EPJ Web of Conferences 376, 01006 (2026) https://doi.org/10.1051/epjconf/202637601006
ICRAMEN 2026

Numerical Study of Modal Characteristics on Jute Fiber
Based Hybrid Polymer Composites Reinforced with
Metal Wire Mesh

Aniket Salve'”, Ashok Mache'", Dattadraya Nalawade', Ummid Shaikh?, Pradip Thorat®

"Dept. of Mechanical Engineering, Vishwakarma Institute of Technology Pune-4110048, India
2Dept. of Mechanical Engineering., Pimpri Chinchwad College of Engineering, Nigdi, Pune-411044,
3BAS Department, NRG Controls, Harrisburg, USA,

Abstract. Composite materials based on natural fibers and polymer
matrices have been widely studied in the past decade due to their
light weight, environmental sustainability, and economic viability.
However, their low modulus of elasticity and poor resistance to
vibrations still limit the range of their applications in dynamically
loaded structures. This paper presents a numerical modal analysis of
jute hybrid composite reinforced with glass fibers and metallic plates
like, SS 304 wire mesh, aluminum wire mesh, and aluminum
perforated sheets. Seven hybrid composites with different metal
volume fractions, along with a virgin composite, were considered for
the study. Finite element modeling is used to assess the impact of
different hybridizations on the natural frequencies and mode shapes
of the composites. Different laminate configurations were
considered to study the effect of stacking sequence, fiber orientation,
and metallic layer placement on vibration behaviour of the laminates.
The findings clearly indicate the significance of both stacking
sequence and hybridization approach for the improvement of the
dynamic characteristics of the composite structures. It is reported
that the laminates composed of glass fibers in the outer layers along
with the suitable insertion of metallic layers exhibit higher natural
frequencies and increased structural integrity. Furthermore, the
numerical results showed strong correlation with the experimental
results in predicting the modal characteristics. Overall, the study
highlights the effectiveness of hybridization in tailoring the vibration
performance of composite laminates, making them suitable for
applications requiring enhanced dynamic response and structural
efficiency.
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1 Introduction

Over recent years, increased environmental awareness and need for sustainable materials
have led to an increasing amount of research on composite materials. Composite materials
based on natural fibers and reinforced with polymers have been found to be very promising
substitutes for conventional synthetic composite materials, due to low density, ability to
decompose, low cost, and decreased energy required for processing. They show much
promise in numerous areas of application, including packaging and automotive or semi-
structural parts [1]. Increased use of natural fibers as reinforcement material in composite
systems is mainly due to abundance of natural fibers, their lightweight, and satisfactory
mechanical properties [2]. However, application of natural fibers in load-carrying and
structurally important elements still faces several difficulties associated with their rather poor
mechanical strength, moisture sensitivity, and insufficient durability. In order to overcome
these deficiencies, hybridization has gained a lot of popularity as the method that allows for
combining natural fibers with synthetic fibers and even metallic elements like sheets and wire
mesh structures [3], [4], [5]. A number of experimental investigations prove that the
application of hybrid reinforcement results in better mechanical properties of natural fiber-
based composites[6], [7]. For example, in their investigation, S. Samanta et al. [8] showed
that the introduction of glass fiber layers to jute-glass and bamboo-glass epoxy composites
leads to a considerable improvement in tensile strength with respect to an increasing number
of glass layers. Simillarly, B. Vijaya Ramnath et al. [9] found that hybrid banana-glass
laminate provides better tensile properties than other variants. Moreover, according to
experiments conducted by P. Maithal et al. [10], hybridization of carbon and jute fibers
improves tensile properties. However, mechanical behavior of composite materials under
dynamic loading is another crucial aspect from the perspective of engineering. The structure
may face vibrations caused by various factors, including cyclic loading. In the latter case, the
natural frequency and damping are the main parameters that affect the vibration process.
Therefore, modal analysis of composite materials is an important issue to solve, especially
for engineering purposes [11] . Many researchers have studied the effect of material
properties and geometrical dimensions on vibration characteristics. The influence of fiber
volume fraction on vibration and acoustic properties was reported by Y. Munde et al. [12].
The damping behavior of jute-based hybrid composites was found to improve by P. Harshad
et al.[13]. The role of fiber length on the natural frequency of the specimen was reported by
Rajesh Kumar et al. [14], while Chethan et al. [15] concluded that porosity increases the
damping behavior and can be reduced using proper processing technologies. Natural fibers
such as hemp offer high damping because of the friction inside the microstructure [16]. Fiber
orientation and stacking pattern have also been identified as important parameters in
determining the energy absorption capability and dynamic response of laminated composites
[17]. The recent advancements in vibration performance include improvement in vibration
performance of hybrid composites by incorporating nanofillers or using advanced hybrid
combinations. It was reported by Jarali et al. [18] that the inclusion of nanofillers, including
MWCNT, LDH, and nanoclay, enhances the natural frequency of glass fiber—epoxy
laminates. The vibration and mechanical properties of glass—flax hybrid composites were
found similar to those of glass fiber systems by Ganesan et al. [19]. Similarly, the vibration
performance of natural fiber composites was improved due to improved interfacial bonding
of chemically treated natural fibers as reported by Rajesh et al. [20]. Metal reinforcements
have been incorporated in hybrid composites recently; Loganathan et al. [21] found the effect
of metal mesh on damping behavior, while Pande et. al. [22] and Krishnasamy et al. [23]
found that the natural frequency of the material increases with the addition of SS304 wire
mesh and BaSO4 fillers. Salve et al. [24] conducted vibration experiments for virgin and
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hybrid composite materials both in wet and dry environments, and it was found that the modal
frequencies reduce in the wet environment, whereas the damping performance improves.
From the above reviewed results obtained, it can be seen that hybridization has a significant
effect on the mechanical and dynamic properties of composite structures. Therefore, the
present study numerically investigates the effect of interlaminar hybridization using metallic
reinforcements, particularly wire mesh and perforated sheets, as well as the influence of
stacking arrangement on the modal characteristics of jute fiber-based hybrid polymer
composites. It is expected that the inclusion of metallic sheets with perforations in the core
will improve load transfer between layers, increase stiffness and even distribution of stresses,
and the addition of glass fiber layers externally will increase stiffness and protection of
internal natural fiber layers. According to the best knowledge of the authors, there are no
existing numerical investigations that have dealt with the combined effect of natural fiber,
synthetic fibers, and metallic reinforcement in vibrations. The outcomes of this research are
expected to contribute to the development of lightweight, high-performance, and sustainable
hybrid composites suitable for vibration-sensitive engineering applications.

