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Kevlar 29 is the most widely used synthetic fiber for body armor applications and

they have been derived from petroleum based resources. Depletion of petroleum

resources and the increase in awareness about the eco-friendly materials encouraged

the researchers to explore the potential use of natural fiber as an alternative for synthetic

fibers. Hybridization of natural fiber with synthetic fiber will result in unique properties

which is difficult to obtain from the individual fibers. In this research Analytical Hierarchy

Process (AHP) was used to identify the most suitable natural fiber to be hybridized with

Kevlar 29 fiber as a reinforcement in the polymer composites for personal body armor.

Fourteen natural fibers and seven criteria’s were selected and analyzed for hybridization

with respect to the personal body armors design specification. Cocos nucifera sheath

which is a naturally woven fiber yields the highest priority vector and it was selected as

a most promising natural fiber for hybridization with Kevlar 29 for personal body armor.

Eventually, sensitivity analysis was carried out to check the stability of the priority ranking.

Keywords: synthetic fiber, natural fiber, hybrid composites, analytical hierarchy process, personal body armor

INTRODUCTION

In olden days, the soldiers wore defensive covering to protect the body from physical attack.
Ancient body armors were made by using animal hide or plant fiber (made from cotton, thatch,
and silk in woven mat). After the arrival of metallic materials, the personal body armors were
manufactured as a plate by using iron, copper, and steel (Hani et al., 2016). The twentieth century
innovations in material science and manufacturing advancement led to the discovery of man-
made synthetic textile materials (such as fiberglass, nylon, Kevlar, etc.) that have provided personal
body armor with improved ballistic resistance. Also the density of these advanced synthetic
fibers is less than the metallic materials (Cavallaro, 2011). Now a day’s aramid fiber (Kevlar 29)
reinforced polymer composites have been widely used in personal body armor against ballistic
and blast threats (Yahaya et al., 2014). Though aramid fiber composites have higher specific
strength, corrosion resistance and impact strength, most of the fibers are manufactured from
petroleum based resources. Depletion of petroleum resources encouraged the researchers to explore
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the potential use of plant fiber as an alternative natural
reinforcement to polymeric composites. Natural fibrous material
is a potential resource in textile and other industries (Jiang et al.,
2017). As researchers focused on green composites, more number
of researches focused on replacement of synthetic fibers with
natural fibers. Themain advantage of hybrid composites lie in the
ability to combine the advantages of their individual constituents.
Moreover, it is an effective way of reducing the overall material
cost.

In advanced materials research, selection of suitable candidate
material for a particular application has become increasingly
crucial to achieve both customer satisfaction and eco-friendly
design. Multi criteria decision making technique is widely used
to identify the most suitable materials for a particular application
(Al-oqla et al., 2015a,b). Among the multi-criteria decision-
making techniques (WPIM, TOPSIS, and AHP), AHP was
extensively used in various material selection scenarios (Mansor
et al., 2013). It was developed in the 70’s by Thomas (Da silva
neves and Camanho, 2015). Generally, AHP is used to select the
most suitable alternative for a particular application or project.
AHP process starts with goal setting followed by criteria’s and
alternatives selection. The final ranking of the alternatives mainly
depends upon the criteria weightage and the relative importance
of the alternatives. The plant fiber for vehicle spall liner was
selected using AHP (Yahaya et al., 2014). Seven criteria’s and
14 natural fibers were taken into account. They have chosen
kenaf as a potential natural fiber for hybridization with Kevlar
fiber for vehicle spall liner. The natural fiber for automotive
dash board application was selected using AHP (Sapuan et al.,
2011). They have considered mechanical and physical properties
of the natural fiber as the criteria during the selection process.
Apart frommaterial selection, AHP was utilized to select the best
design among the innovative design concepts for the polymer
composites for automotive brake lever applications (Mansor
et al., 2014). Some studies have utilized both AHP and TOPSIS to
choose the best ceramic waste as a replacement for conventional
concrete with respect to compressive strength and environmental
impacts (Rashid et al., 2017). AHP was used to choose the
best alternative fuel with respect to cost and policy aspect for
the Greek road transport (Tsita and Pilavachi, 2012). Dweiri
et al. (2016) proposed a decision support model to identify
the efficient supplier in the automobile industry using AHP.
Moreover, they have evaluated their decision using sensitivity
analysis. Sensitivity analysis validates the AHP results with
different criteria weightage (Chang et al., 2007). AHP can be
implemented effectively by using the “Expert Choice” software
which is available commercially (Dalalah et al., 2010; Hani et al.,
2012; Erdogan et al., 2017).

