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A B S T R A C T

Performances of hybrid Natural Fiber-Reinforced Composites (NFRCs) from E-glass, Nacha (Hibiscus macranthus
Hochst. Ex-A. Rich.), and Sisal (Agave sisalana) fibers are investigated for wind turbine blades applications. The
process of composite manufacturing was getting started with harvesting and extracting the fibers from undesired
constituents. To improve the interfacial interaction between fibers, it was further treated with 5% of NaOH and
remnants removal. The experiment was performed based on the Taguchi method, specifically with L16 orthogonal
array. Four levels of a natural fiber weight ratio (i.e. 5%, 10%, 15 %, and 20%) were considered during the
composite preparations process while the weight of glass fiber was maintained at 5% and 10%. The composites
are manufactured using the hand lay-up method, and the test specimens are as per American Society for Testing
and Materials (ASTM) standards. Then, tensile, compressive, and flexural tests were carried out using a universal
testing machine (UTM). Analysis of variance (ANOVA) was employed to determine the factors which affect the
experimental responses. Hence, in the main effect, it was confirmed that Nacha fiber (%wt of N) significantly
contributes to tensile, compressive, and flexural strength at a 95% level of confidence. Furthermore, the optimal
fiber compositions of composites are determined based on a higher signal-to-noise ratio (S/N) for the corre-
sponding strengths.
1. Introduction

Blades are the most important and expensive part of a wind turbine
component [1], which suffers diversified load conditions such as
dynamic-wind force, cyclic load, gravitational forces, etc [2, 3].
Considering this and other factors international protocols like ASTM,
ISO, and others are provided to meet the standard structural re-
quirements of the wind turbine blade [4]. Attempts to show a high
strength-to-weight ratio of materials must be considered during the
structural development of the blades [5, 6]. However, the blade weight is
further affected by various factors such as airfoils type [7], turbine ge-
ometry, material type, etc. Hence, proper choice of material with so-
phisticated manufacturing procedures is compulsory to provide stiffer
blade surface quality [8]. This also helps to detach undesirable external
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blade weight such as clay and snow suspended to a surface [9]. There-
fore, multi-perspective considerations such as types of wind turbine,
turbine capacity, blade material type, and blades manufacturing methods
are crucial. Wind turbine blades are manufactured from either synthetic
or natural fibers composites [10]. Now a day glass and carbon fibers are
widely incorporated in mega-scale wind power generators, while
aluminum alloy, aramid, and sometimes hybrid fibers reinforced com-
posites are applicable for medium and small scale blade designs [1, 11,
12]. Generaly speking, modern turbine blade materials are expected to
provide high energy yield, low weight, low cost, environmentally frined,
and extended durability.

Several studies show that every kW of wind power needs 10 kg of
wind turbine (WT) blade materials (10 kg/kW or 10 t/MW), predicted
that there will be nearly 50,000 tonnes of blade waste in 2020 and that
).
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this number exceeded 200,000 tonnes in 2034 [13] and it will reach 43
million tonnes by 2050 [14]. Furthermore, most recycling technologies
are in the development stage and traditional end-of-life disposal methods
allow significant environmental depletion [15, 16, 17]. Despite the
recycling process, other factors such as economic aspects of material
selection, material availability, raw material cost, and manufacturing
costs must be considered for the practical viability of the turbine [12, 18].
For these reasons, over the last few decays attempts are being made on
lingo-cellulose materials for next-generation structural applications [19],
which are readily available in plants, animal products, or other minerals
[20]. These materials are interestingly reliable and cost-effective espe-
cially for developing countries [21, 22], to capture on-site wind power by
manufacturing the blades from local composite materials [23, 24]. The
important characteristics of natural fibers include good mechanical
properties, no-environmental impacts, non-corrosive, biologically
degradable, cost-effectiveness, etc [25].

Some attempts show NRFCs are applicable for WT blade applica-
tions. For example, green materials such as brich, spruce bamboo, and
Douglas fir were being approved for large-scale HAWT in the US [26,
27, 28]. Holmes et al. [29] suggested the attractiveness of
bamboo-based composite for wind turbine blade material applications.
Shah et al. [30] further confirmed the suitability of flax reinforced
composite for wind turbine blade applications. Therefore, to enhance
the structure of the wind turbine blade, the mechanical properties
should be improved by hybridization [31, 32, 33]. This can be done by
combining two or more distinct materials together with surrounding
matrix and creating enhanced properties [34]. Alene & Tilahun [35]
studied bamboo/E-glass hybrid composite and approved at an equal
fiber weight ratio (50:50) can have sufficient potential to be used for
wind turbine blade shell design.