2 Numerical study

In the case of numerical simulation, the model used was that of a linear elastic orthotropic
material model in order to determine the modal behavior of the composite laminates using
ANSYS Workbench. The effective mechanical properties such as the elastic modulus,
Poisson’s ratio, and shear modulus were incorporated into the material model in order to
represent the laminate as a whole without discretizing it to each layer separately. The
composite laminates were then modeled using quadrilateral shell elements, and the thickness
was set according to the experimental laminate samples. A sensitivity study on the mesh was
carried out by determining the element size of 10 mm, 5 mm, and 2 mm. The natural
frequency obtained from each element size differed minimally, proving the independence of
mesh to the solution. An element size of 5 mm was chosen to perform all numerical
simulations. Based on this observation, an element size of 5 mm was adopted for all
simulations, as it offered an optimal balance between computational cost and solution
accuracy. Table 1 shows mechanical properties of reinforcing materials [25].

Table 1. Mechanical properties of reinforcing materials

Raw Materials Density of Young Modulus Tensile strength %Elongation
Material (g/cc) (GPa) (MPa)
Jute 1.3-1.49 8-78 320-800 1-1.8
Glass 2.52-2.59 70-76 2000-3500 1.8-4.8
SS 304 7.85-8.06 190-203 510-620 45-60
Al Alloy 2.78-3.15 70-73 300-400 18-20
Epoxy LY 556 1.15-1.2 3.2-35 70-80 32

The flexural properties, including strength and modulus, of all composite laminates were
previously evaluated experimentally by the authors and are summarized in Table 2, and these
values are further considered in developing the material model used in the subsequent section
[26].
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Table 2. Flexural modulus and strength of all composite

Laminate Flexural Modulus  Flexural Strength
Code (GPa) (MPa)

8J 4.45 (£0.6) 63.01 (£1.4)
1S6J 4.53 (+0.6) 72.78 (£1.4)
256J 5.39 (£ 0.4) 93.6 (£1.1)
1A6] 5.04 (£0.8) 78.58 (+0.9)
2A6] 3.77 (£0.5) 76.69 (+1.8)
1Ap6] 4.72 (£0.4) 86.77 (£1.6)
1S6)2G 10.8 (£0.5) 177.4 (1.7)
(2S61)45° 3.76 (£0.8) 77.62 (£1.5)

For modal analysis, a cantilever-type coupon specimen with dimensions of 300 mm x 50 mm
x thickness was modeled. The laminates were further evaluated for their vibration behavior
by determining modal frequencies under three different boundary conditions, namely free—
fixed, fixed—fixed, and free—free.