In this research, AHP Method was employed to select the
most suitable natural or plant fiber for hybridization with
Kevlar 29 for personal body armor application. Commercially
available AHP software “expert choice 11.5” (Expert choice,
Inc. Arlington, VA) was used for fiber selection. The product

Abbreviations: PCM, Pairwise comparison matrix; WPIM, Weighted property
index method; TOPSIS, Technique for Order Preference by Similarity to
Ideal Solution; AHP, Analytical Hierarchy Process; CR, Consistency Ratio; CI,
Consistency Index; TS, Tensile strength; TM, Tensile modulus.

design specification for the personal body armor were formulated
based on the sustainability requirement and performance. The
criteria for selection are as follows: fiber orientation, cellulose,
cost, availability, density, tensile strength and young’s modulus.
During the material selection stage, 14 natural fibers have been
chosen. The pairwise comparisonmatrices of 14 alternatives have
been formulated with respect to seven criteria’s. Then pairwise
comparison matrix (PCM) of seven criteria’s was formulated
with respect to the main goal. The pairwise comparison data
were synthesized to obtain the rank of candidate materials with
respect to different criteria’s and the overall rank with respect
to the objective. The consistency ratio were also verified to
check the degree of consistency for the judgments as it should
not exceed 0.10. Eventually, sensitivity analysis was performed
to simulate the results while varying the criteria’s weightage.
Sensitivity analysis verifies the AHP results with different criteria
weightage.

PRODUCT DETAIL

Design Criteria
Personal body armor can be classified into two categories such
as soft and hard body armor (Azrin hani abdul et al., 2011).
Soft body armor contain multiple layers of fabrics up to 50
layers (Weigh below 4.5 kg). Soft body armor has to withstand
the impact of projectile up to 500 m/s (According to National
Institute of Justice (NIJ) armor standard). Further, the hard
armor has to withstand the impact of the projectile more than 500
m/s (NIJ level IIIA) when worn in conjunction with soft armor
vest (NIJ Standards, 2008; Hani et al., 2012).

In order to design the body armor ergonomically, the
following factors are important such as: mobility, weight and
comfort. Equal distribution of the weight of the body armor over
the human body avoids the user fatigue and it will not cause
any breathing troubles, especially when the temperature varies
abruptly. The challenging task while designing the personal body
armor is that the designer need to balance the level of protection
required with respect to the particular threat type. Further, the
most important factor to be considered during the personal body
armor design process is, identification of the specific threat type
such as ballistic, stab, etc. For example, body armors designed for
ballistic protection required enough yarnmobility in the weave to
avoid the premature failure and it is not recommended for stab
protection. Whereas, in stab protection the textile should have
dense weave pattern so that it can resist the sharp pointed objects.

At present, the soft body armor for ballistic protection
contains packs or panels with woven, nonwoven or combination
of woven/nonwoven fiber reinforced with polymer matrix.
Generally, woven architecture is preferred for ballistic
application. This is due to the ballistic resistance for woven
arrangement is superior to nonwoven architecture. Further
decrease in fiber diameter increases the tenacity of fiber. The
stiffness of a fiber is designated by its young’s modulus (NIJ
Standards, 2008).

The ballistic packs can prevent penetrations according to NIJ
threat categories such as: level IIA, II, IIIA, III, and level IV
with enough layers of fabrics. The standard armor test velocity
for different categories are as follows: Level IIA (373 m/s), level
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FIGURE 1 | Releasable body armor vest (with permission Cavallaro, 2011).

II (436 m/s), level III (448 m/s), level IIIA (847 m/s), and
level IV (878 m/s). Ballistic testing determines the materials
“ballistic limit” or “limit velocities.” The varieties of ballistic
limit velocities include V0, V50, and V100. V0 is the maximum
velocity at which no complete penetration will occur. V50

indicates the 50% probability of complete penetration, whereas
V100 represents the minimum velocity with 100% probability of
complete penetration.