However, due to their hydrophilic nature and low thermal stability of
the raw fiber, mechanical behavior could be affected by the humidity [3].
This mainly affects the micro and/or macrostructure of the composite.
Hence, fiber hybridization becomes more fundamental for the better
structural performance of composites. The main aim of this paper is to
investigate the mechanical characteristics of hybrid composite material
prepared from Nacha and Sisal plant fibers, as demonstrated in Figure 1.
The properties of Nacha or Hibiscus macranthus Hochst. ex A. Rich.
which is categorized in Malvaceae family [36], and Sisal (Agave sisalana)
are investigated for wind turbine blade application. Nacha is the local
name of the plant and due to its high strength, its fiber is traditionally
used to make rope and baskets [37]. Polyester and hardener are taken as
matrix and binder for the composites. This study intends to study the
mechanical properties of hybrid composite material for wind turbine
blade applications. This may be good practice by contributing low-cost
and locally available conventional materials for sustainable power gen-
eration applications. Furthermore, this paper present the mechanical
Figure 1. Plants were used for th
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properties of a hybrid composite material made from Nacha and Sisal
plant fibers experimentally as an alternative material for wind turbine
blades.

This paper is organized into four main sections: the background of the
study is followed by a brief framework of experiment design and
methods. Finally, the results are presented with statistical analysis fol-
lowed by discussions, and remarks for future development.

2. Materials and methods

2.1. Materials

The current research is focused on the mechanical properties of a
reinforced composite made from Ethiopia's two most common plant fi-
bers. Sisal leaves and Nacha stem are collected from the Abay (Blue Nile)
river basin around Bahir-Dar city, Ethiopia. Then, commercially available
glass fiber and unsaturated polyester resins have been used because of
their short cure time and low cost [38].

2.2. Methods

The experiment encompasses, fiber extraction, composite prepara-
tion, and characterization of the samples for tensile, compressive, and
flexural strength, as shown in Figure 2.

Fiber Extraction: Sisal leaves and Nacha stems are collected from the
plant's origin manually. To easily extract the fibers from its constituents,
the leaves and stems were retted into river water for 28 and 21 days,
respectively, until a pure individual fiber was identified. This technique
was adopted to remove unwanted constituents from the fiber by allowing
microbial degradation in the water [39]. Then, it was dried with sunlight
at atmospheric conditions to remove the moisture from the fiber [40].
This extraction process is very simple, easy, cheap, and provides good
quality of fiber [41, 42]. This technique is a very common and indigenous
method in the rural areas of Ethiopia for fiber extraction for their
day-to-day application. To ensure the quality of fibers within acceptable
limits of mechanical properties, unwanted constituents such as hemi-
cellulose, lignin, and wax must be removed. Hence, chemical treatment is
allowed to improve the interfacial interaction between fiber and matrix
[43]. However, the types of treatment methods significantly affect the
mechanical property of the extracted fibers. Studies show NaOH is the
most widely used chemical treatment for fiber surface modification to
remove lingo-cellulosic components of the fiber [44, 45]. Under fiber to
matrix weight ratio 30%wt sisal fiber 5% wt of NaOH exhibited
maximum improvement in the tensile, flexural, and compressive strength
[46]. However, when the alkali concentration is increased the fiber
mechanical properties significantly worsened [47]. Hence, for this study,
5% of NaOH was undertaken during the treatment process of the fibers.
e study, (a) Nacha (b) Sisal.



Manufacturing 

composite & sizing  

Testing by UTM  

end

Analyzing the result 

& Concluding

Harvesting 

Nach, Sisal

Soaking with 

water, washing & 

drying

Treating with 

NaOH 

Preparing the fibers 

and matrix

Start

Extracting
Phase I Phase II

Figure 2. Working methodology.

Table 1. Physical and mechanical properties of individual fibers.

Material Density
(g/cm3)

Moisture content
(%)

Elongation at
Break (%)

Ref.

