossRef]

Mastropasqua, L.; Lanzini, M.; Brescia, L.; D’Aloisio, R.; Nubile, M.; Ciancaglini, M.; D’Amario, C.; Agnifili, L.; Mastropasqua, R.
Face Mask-Related Ocular Surface Modifications During COVID-19 Pandemic: A Clinical, In Vivo Confocal Microscopy, and
Immune-Cytology Study. Transl. Vis. Sci. Technol. 2021, 10, 22. [CrossRef]

Huang, L.; Xu, S.; Wang, Z.; Xue, K; Su, J.; Song, Y.; Chen, S.; Zhu, C.; Tang, B.Z.; Ye, R. Self-Reporting and Photothermally
Enhanced Rapid Bacterial Killing on a Laser-Induced Graphene Mask. ACS Nano 2020, 14, 12045-12053. [CrossRef] [PubMed]
Xiong, S.-W.; Fu, P;; Zou, Q.; Chen, L.; Jiang, M.; Zhang, P; Wang, Z.; Cui, L.; Guo, H.; Gai, J.-G. Heat Conduction and
Antibacterial Hexagonal Boron Nitride /Polypropylene Nanocomposite Fibrous Membranes for Face Masks with Long-Time
Wearing Performance. ACS Appl. Mater. Interfaces 2021, 13, 196-206. [CrossRef] [PubMed]

Balachandar, V.; Mahalaxmi, I.; Kaavya, J.; Vivekanandhan, G.; Ajithkumar, S.; Arul, N.; Singaravelu, G.; Kumar, N.S.; Devi, S.
COVID-19: Emerging protective measures. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 3422-3425.

Faridi, S.; Nodehi, R.N.; Sadeghian, S.; Tajdini, M.; Hoseini, M.; Yunesian, M.; Nazmara, S.; Hassanvand, M.S.; Naddafi, K. Can
respirator face masks in a developing country reduce exposure to ambient particulate matter? J. Expo. Sci. Environ. Epidemiol.
2020, 30, 606-617. [CrossRef]

Bergquist, K.; Abeysekera, J. Quality Function Deployment (QFD)—A means for developing usable products. Int. . Ind. Ergon.
1996, 18, 269-275. [CrossRef]

Bicknell, B.; Bicknell, K.D. The Road Map to Reportable Success: Using QFD to Implement Change; CRC Press: Boca Raton, FL,
USA, 1995.

Moskowitz, H.; Kim, K.J. QFD optimizer: A novice friendly quality function deployment decision support system for optimizing
product designs. Comput. Ind. Eng. 1997, 32, 641-655. [CrossRef]

Pullman, M.E.; Moore, W.L.; Wardell, D.G. A comparison of quality function deployment and conjoint analysis in new product
design. J. Prod. Innov. Manag. 2002, 19, 354-364. [CrossRef]

Marsot, J. QFD: A methodological tool for integration of ergonomics at the design stage. Appl. Ergon. 2005, 36, 185-192. [CrossRef]
[PubMed]

Ginting, R.; Ali, A.Y. TRIZ or DFMA combined with QFD as product design methodology: A review. Pertanika J. Sci. Technol.
2016, 24, 1-25.

Kang, X. Aesthetic product design combining with rough set theory and fuzzy quality function deployment. |. Intell. Fuzzy Syst.
2020, 39, 1131-1146. [CrossRef]

Mistarihi, M.Z.; Okour, R.A.; Mumani, A.A. An integration of a QFD model with Fuzzy-ANP approach for determining the
importance weights for engineering characteristics of the proposed wheelchair design. Appl. Soft Comput. . 2020, 90, 106136.
[CrossRef]

Shvetsova, O.A.; Park, S.C.; Lee, ].H. Application of Quality Function Deployment for Product Design Concept Selection. Appl.
Sci. 2021, 11, 2681. [CrossRef]

De Oliveira, L.M.V.; dos Santos, H.E.,; de Almeida, M.R.; Costa, J.A.F. Quality Function Deployment and Analytic Hierarchy
Process: A literature review of their joint application. Concurr. Eng. 2020, 28, 239-251. [CrossRef]

Csutora, R.; Buckley, ].J. Fuzzy hierarchical analysis: The Lambda-Max method. Fuzzy Sets Syst. 2001, 120, 181-195. [CrossRef]
Chueh, S.L. Application of Fuzzy Mathematics; Scientific Press: New Taipei City, China, 2001.