The ballistic performance of the body armor material can be
evaluated by using energy absorption (Eabs) and ballistic limit
(V50) (Yahaya et al., 2016).Whenever a projectile ofmass “m” hits
the target with velocity “v” it possess kinetic energy. The kinetic
energy of the projectile before and after impact would be termed
as impact energy and residual energy. The difference between
impact energy and residual energy is called energy absorption.
V50 and Eabs can be calculated using the following relation

V50 =

√

V2
s − V2

r (1)

Eabs =
mv2s −mv2r

2
(2)

Where Vs is the striking velocity; Vr is the residual velocity
Energy absorption could be maximized by considering the

following fiber factors such as fiber architecture (unidirectional,
woven), stacking sequence and stitching patterns. Twenty to
Thirty layers of fabric can be used to stop the projectiles fired
from handguns. Four plates were used in the releasable body
armor vest for the US special operations command as shown in
Figure 1.

Overall the primary design criteria or the factors to be
considered for the personal body armor material selection are as
follows: performance, weight, standards, cost and environmental
issues as shown in Table 1.

The main objective of this research is choosing the best
alternative natural fiber for hybridization with kevlar29 .The
limitation of using plant fiber as a hybridizing material is
moisture absorption. Cellulose content is the main reason for the
hydrophilic nature of the plant fiber. The plant fiber which has
more cellulose content will absorb more moisture. Low cellulose
content declines the hydrophilic nature of the natural fiber and
forms a rough and hard surface which is suitable to absorb the
kinetic energy of the projectile.

Hence for this particular personal body armor application
while forming the pairwise comparison matrix (PCM) more

TABLE 1 | Factors affecting Personal body armor material selection.

Factors Specific requirement of

personal body armor

material

Corresponding natural

fiber selection criteria

1. Performance Impact strength/Ballistic

limit

Cellulose content/fiber

orientation

Tensile strength Tensile strength

stiffness Tensile modulus

2. Weight Density Density

3. Cost Raw material cost Overall Cost including

extraction and raw fiber

cost

Manufacturing cost

4. Environment Reuse and recyclability All the natural fibers are

biodegradable and

disposal is safer.

Safety during disposal

Resistance to moisture

absorption.

Low cellulose content of

the natural fiber enhances

the hydrophobic nature

5. Availability In the global and local

market

In the global and local

market

priority weightage has been given for cellulose content than other
criteria’s. The next priority has been given for fiber orientation.
Because, woven fiber reinforced polymer composites exhibited
higher ballistic performance than nonwoven fiber reinforced
polymer composites. The next priority was given to density,
tensile strength and modulus. Finally, cost and availability
was also considered during the natural fiber selection process.
Regarding the environmental issues, incorporation of natural
fiber will increase the reuse and recyclability, also natural fibers
are safer during the disposal of the product.

AHP METHODOLOGY

Goal Setting and Hierarchical Frame Work
The Figure 2 shows the general analytical hierarchy process.
Initially, the hierarchical framework for the selection of natural
fiber was formulated as shown in Figure 3. Level 1 in the
hierarchy is the overall goal of the AHP. Seven criteria’s were
selected based on the personal body amor’s design specification
as shown in level 2. Fourteen natural fibers were selected as
candidate materials for hybridization with Kevlar 29 as shown in
level 3.

PCM of Criteria and Synthesizing the
Criteria Based on the Natural Fiber
Selection
The second stage in the AHP process is formulation of PCM for
criteria’s based on the relative intensity scale values as shown in
Table 2. Then the Eigen vector (w) or the priority vector for the
criteria’s were synthesized. The Eigen vector can be calculated by
using the following relation (Hambali et al., 2010).

w =

1

n

∑n

j=1

aij
∑a

i=1 aij
, i, j = 1, 2, . . . . . . .., n. (3)

Frontiers in Materials | www.frontiersin.org 3 August 2018 | Volume 5 | Article 52

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Naveen et al. Personal Body Armor Material Selection

FIGURE 2 | General AHP methodology.

Where, w is the Eigen vector or priority vector, ai,j is the relative
intensity scale and n is the number of criteria.

Consistency Analysis and Consistency
Ratio (CR)
The third stage is to calculate the consistency ratio (CR) which
measures the consistency of the judgments. If the consistency
ratio is less than 0.1 then the judgments are consistent. However,

if the Consistency ratio is more than 0.1 then the judgments
are untrustworthy and it should be reviewed and improved.
Hambali et al. (2010) determined the consistency ratio by using
the equations as follows.