Nacha fiber 1.38–1.43 7.8–12.46 1.4 [37, 48]

Sisal fiber 1.2 5–6 8 [49, 50]

Glass fiber 2.5 - 0.5 [51]
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Physical properties of the fiber: In composite production, the
weight and volume fractions are determined from the fiber density,
Table 1. Mathematically it can be calculated as, Eq. (1);

ρf ¼
Mf

Lf
�
πDf

2

4

� (1)

where: ρf,Mf, Lf, and Df are the density, mass, length, and diameter of the
fiber.

Whereas the strength is dependent on the diameter of a single fiber and
it is measured by microphotographs with micrometers (μm). However, the
diameter of the fibers varies greatly because of their irregular cross-
3

sectional shape. The second important physical property to be consid-
ered in natural fiber production is moisture absorption. It is measured with
a pycnometer using the Archimedes principle, where the volume of fiber
immersed in a liquid is equal to the volume of spilled liquid, Eq. (2).



Figure 3. Composite manufacturing process.
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ρf ¼
ðm2 �m1Þρl

ðm3 �m1Þ � ðm4 �m2Þ (2)
where:

� ρf and ρl are the density of the fiber and the liquid water in the pyc-
nometer, respectively.

� m1, m2, m3, and m4 are the mass of the pycnometer alone, filled with
fiber, filled with liquid, and filled with fiber and liquid, respectively.

Composite Preparation: WT blades are subjected to diversified
loading conditions [2, 3]. So the blade designers must identify proper
fiber orientation that effectively withstands loading conditions and
prolong its service life. The ratio might be able to be expressed by weight
or by volume fraction of the components, but the fiber volume ratio can
be derived from the fiber/matrix weight ratio. For better composite
strength, the recommended fiber/matrix ratio (30%/70%) [52, 53], was
used during the composite preparation.

The spacemen preparation of composite structures starts with the
incorporation of several fibers into a thin layer of reinforcement matrix to
form ply (lamina). The arrangement of fiber laminates is considering the
major aerodynamic load along the wind turbine blades' span. Due to this
fact, the mixed type fiber orientation (i.e. 0�=90� and 45�= � 45�)
presented in [54] was considered for five-layered composite laminates of
hybrid composite.

The compression-assisted hand lay-up technique demonstrated in
Figure 3 (c), was used to increase the accuracy of fiber/matrix stacking
and reduce the voids inside the composite. Sheet boxes of size 300� 25�
2 mm were used for the molding process of tensile and flexural speci-
mens. For the compatibility of the compressive setup, the thickness of the
sheet box is slightly larger (i.e. 300 � 25 � 3 mm). Then the mixture of
resin and hardener was poured into the box and thoroughly filled. The
composites were pressed with the slab and 6.7 � 102 Pa pressure was
applied for 2 h to have the desired shape to minimize the void
Table 2. Specimen preparation standard.

Test type Specimen Standard Dimensions (mm)

Tensile ASTM D 3039 [55] 165 � 19 � 2

Flexural strength ASTM D 790 [56] 126 � 12.5 � 2

Compressive ASTM D 3410 [57,58] 37.5 � 16.5 � 3
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formations. After curing, the mold was opened and separated from the
slab, the surface was cleaned. Finally, the samples are manually cut and
whipped out using glass paper until the desired ASTM standards are
satisfied presented in Table 2.

2.2.1. Experimental design
To investigate the effect of composite %wt on mechanical properties

values statistical data analysis was used based on the Taguchi method
with signal to noise (S/N) ratio and ANOVA methods. These are the
common statistical approaches for the predictions of optimum design
results and to calculate the percentage contributions of possible re-
sponses such as tensile, flexural, and compressive strength respectively.
Table 3 demonstrate control parameters (input factors) during composite
fabrications and their levels. To ensure maximized S/N (η) ratio, Larger-
the-better Taguchi principles have been used, Eqs. (3), (4), (5), and (6).