Feng, S.; Xu, L.D. Decision support for fuzzy comprehensive evaluation of urban development. Fuzzy Sets Syst. 1999, 105, 1-12.
[CrossRef]


http://doi.org/10.3390/su13031115
http://oceansasia.org/beach-mask-coronavirus/
http://doi.org/10.1016/j.scitotenv.2020.138870
http://www.ncbi.nlm.nih.gov/pubmed/32335408
http://doi.org/10.1016/S2213-2600(20)30134-X
http://doi.org/10.1016/j.arcmed.2020.04.001
http://doi.org/10.1186/s41205-020-00080-7
http://www.ncbi.nlm.nih.gov/pubmed/32990872
http://doi.org/10.1007/s12262-021-02729-x
http://doi.org/10.1167/tvst.10.3.22
http://doi.org/10.1021/acsnano.0c05330
http://www.ncbi.nlm.nih.gov/pubmed/32790338
http://doi.org/10.1021/acsami.0c17800
http://www.ncbi.nlm.nih.gov/pubmed/33356094
http://doi.org/10.1038/s41370-020-0222-6
http://doi.org/10.1016/0169-8141(95)00051-8
http://doi.org/10.1016/S0360-8352(96)00309-9
http://doi.org/10.1111/1540-5885.1950354
http://doi.org/10.1016/j.apergo.2004.10.005
http://www.ncbi.nlm.nih.gov/pubmed/15694072
http://doi.org/10.3233/JIFS-192032
http://doi.org/10.1016/j.asoc.2020.106136
http://doi.org/10.3390/app11062681
http://doi.org/10.1177/1063293X20958936
http://doi.org/10.1016/S0165-0114(99)00155-4
http://doi.org/10.1016/S0165-0114(97)00229-7

Sustainability 2021, 13, 8011 18 of 18

43.

44.

45.
46.

47.

Ji, S.; Li, X.; Ma, Y.; Cai, H. Optimal tolerance allocation based on fuzzy comprehensive evaluation and genetic algorithm. Int. J.
Adv. Manuf. Technol. 2000, 16, 461-468. [CrossRef]

Ma, L.; Xu, Y.; Zheng, J.; Dai, X. Reconfigurability evaluation of multifunctional intelligent boom sprayer based on fuzzy
comprehensive evaluation. Math. Probl. Eng. 2020, 2020, 1-10. [CrossRef]

Buckley, ].J. Fuzzy Heirarchical Analysis. Fuzzy Sets Syst. 1985, 17, 233-247. [CrossRef]

Tzeng, G.H.; Teng, ].Y. Transportation investment project selection with fuzzy multiobjectives. Transp. Plan. Technol. 1993, 17,
91-112. [CrossRef]

Chakraborty, C.; Sharma, A.R.; Sharma, G.; Bhattacharya, M.; Saha, R.P,; Lee, S.S. Extensive Partnership, Collaboration, and
Teamwork is Required to Stop the COVID-19 Outbreak. Arch. Med. Res. 2020, 51, 728-730. [CrossRef] [PubMed]


http://doi.org/10.1007/s001700070053
http://doi.org/10.1155/2020/7167193
http://doi.org/10.1016/0165-0114(85)90090-9
http://doi.org/10.1080/03081069308717504
http://doi.org/10.1016/j.arcmed.2020.05.021
http://www.ncbi.nlm.nih.gov/pubmed/32532523

	Introduction 
	Literature Review 
	Correlational Research on Masks’ Reduction 
	Enhance the Wearing Experience of Masks 

	Methodology 
	Quality Function Deployment 
	Fuzzy Analytic Hierarchy Process 
	Fuzzy Comprehensive Evaluation 

	Research Execution and Analysis 
	Mask Design Requirements 
	Weight of Each Design Requirement 
	Step 1: Establishment of a Fuzzy Positive Reciprocal Matrix 
	Step 2: The -Cut Method Is Used to Calculate the Fuzzy Weight Vector 
	Step 3: Adjustment of the Triangular Fuzzy Weight 
	Step 4: Consistency Test 
	Step 5: Integration of Fuzzy Weights and Defuzzification 

	Technical Measures for Product Development 
	Establishment of the Relation Matrix and Priority of Technical Measures 
	Designed Product 
	Design Evaluation 

	Conclusions, Limitations, and Future Work 
	References