Calculation of Principal Eigen Value (λmax)

λmax =
∑n

i=1

∑n
j=1 aij wj

wi
i, j = 1, 2, . . . ., n. (4)
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FIGURE 3 | Hierarchical framework for the selection of natural fiber.

TABLE 2 | Relational data for constructing pair-wise comparisons (Chang et al.,

2007).

Relative

intensity

Definition Explanation

1 Equal importance Two activities contribute equally

(“i” is equal important to “j”)

3 Slightly importance of

one over another

“i” is slightly more important to “j”

5 Strong importance “i” is strongly important to “j”

7 Very strong importance “i” is very strongly important to “j”

9 Extreme importance “i” is extremely more importance

to “j”

2,4,6,8 Intermediate values

between two adjacent

judgment

When compromise is needed

Reciprocals If “j” is important to “i”

Where, ai,j is the relative intensity scale and w is the Eigen vector.

Calculation of Consistency Index (CI)

CI = (λmax − n)/(n− 1) (5)

Where, n is the no of criterion.

Calculation of Consistency Ratio(CR)

CR = CI/RI

Where, CI is the consistency index and RI is the Random
consistency index. The RI value can be obtained from Table 3.

TABLE 3 | Average Random Consistency (Al-harbi, 2001; Dweiri and Al-oqla,

2006).

Size

of the

matrix

1 2 3 4 5 6 7 8 9 10

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49

Formulating PCM of Candidate Materials
and Synthesizing the Candidate Materials
With Respect to Criteria
The Fourth stage in the AHP process is formulation of PCM for
the candidate materials with respect to all the criteria’s. Then the
Eigen vector (w) for the alternatives for each the criteria’s were
calculated.

Global Priority Vector
The fifth stage in the analytical hierarchical process is formulation
of global priority vector by multiplying priority vector matrix for
the candidate materials and priority vector for the criteria.

Evaluation and Selection of Best
Alternative
The final stage is identification and selection of best candidate
material based on the ranking of global priority vector. The
priority vector which scores highest value will be a best alternative
material for the proposed personal body armor application.

IMPORTANCE OF CRITERIA IN THE
SELECTION OF NATURAL FIBER

Cellulose
Plant fibers would be termed as “natural composites” which
contains cellulose fibrils incorporated in the lignin matrix
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.Cellulose is a natural chemical and it is available in all the
natural fibers (Sathishkumar et al., 2014). It is a linear homo
polymer made up of D-glucopyranose units interlinked with
β- 1, 4 glycosidic bonds. It consists of carbon, hydrogen and
oxygen in the followingmass percentages 44.44, 6.17, and 49.39%,
respectively, (C6H10O5) n is the chemical formula of cellulose.
“n” represents the degree of polymerization which indicates the
amount of glucose groups ranging from hundreds to tens of
thousands or even more. It has been proven that the cellulose
consist of repeated dehydrated glucose units. As shown in
Figure 4 the repeating unit of cellulose is termed as cellobiose
(Chen, 2014).

Among the natural fibers cotton fiber has the maximum
cellulose content while the cocos nucifera sheath possess
minimum cellulose content as shown in Table 4. All the
natural fibers contains cellulose which is the main reason
for its hydrophilic nature. Each anhydro-d-glucose element of
cellulose contains three alcohol hydroxyls. These hydroxyls forms
hydrogen bonding in between the cellulose macromolecules
and with the hydroxyl groups which is present in the air
(Bledzki et al., 1996). Highest “cellulose content” would increase
the hydrophilic nature since the cellulose forms a strong
hydrogen bond with the atmospheric air molecules. The natural
fiber which has lowest cellulose could not make a strong
hydrogen bond with the adjacent cellulose molecules and with
the moisture. This makes the surface of the natural fiber
rough and exhibits moderate interfacial interactions with the
matrix. Moreover, it declines the hydrophilic nature. Higher
ballistic limit and energy absorption could be achieved by
moderate fiber/matrix adhesion (Yahaya et al., 2016). Hence,
moderate fiber/matrix adhesion will efficiently absorb the kinetic
energy of the projectile and dissipates the impact energy
rapidly away from the impact zone. While formulating PCM
maximum relative intensity scale value has been given for the
fiber which is having low cellulose content which can absorb
the kinetic energy of the projectile and resist the moisture
absorption.