η¼ � 10log

 
1
n

Xn
i¼1

1
yi2

!
(3)

where:n is the number of replication, yi is the observed response value,
and i ¼ 1,2…n

PC¼ SSi
SSt

� 100 (4)

SSi ¼
Xl

i¼1

�
SNRij � SNRm

� 2 (5)

SSt ¼
Xn
i¼1

ðSNRi � SNRmÞ 2 (6)

where: PC is percentage contributions, SSi is the sum of the square in ith

parameter ; SSt is the total sum of the square, SNRij is the signal-to-noise
Table 3. Levels of control factors used in the experiment.

Levels %wt of G % wt of N % of S

1 5 5 5

2 10 10 10

3 10 15 15

4 10 20 20



Figure 4. ASTM standard composites specimens (a) tensile; (b) flexural; (c) compressive.

Figure 5. Experimental setups (a) Tensile; (b) Flexural; (c) Compressive.

Table 4. Experimental results of tensile strength with a corresponding S/N ratio.

Experiments %wt
of G

%wt
of N

%wt
of S

Tensile
load (kN)

Tensile
stress (MPa)

S/N

1 1 1 1 9.4 167.857 22.45926

2 1 2 2 11.82 207.22 24.44905

3 1 3 3 10.16 181.429 23.13458

4 1 4 4 11.2 200 23.98106

5 2 1 2 10.78 192.5 23.64908

6 2 2 1 11 196.429 23.82456

7 2 3 4 10.26 183.214 23.21965

8 2 4 3 9.76 174.286 22.7857

9 3 1 3 10.86 193.929 23.7133

10 3 2 4 12.58 220.12 24.99031

11 3 3 1 10.26 183.214 23.21965

12 3 4 2 12.34 216.26 24.823

13 4 1 4 10.24 182.857 23.2027

14 4 2 3 11.54 206.071 24.24082

15 4 3 2 11.22 195.44 23.99656

16 4 4 1 11.38 203.214 24.11955

Table 5. Experimental results of flexural strength with a corresponding S/N ratio.

Experiments %wt
of G

%wt
of N

%wt
of S

Flexural
load (kN)

Flexural
stress (MPa)

S/N

1 1 1 1 12.16 217.143 24.69537

2 1 2 2 11.82 211.071 24.44905

3 1 3 3 11.76 210 24.40485

4 1 4 4 9.88 176.429 22.89184

5 2 1 2 12.24 205.87 24.72271

6 2 2 1 10.76 107.6 23.60333

7 2 3 4 11.32 113.2 24.04401

8 2 4 3 11.78 117.8 24.38999

9 3 1 3 12.48 210.43 24.89138

10 3 2 4 11.14 111.4 23.90479

11 3 3 1 11.5 115 24.18104

12 3 4 2 12.1 201.19 24.62279

13 4 1 4 12.02 192.70 24.59479

14 4 2 3 11.86 211.786 24.4784

15 4 3 2 11.94 213.214 24.53679

16 4 4 1 9.56 195.6 22.57624

T.A. Miliket et al. Heliyon 8 (2022) e09092

5



Table 6. Experimental results of compressive strength with a corresponding S/N
ratio.

Experiments %
wt
of G

%
wt
of N

%
wt
of S

Compressive
load (kN)

Compressive
stress (MPa)

S/N

1 1 1 1 12.04 267.556 24.61404

2 1 2 2 14.16 308.55 26.02278

3 1 3 3 12.74 283.111 25.1049

4 1 4 4 12.48 277.333 24.92581

5 2 1 2 11.72 260.444 24.38007

6 2 2 1 12.8 290.444 25.14607

7 2 3 4 12.52 278.222 24.9536

8 2 4 3 12 266.667 24.58514

9 3 1 3 10.36 230.222 23.30871

10 3 2 4 13.52 300.444 25.62105

11 3 3 1 13.9 291.37 25.86181

12 3 4 2 10.54 255.5 23.45973

13 4 1 4 10.86 289.47 23.72076

14 4 2 3 13.84 241.333 25.81876

15 4 3 2 13.74 307.556 25.76138

16 4 4 1 10.86 235.00 23.72141

Table 9. ANOVA for S/N ratios for compressive strength.

Source DF Seq SS Adj SS Adj MS F P

%wt of G 3 0.7732 0.77323 0.25774 0.57 0.656

%wt of N 3 8.5366 8.53661 2.84554 6.28 0.028

%wt of S 3 0.0841 0.0841 0.02803 0.06 0.978

Residual Error 6 2.7199 2.71991 0.45332

Total 15 12.1139

Table 10. Response table for S/N ratios for tensile strength.