3 Laminate configurations

In the current research work, all the hybrid and virgin composite laminates were considered
by selecting natural fiber as a jute (J), synthetic fiber as a E-glass (G), stainless streel 304
wire mesh (S), aluminium wire mesh (Al) and aluminium perforated sheet (Alp) as a
reinforcing material. Seven hybrid epoxy composite laminates with different metal volume
fractions, with different stacking sequences along with a virgin composite were considered.
Stacking sequences, namely J/J/J/S/1/3/3, J/3/S/3/3/S/3/Y, J/3/3/AVI/I/T, J/3/AV/I/I/AL/T/D,
I/3/13IAp/1/1/3, G/I/3/3/S/3/3/3/G, and (J/1/S/3/1/S/1/T)45°. In addition, a reference laminate
with eight layers of natural jute (J) fiber was also considered for comparison. All laminates
were designed to maintain an approximately constant thickness of 4.0 mm, enabling a
consistent and direct evaluation of their natural frequency characteristics. Care was taken to
ensure that the stacking sequences exhibited symmetry either about the mid-plane or through
the distribution of fiber and metallic reinforcement layers, which is important for achieving
stable and comparable dynamic behavior. For ease of representation and analysis, the
laminates were further denoted as 1S6J, 2S6J, 1A6J, 2A6J, 1Ap6J, 1S6J2G, (2S6J)ss°, and
8J, corresponding to their respective material compositions and configurations.

4 Results and discussion

The validation of the experimentally obtained modal frequencies, previously evaluated by
the authors, was carried out by comparing them with the numerical results [25]. In the
experimental tests, cantilever beam-type specimens were used to study vibration
characteristics under three different boundary set-ups, which induced transverse vibrations
in the specimens. Therefore, the flexural properties of the developed laminates were used as
input for the numerical model and were first validated analytically before use. A correlation
analysis based on the Euler-Bernoulli beam equation presented in Eq. (1) was used to
determine the natural frequency (®) as a function of the flexural modulus (E) alongside other
governing beam variables. The experimentally measured natural frequencies corresponding
to the first three modes of vibration, both for free-fix and free-free boundary conditions, were
incorporated into this equation to calculate the flexural modulus. These findings were then
contrasted with the experimentally measured flexural modulus. Such a comparison not only
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illustrate the precision of vibration method for stiffness determination, but it also supports
the reliability of using modal analysis as a means of non-destructive (NDE) testing for
composite laminate. Table 3 shows the flexural modulus determined analytically and
experimentally in relation to the first modal frequency of the free-fix configuration.

_B? EI
W= 2n< pAL4> (1)

Where, ® = Modal/ natural frequency, L= effective free length, A= cross sectional area, p=
density of specimen, I= moment of inertia and E= flexural modulus. B= 1.875, 4.694
and 7.854 values for 1%, 2", and 3™ vibration modes under free-fix boundary set-up
and 4.732, 7.856 and 10.992 values for free-free boundary set-up.

The findings reveal a high degree of agreement between experimental and analytical data,
where there is very little difference between the determined flexural modulus and the
measured value. This largest disparity was observed in the 2A6J lamina, with the analytical
value being approximately 12% off from the experimental value. On the other hand, the least
error was found in the 2S6J lamina, where the results were fairly close together.

Table 3. Experimental and analytical flexural modulus comparison under free-fix boundary set-up

Laminate Code  Experimental flexural Analytical flexural
modulus (GPa) Modulus (GPa)
8J 4.45 (£0.6) 4.78 (£0.4)
1S6J 4.53 (£0.6) 4.97 (£0.3)
2S6J 539 (+0.4) 5.16 (£0.3)
1A6] 5.04 (£0.8) 5.47 (x0.6)
2A6] 3.77 (£0.5) 3.14 (£0.3)
1Ap6] 4.72 (£0.4) 4.34 (£0.5)
1S6J2G 10.8 (+0.5) 9.87 (+0.6)
(2S61)450 3.76 (£0.8) 4.15 (+£0.6)