Fiber Orientation
Fiber orientation plays a vital role in the ballistic performance
of the fiber reinforced polymer composites. It has been proven
that woven fibers exhibited higher ballistic performance than
the unidirectional and short fiber reinforced polymer composites
(Yahaya et al., 2015). Moreover, dense and tightly woven natural
fibers would efficiently prevent perforation during ballistic
impact (Cavallaro, 2011). Hence, more intensity scale value was

given for naturally woven dense fibers like cocos nucifera sheath,
sugar palm fibers followed by long fibers (Sisal, banana) (Bisanda
and Ansell, 1991) and short fiber (Coir).

Density
Density is one of the major criteria in the fiber selection as
it is directly related to the comfort behavior of the personal
body armor. Density of the natural fiber significantly affects the
strength to weight ratio of the composites. Higher strength to
weight ratio of the composites has led to superior mechanical
properties. The fibers which had higher density enhances the
overall weight of the personal body armor. It severely affects
the soldier’s movability and needs a lot of human potential to
hold the body armor. Hence, it is imperative to identify the
alternative natural fiber which is having density almost similar
to or less than Kevlar fiber. Table 4 shows the density of the
candidate natural fibers and the Kevlar 29. Maximum intensity
scale value was given for the fiber which has lowest density
.Whereas, least priority value was given to the fiber which has
maximum density.

Tensile Strength
The rear side of the ballistic panel is subjected to tensile mode
of failure during ballistic impact. Hence, tensile strength is also
an important factor in the fiber selection for personal body
armor. It is the resistance offered by the material against the
externally applied tensile load with respect to area. Generally,
the tensile strength of the polymers could be improved with
the addition of fiber in the matrix because the fiber has higher
strength and stiffness than the matrix. The highest intensity
scale value was awarded to the fiber which possess maximum
tensile strength. Pineapple leaf fiber holds the maximum tensile
strength among the candidate materials which is shown in
Table 4.

Tensile Modulus
Tensile modulus is a measure of elasticity. According to hook’s
law stress is directly proportional to strain within the elastic limit.
Moreover, tensile modulus or young’s modulus (E) is the ratio
between stress and strain. Flax and pine apple leaf fiber had an
excellent tensile modulus than other natural fibers and they have
been awarded with the highest priority scale value.

Cost
The raw material cost was considered from the literature (Yahaya
et al., 2014) and from the commercial online supplier database.

FIGURE 4 | Chemical structure of cellulose.
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TABLE 4 | Cellulose and mechanical properties of alternate natural fibers and Kevlar 29.

Fibers Cellulose

(Mass %)

Density

(g/cm3)

Tensile strength

(MPa)

Young’s modulus

(GPa)

Elongation at

break (%)

References

Kenaf (K)

(Hibiscus cannabinus)

53.4 1.2–1.4 295–930 53 1.6–6.9 Khalil et al., 2010; Mansor et al.,

2013

Coconut Sheath (CS)

(Cocos nucifera sheath)

22.2% 1.3 196 5 2–5.5 Reddy et al., 2010

Oil Palm (OP)

(Elaeis guineensis)

65.0 0.7–1.55 248 3.2 2.5 Jawaid and Khalil, 2011

Flax (F) (Linum

usitatissimum)

64.1 1.4 800–1500 60–80 1.2–1.6 Gassan and Bledzki, 1996;

Mansor et al., 2013

Jute (J) (Corchorus) 64.4 1.46 400–800 10–30 1.8 Gassan and Bledzki, 1996;

Jawaid and Khalil, 2011

Hemp (H) (Cannabis) 74.4 1.48 550–900 70 1.6 Jawaid and Khalil, 2011

Ramie (R) (Boehmeria nivea) 68.6 1.5 500 44 2 Gassan and Bledzki, 1996;

Mansor et al., 2013

Coir (C) (Cocos nucifera

fiber)

32–43 1.25 220 6 15–25 Jawaid and Khalil, 2011

Sisal (S) (Agave sisalana) 65.8 1.33 600–700 38 2–3 Gassan and Bledzki, 1996;

Yahaya et al., 2014

Cotton (CT) (Gossypium) 82.7 1.51 400 12 3–10 Gassan and Bledzki, 1996;

Yahaya et al., 2014

Banana (BN) (Musa) 60–65 1.35 355 33.8 5.3 Reddy and Yang, 2005; Jawaid

and Khalil, 2011

Bagasse (B) (Gramineae

Saccharum officinarum L)