Larger is better

Level %wt of G %wt of N %wt of S

1 23.51 23.26 23.41

2 23.37 24.38 24.23

3 24.19 23.39 23.47

4 23.89 23.93 23.85

Delta 0.82 1.12 0.82

Rank 3 1 2

Table 11. Response table for S/N ratios for flexural strength.

Larger is better
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ratio of ith parameter at jth level, SNRm is the mean signal-to-noise ratio, l
is the number of level and n is the number of experiment.

2.2.2. Mechanical tests
The specimens for mechanical tests (Figure 4) are prepared as per the

ASTM standard specified in Table 2. The dimensions of samples of the
composite were cut into the required shape using a hack saw and pol-
ished by glass paper. To increase the accuracy of the test result sixteen
sets of experiments were tested with five replications. The experiment
was conducted using UTM in the BiT available in the laboratory, shown
in Figure 5. The manufacturer specifications of the UTM include; model
WAW-600D, maximum load capacity 500kN, and the load accuracy
below �1%. The crosshead speed of the machine was maintained at 2
mm/mm under quasi-static conditions and constant temperature. During
the test, the load was continuously applied for all specimens from the
load cell until the specimen fails.

3. Results and discussion

The totals of five sample replications tests have been carried out to
increase the adequacy of the experimental results and then the average of
the tests are taken to decide the characteristics of the composite.
Table 7. ANOVA for S/N ratios for tensile strength.

Source DF Seq SS Adj SS Adj MS F P

%wt of G 3 1.6549 1.6549 0.5516 3.52 0.089

%wt of N 3 3.1787 3.1787 1.0596 6.75 0.024

%wt of S 3 1.7466 1.7466 0.5822 3.71 0.081

Residual Error 6 0.9414 0.9414 0.1569

Total 15 7.5216

Table 8. ANOVA for S/N ratios flexural strength.

Source DF Seq SS Adj SS Adj MS F P

%wt of G 3 0.284 0.284 0.09465 0.41 0.755

%wt of N 3 2.5156 2.5156 0.83852 3.59 0.086

%wt of S 3 2.2749 2.2749 0.75829 3.25 0.102

Residual Error 6 1.4008 1.4008 0.23346

Total 15 6.4752
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Therefore the observation from a variety of recorded test results among
the specimens in each of the three fiber weight ratios is discussed in the
following few sections. Tables 4, 5, and 6 illustrate the response of DOE
using the Taguchi method for tensile, flexural, and compressive strength
of composites respectively. Experimental results with the corresponding
S/N ratio are also presented in Tables 4, 5, and 6 respectively.

3.1. ANOVA test for S/N ratio

ANOVA is the statistical method of quantifying the values of errors
that correspond to the differences in expected and predicted values of the
responses. The error may be due to the presence of some uncontrollable
conditions such as human error and environmental uncertainty during
the experimentations. Therefore, to take into account these errors for
which the significance level are assumed to be 5% (level of confidence to
be 95%). When a P-value less than 5% indicates that more than 95% of
the response are significantly caused by the factors and a model is a
candidate for further exploration. Tables 7, 8, and 9 illustrates the
ANOVA test result for tensile, flexural, and compressive strength of
Table 12. Response table for S/N ratios compressive strength.

Larger is better

Level %wt of G %wt of N %wt of S

1 25.17 24.01 24.84

2 24.77 25.65 24.91

3 24.56 25.42 24.7

4 24.76 24.17 24.81

Delta 0.6 1.65 0.2

Rank 2 1 3

Level %wt of G %wt of N %wt of S

1 24.11 24.73 23.76

2 24.19 24.11 24.58

3 24.4 24.29 24.54

4 24.05 23.62 23.86

Delta 0.35 1.11 0.82

Rank 3 1 2



Figure 6. The main effect plots (a) tensile; (b) flexural; (c) compressive.

Figure 7. Interaction plots (a) tensile; (b) flexural; (c) compressive.
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composites respectively. Hence, in these cases %wt of N achieves the
requirements (P-value less than 5%) and it shows a significant contri-
bution to all mechanical properties except flexural strength. Table 8
shows the P-value is greater than the reference value in which the factors
7

(i.e. %wt G, %wt N, and %wt S) did not show significant contributions on
flexural strength. But the %wt of N fiber is in the primary rank among the
factors. This involves further predictions (mathematical models) which
are described in section 3.5 for optimal design. Furthermore, in this study



Table 13. Fiber composition (%wt) in four prior composites.