52.4 1.2 20–290 19.7–27.1 1.1 Saw and Datta, 2009; Mansor

et al., 2013

Pineapple (P) (Ananas

comosus)

81.5 1.5 170–1627 82 1–3 Devi et al., 1997; Jawaid and

Khalil, 2011

Sugar palm (SP) (Arenga

pinnata)

37.3 1.26 190.29 3.69 19.6 Ishak et al., 2013; Yahaya et al.,

2014

Kevlar 29 - 1.44 3,000 60 2.5–3.7 Yahaya et al., 2014

Highest priority scale value was given for the natural fiber which
possess low cost. However, minimum relative intensity scale
value was awarded for “cost” criteria due to the primary design
requirement of personal body armor.

Availability
Higher intensity scale value has been given for agro wastes
and widely available natural fibers. But while giving the
relative intensity sale value, “availability” has been awarded with
minimum intensity scale value .This is due to the fact that the
technical criteria’s such as cellulose, fiber orientation, density,
tensile strength and modulus were given more weightage than
availability.

PAIRWISE COMPARISON MATRIX (PCM)
OF CRITERIA’S AND ALTERNATIVES

The PCM was formulated using Expert choice v.11.5 software.
The aim of the PCM is to identify the relative importance of
criteria’s as well as alternatives which affects the overall goal
of the analytical hierarchical model. The following section will
clearly discuss about the methodology of formulating PCM in
detail.

PCM of Criteria’s
Figure 5A shows the PCM of criteria’s with respect to the goal
whereas the red colored numbers indicate that the column
member (Cellulose) is relatively more important than row
member (fiber orientation). Black colored number indicates that
the row member (fiber orientation) is relatively more important
than column member (cost).The diagonal is kept as 1, since their
corresponding row and column remains same. Moreover, the
consistency ratio is less than 0.1 which shows that the judgments
are consistent.

PCM of Alternatives With Respect to
Criteria’s
Figure 5B, shows the PCM of candidate materials with respect
to cellulose. For personal body armor application fibers which
possess lowest cellulose content was given more weightage. In
the Figure 5B all the diagonals are assigned with 1, since their
relative importance remains same. The cellulose content of
the candidate materials are given in the Table 4. The process
of assigning relative importance scale in the PCM can be
explained as follows. The cellulose content of kenaf and cocos
nucifera sheaths are 53.4 and 22.2% respectively, and their
corresponding ratio is (53.4/22.3) 2.41, which indicates that
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FIGURE 5 | (A) Pairwise comparison matrix of criteria. (B) Pairwise comparison matrix of alternatives with respect to cellulose.

cocos nucifera sheath is 2.41 times better than kenaf. Similarly
other values were assigned in the PCM based on their relative
importance with respect to cellulose. Moreover, the consistency
ratio is less than 0.1 which proves that the judgments are
consistent.

Figure 6A shows the PCM of density. The density of
candidate materials are shown in Table 4. All the diagonals
are assigned with 1, since their relative importance remains
same. The relative importance scale in the matrix were assigned
based on their corresponding ratio with respect to density
(For example: Density of kenaf is 1.4 kg/m3 and density
of Cocos nucifera sheath is 1.3 kg/m3, the density ratio is
1.08). The red colored 1.08 in the pairwise comparison matrix
indicate that the column member (Cocos nucifera sheath)
has been given more weightage than row member (Kenaf).
Similarly, all the values in the PCM were assigned based on
their relative importance with respect to density. Moreover,
the consistency ratio is less than 0.1, which shows that the
judgments are consistent for the alternatives with respect to
density.

Figure 6B shows the PCM of tensile strength. Tensile
strength of the alternatives are shown in Table 4.The tensile
strength of 1st row member (kenaf) and 1st column member
(kenaf) remains same, and it was filled with 1(similarly all
the diagonals). Tensile strength of 1st row (kenaf) member is
930 MPa and second column member (cocos nucifera sheath)
is 196 MPa. Their ratio is 4.17, which indicates that kenaf
has been given more weightage than cocos nucifera sheath
with respect to tensile strength. Similarly, all other cells were
filled with their corresponding ratios. Further, the consistency
ratio is less than 0.1, which indicates that the judgments are
consistent for the candidate materials with respect to tensile
strength.

Similarly, PCM of 14 alternatives with respect to the
remaining criteria’s (fiber orientation, tensile modulus, cost and
availability) were formulated based on the relative intensity
values.