Test Type Experiments Fiber composition (%wt) in a composite Rank

G N S σmax S/N

Tensile 10 10 10 20 220.12 24.99031 I

12 10 20 10 216.26 24.82304 II

2 5 10 10 207.22 24.44905 III

15 5 15 10 195.44 23.99656 IV

Flexural 9 10 5 15 210.43 24.89138 I

5 10 5 10 205.87 24.72271 II

12 10 20 10 201.19 24.62279 III

13 10 5 20 192.70 24.59479 IV

Compression 2 5 10 10 308.55 26.02278 I

11 10 15 5 291.37 25.86181 II

13 10 10 15 289.47 25.81876 III

15 10 15 10 235.00 25.76138 IV
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neither %wt S nor %wt G shows significant contributions alone. Despite
that, the fibers perform a better strength in the synergetic effects of
hybrid composites which are illustrated in section 3.3.
3.2. Main effect

The effects of each control factor (%wt G, % wt N, and % wt S) on the
response are obtained from the mean response table of the S/N ratio and
the results are listed in Tables 10, 11, and 12. The main effect plot for the
Figure 8. Stress-strain curves (a) tens

8

S/N ratio of the corresponding mechanical properties is illustrated in
Figure 6. It can be shown that the larger values of the S/N ratio represent
the better quality of the material based on Taguchi DOE.
3.3. Interaction effects

All input factors under this study have a synergetic effect on the
composite material. This section confirms which combination of the
factors provides a better composite material. Figure 7 (a to c), shows the
ile; (b) flexural; (c) compressive.
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interaction effects of factors on the tensile, flexural, and compressive
strength of the composite. The levels of the factors are indicated on the
horizontal axis and collared legends, whereas their corresponding values
are indicated on the vertical axis. In this interaction plot, the lines are not
parallel and the more nonparallel indicates the greater the strength of the
interaction of the factors. This interaction effect indicates that the com-
posite strength is more likely depends on the nature of the fiber. For
example, if we consider the upper half row of Figure 7 (a), the highest
interaction between %wt of G and %wt of N, %wt of G and %wt of S and
%wt of N and %wt of S are associated with the highest strength.

However, if we use the corresponding levels 4, 3, and 3, the values are
associated with themean strength. Despite whenwe observe Figure 7 (b),
the factors at level 2 and 3 have linear relationships which indicate the
interaction effects of the factors is very weak.
Figure 10. Normal probability plot (a) t
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3.4. Stress-strain analysis

The stress-strain curves of the four prior composites are selected
among sixteen experiments that show the better mechanical strengths
under this investigation. According to our experiment, S/N is the
important screening parameter used to identify control factors that
reduce variability in production by minimizing the effects of uncontrol-
lable factors (noise factors) which cannot be controlled during produc-
tion but can be controlled during experimentation. In our DOE, a
Taguchi-design of the experiment, identify optimal control factor set-
tings that make the product robust, or resistant to variation from the
noise factors. Hence, higher values of the S/N identify control factor
settings that minimize the effects of the noise factors. Table 13 shows the
summary of composites selected with a fiber composition and ranked
based on S/N ratios. Among Taguchi L16 array mentioned in Tables 5, 6,
and 7, the corresponding experiments 10, 9, and 2 revealed the highest
tensile, flexural, and compressive strengths respectively. Despite in most
experiments the observations are affected by the mat sequence rather
than the fiber weight ratio. During the plots the curves fitting was per-
formed using MathLab, few outlier values are suppressed and create a
normal distribution of more effective variables, see Figure 8.

Because poor interfacial interaction between the fibers and the
matrices creates micro-cracks that will not propagate at relatively low
loads and the microstructure can be stationary. The gradual increase in
load results in a variety of internal stiffness and stress with a progressive
microcrack growth and breakout [59]. This means that composite ma-
terials are extremely sensitive to failure by interlaminar through the
application of concentrated loads [60].