RESULTS AND DISCUSSION

The Analytical hierarchy process has been carried out using
“Expert choice” v.11.5 software. Initially PCM of criteria
was formulated. Then pairwise comparison matrix of 14
alternatives with respect to seven criteria’s were made.
Synthesizing PCM exhibited the priority vector of criteria,
and alternatives with respect to seven criteria’s. The overall
results of the analytical hierarchy process have been verified
and validated using sensitivity analysis by changing the weights
of the main criteria on the priority ranking of candidate
materials.

Synthesizing Pairwise Judgments
Synthesizing Pairwise Judgments of Criteria’s
Figure 7A shows the synthesis of criteria with 0.02 consistency.
The Eigen vector or priority vector for cellulose is 0.245, which
is higher than the other criteria’s. The criteria ranking based
on the Eigen vector is in the following order, Cellulose > fiber
orientation > density > tensile strength > tensile modulus
> Cost > availability. From these ranking it is clear that for
personal body armor application energy absorption is a primary
factor which is directly related to the cellulose content of the
natural fiber. Lower cellulose content of the plant fiber would
improve the energy absorption and ballistic limit of the ballistic
panel. Cost and availability were assigned with least priority
vector.
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FIGURE 6 | (A) Pairwise comparison matrix of alternatives with respect to density. (B) Pairwise comparison matrix of alternatives with respect to tensile strength.

Synthesizing Pairwise Judgments of Alternatives

With Respect to Criteria
Figure 7B shows the synthesis of alternatives with respect to
cellulose. Cocos nucifera sheath scored the highest priority value
and cotton had the least priority value due to its highest cellulose
content. The alternate natural fibers ranking based on the eigen
vector with respect to cellulose, is in the following order: Cocos
nucifera sheath > Coir > Sugar palm > Bagasse > Kenaf >

Banana > Flax > Jute > Oil palm > Sisal > Ramie > Hemp >

Pine Apple> Cotton. From this synthesis it has been understood
that the fibers which scored least eigen vector seems unfit for the
body armor application.

Figure 7C shows the synthesis of candidate material with
respect to density. Bagasse fiber scored the highest priority vector
and cotton had the least priority vector. But the difference in
density of the candidate material is minimum. The alternate
natural fibers ranking with respect to density, is in the following
order: Bagasse > Coir > Sugar palm > Cocos nucifera sheath
> Sisal >Banana > Kenaf >Flax > Jute > Hemp > Oil palm >

Ramie> Pine Apple>Cotton. The candidate natural fiber which
scored least priority vector with respect to density, seems unfit for
personal body armor.

Figure 7D shows the synthesis of candidate materials with
respect to tensile strength. Pine apple and flax scored the
maximum eigen vector. Sugar palm had minimum tensile
strength among the candidate materials. Due to the less cellulose
content, oil palm, coir and cocos nucifera sheath has moderate

tensile strength than pine apple. The candidate materials ranking
with respect to tensile strength, is in the following order: Pine
Apple> Flax>Kenaf>Hemp> Jute> Sisal> Ramie>Cotton
> Banana> Bagasse>Oil palm> Coir> Cocos nucifera sheath
> Sugar palm.

Similarly synthesis of the candidate materials with respect
to the remaining criteria’s has been evaluated and the overall
synthesis results are shown in Figure 7E.

Overall Synthesizing Results
From the overall synthesis as shown in Figure 7E, it was
concluded that the cocos nucifera sheath is the most suitable
and promising natural fiber to be hybridized with Kevlar 29 for
personal body armor, as it scored the maximum priority vector
(0.115). Cotton had the least priority vector (0.046). The overall
ranking of the alternate natural fibers is in the following order:
Cocos nucifera sheath > Flax > Pine Apple > Hemp > Kenaf >
Ramie > Bagasse > Banana > Sisal> Jute > Coir > Sugar palm
> Oil palm > Cotton. Apart from that, the overall consistency
ratio for the natural fiber selection was found to be 0.01 which
is within the recommended CR value (<0.10). It has proven that
the judgments made during the natural fiber selection process is
very consistent and the suggested analysis results are acceptable.