The present work is compared with previously published hybrid
NFRC (sisal, flax, and E-glass) works for the same application. Since no
published works are available for hybrid Nacha composite hence we
compare the current study with related works demonstrated in [54] for a
similar purpose. For comparison, the strengths (tensile, compressive, and
flexural) are determined for both studies. Figure 9 demonstrates the
ensile; (b) flexural; (c) compressive.
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comparison of the present work with related published work in [54] and
the results are agreed well. Small deviations have occurred due to the
characteristics of fiber (nacha instead of flax) and matrix (Polyester
instead of Epoxy) affecting the composite strength.
3.5. Regression analysis

The linear regression mathematical model has been developed to
predict the optimal relationship between factors and response, Figure 10.
The predicted value of tensile, compressive, and flexural strength was
calculated from Eqs. (7), (8), and (9). The error percentages between the
predicted and measured values from each run of the experiments are
calculated from Eq. (10).

σt_optimal ¼ 175.4þ 4.30 %wt of Gþ 2.30 %wt of Nþ 1.29 %wt of S (MPa)(7)

σf_optimal ¼ 173.0 þ 1.8 %wt of G - 4.9 %wt of N - 1.6 %wt of S (MPa) (8)

σc_optimal ¼ 279.4 þ 0.02 %wt of G þ 5.10 %wt of N - 4.97 %wt of S (MPa)(9)

% error¼
��

Estimated value� Actual value
Actual Value

�
�100

�
(10)

The average errors for tensile, flexural, and compressive strengths are
-0.18%, 2.17%, and -0.49% respectively. The percentages of errors be-
tween experimental and predicted values are very low. This shows that
the predicted value and measured value are closer and it can be
concluded that the developed mathematical models are suitable and
which is safe for optimal fiber synergetic composite strengths.

4. Conclusion

The core purpose of employing NFRCs materials for wind turbine
structural application is a generation of energy without polluting the
environment. Most modern wind turbines are designed from expensive
synthetic materials for the average estimated life of 20–25 years, and
after finishing the service life the components are traditionally disposed
to the environment. Recent practices are attempting to replace synthetic
materials with biodegradable fiber-based materials for next-generation
wind turbine structural applications. But the process of enabling natu-
ral fiber for wind turbine blade design is a big challenge because the
strength-to-weight ratio of the material must be high enough, and the
structure expected to achieves at least proportional structural perfor-
mance to that of synthetic once. To acquire these composite development
processes including fiber type, fiber surface modification, treatment type,
composite manufacturing method, enhanced moisture absorption
reduction techniques, etc plays a vital role for enhanced NRFCs structure.

In this study, the Tensile, flexural, and compressive strength of a new
set of hybrid composites prepared from Sisal, Nacha, and glass fiber with
polyester polymer matrix were characterized based on fiber weight ratio
(%wt). To determine the optimal set of composite, the experiment was
designed based on Taguchi L16 orthogonal array. ANOVAwas carried out
to determine the contributions of factors that affect the experimental
responses. Finally, the multi-linear regression model was developed to
determine the error between the experimental and predicted value. The
result shows that in the main effect, it was confirmed that Nacha fiber (%
wt of N) significantly contributes to tensile, and compressive strength at a
95% level of confidence. Despite the flexural test, neither of the factors
shows significant contributions (i.e. P-value > 5%). However, using a
linear regression model the optimal values are determined for further
exploration. Furthermore, the interaction effects of the factors were also
investigated and the following conclusions are drawn;

� All the factors (i.e. %wt of G, %wt of N, and %wt of S) show an
interaction effect on tensile and compressive strength. Despite the
factors showing linear relationships in levels 2 and 3 of flexural
strength, Figure 7 (b).
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� Among sixteen Taguchi L16 orthogonal array experiments based on
the S/N ratio, the four most composites presented in Table 13 are
shown promising mechanical properties for wind turbine blade
design;

� The average percentage error between the experimental and pre-
dicted value are -0.18%, 2.17%, and -0.49% for tensile, flexural, and
compressive strengths, respectively.

The percentage error of flexural strength is higher, while the devel-
oped mathematical model involves minimizing the errors in the me-
chanical tests. Through these models, future studies can explore further
experiments on fatigue and vibration test of the composite, and conduct
finite elements and modal analysis of the real wind turbine blades.
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