Sensitivity Analysis
The sensitivity analysis of the natural fiber selection was
performed using “Expert Choice v 11.5” software. The aim
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FIGURE 7 | (A) Synthesis with respect to the criteria. (B) Synthesis of alternatives with respect to the cellulose. (C) Synthesis of alternatives with respect to the

density. (D) Synthesis of alternatives with respect to the tensile strength. (E) Overall synthesis with respect to the selection of natural fiber.

FIGURE 8 | Sensitivity graph of criteria with respect to goal when the priority vector of cellulose is increased by 20% (24.5–44.5%).

of the sensitivity analysis is to understand the effect of
changing weights of the main criteria on the ranking of
alternate candidate materials. The overall ranking of the
candidate natural fibers are mainly depends on the eigen

vectors assigned to the main criteria. Thus, changing the eigen
vector of the main criteria (either decreasing and increasing)
will change the ranks of the alternative candidate materials
(Mansor et al., 2013).
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FIGURE 9 | Sensitivity graph of criteria with respect to goal when the priority vector of density is increased by 20% (15.4–35.4%).

FIGURE 10 | Sensitivity graph of criteria with respect to goal when the priority vector of tensile strength is increased by 20% (13.9–33.9%).

In this research, the priority vector of each criteria was
increased by 20% to check the variation on the ranking scenarios
of the alternatives. For example the Figures 8–10 shows the
change in ranking of the alternatives when the priority vector of
the cellulose, density and tensile strength was increased by 20%
respectively. Summarized sensitivity analysis results are shown
in Table 5. From the sensitivity analysis it has been found that
among the seven criteria’s except tensile strength and tensile
modulus, the remaining five criteria’s showed that Cocos nucifera
sheath is the most promising natural material for hybridization
with Kevlar 29. Therefore, the sensitivity analysis results validates
the earlier results.

CONCLUSION

• Selection of the most suitable plant fiber to be hybridized with
Kevlar 29 in the polymer composites for personal body armor

application was performed using AHP based on the design
requirement of the product.

• Through AHP method, naturally woven novel Cocos nucifera
sheath was identified as a potential natural fiber which satisfies
the design objective and the requirements of personal body
armor.

• Consistency analysis was performed to evaluate the degree of
consistency of the obtained results and the judgments made
during pairwise comparison analysis. The overall consistency
ratio for the natural fiber selection was 0.01 which is less than
the maximum allowable CR value (<0.10), and it proves that
the judgments made during the fiber selection process is very
consistent and the suggested analysis results are acceptable.

• From the sensitivity analysis results, it was found that cocos
nucifera sheath is the most promising natural fiber to be
hybridized with Kevlar 29 fiber as it scored the highest priority
vector in five out of seven simulated scenario’s, which further
validates the results obtained through AHP.
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TABLE 5 | Overall rank when priority vector of individual criteria is increased by 20%.

Rank Fiber orientation

(increased by 20%)

Cellulose

(Increased by 20%)

Density

(Increased by 20%)

Cost

(Increased by 20%)

Availability

(Increased by 20%)

Tensile strength

(Increased by 20%)

Tensile modulus

(Increased by 20%)

1. Coconut sheath Coconut sheath Coconut sheath Coconut sheath Coconut sheath Flax Flax

2. Flax Flax Flax Banana Flax Pine Apple Pine Apple

3. Ramie Coir Pine Apple Bagasse Kenaf Coconut sheath Hemp

4. Hemp Pine Apple Hemp Flax Hemp Hemp Coconut sheath

5. Pine Apple Bagasse Kenaf Pine Apple Pine Apple Kenaf Coconut sheath

6. Kenaf Kenaf Bagasse Hemp Ramie Jute Ramie

7. Banana Hemp Ramie Sisal Banana Ramie Sisal

8. Bagasse Sugar palm Banana Jute Jute Sisal Banana

9. Sisal Ramie Sisal Kenaf Coir Banana Bagasse

10. Jute Banana Coir Oil palm Bagasse Bagasse Jute

11. Coir Sisal Jute Ramie Sisal Coir Coir

12. Sugar palm Jute Sugar palm Coir Oil palm Sugar palm Sugar palm

13. Oil palm Oil palm Oil palm Sugar palm Sugar palm Cotton Cotton

14. Cotton Cotton Cotton Cotton Cotton Oil palm Oil palm

• Overall, AHP method provides a platform to the researchers
to find the solution for the multi criteria decision making
problems effectively, though it consumes more time while
formulating PCMof the alternatives with respect to the criteria
as it requires systematic and detailed rating values.
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