For numerical modal analysis a cantilever beam configuration was developed in ANSYS
Workbench, replicating the geometry and boundary conditions used in the physical tests. The
material properties of the composites, such as elastic modulus, Poisson’s ratio, and shear
modulus, were averaged to reflect the overall behavior of the laminate instead of modeling
each component individually. Further the analysis was carried out using quadrilateral shell
elements, ensuring that the thickness values matched the actual dimensions of the fabricated
specimens. To validate the numerical model, a mesh convergence study was performed with
element sizes of 10 mm, 5 mm, and 2 mm. The differences in predicted modal frequencies
across these mesh sizes were minimal, indicating that further refining the mesh did not
significantly affect accuracy. As a result, element size of 5 mm selected for all future
simulations, striking a good balance between computational efficiency and solution accuracy.
An implicit analysis was then performed to find the modal frequencies and corresponding
mode shapes under free-fix boundary condition, which are illustrated in Figures 1 to 3. In the
case of the developed composite laminate, it was seen that the modal frequencies of
aluminum wire mesh composites were higher than the modal frequencies of steel wire mesh
composites. In addition to this, it was noted that the modal frequency decreased with an
increase in volume fractions of metal wire mesh. This could possibly be due to the effect of
material density and stiffness on the dynamic nature of the composite laminate [23], [25].
Furthermore, the numerical results were compared with the experimentally obtained
frequencies, considering the first four modes. Among these, the third mode corresponded to
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a twisting mode (torsional), while the others represented bending modes. The results showed
a close match between the numerical and experimental modal frequencies as illustrated in
Table 4. for all three boundary conditions. However, the largest deviation of 15.7% was
observed in the 1S6J hybrid composite for the second vibration mode under the fixed—fixed
boundary condition, indicating that the numerical analysis slightly overestimated the modal
frequency in this case. This deviation may be attributed to the inherent heterogeneity of
natural fiber composites, which can influence dynamic responses even under controlled
fabrication.
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Fig. 1. Mode shapes of 1S6J laminate predicted numerically for free—fix boundary setup
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Fig.2. Mode shapes of 1S6J laminate predicted numerically for fix—fix boundary setup
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Fig. 3. Mode shapes of 1S6J laminate predicted numerically for free—free boundary setup

Table 4. Comparison of Modal Frequencies for Free—Fix, Fix—Fix, and Free—Free Conditions

. Numerical mode values Experimental mode values
Laminate code
2 3 1 2 3
Free-Fix condition
8J 14.1 119.0 246.1 13 103 253
1S6J 13.2 82.8 2322 12 82 253
2S6J 12.2 75.2 210.3 11 75 230
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1A6] 14.1 101.5 303.8 13 93 286
2A6] 12.8 89.5 294.9 12 82 249
1Ap6J 13.5 94.6 297.1 13 88 277
1S612G 18.4 143.4 355.2 17 136 330
(2561)45° 10.1 74.8 239.7 9 72 225
Fix-Fix condition
8] 70.4 258.3 626.3 74 243 587
1S6J 84.5 243.8 673.8 76 285 618
2S6J 65.9 212.2 566.7 61 199 590
1A6] 74.7 288.9 590.7 69 302 557
2A6] 713 216.6 525.9 68 197 496
1Ap6J 78.7 239.1 649.4 70 218 630
1S612G 137.3 378.4 998.3 135 367 974
(256])45° 67.7 208.5 535.1 62 190 502
Free-Free condition
8J 95.5 273.6 717.3 90 263 692
1S6) 83.6 231.2 618.6 73 230 627
2S6] 75.4 208.3 586.1 67 203 609
1A6] 89.2 265.5 645.3 82 252 630
2A6] 79.9 233.6 538.5 75 218 517
1Ap6J 85.1 254.9 671.1 79 240 648
1S6J2G 124.8 361.8 859.7 118 342 824
(256J)45° 70.3 198.7 537.8 66 184 515
Conclusion

The findings from the numerical analyses carried out in the current research work have shown
strong correlation with experimental results in predicting the dynamic properties of the
proposed hybrid and virgin composites. The analytically determined flexural moduli have
shown close correspondence with the experimentally found out values, having marginal
differences for different laminates. Furthermore, the natural frequencies and mode shapes for
the various boundary conditions have been effectively predicted using the finite element
based modal analysis approach. From all the investigated laminates, the hybrid composite
1S6J2G has shown the highest modal frequencies for all the boundary conditions considered
in the analysis due to high dynamic stiffness, whereas (2S6J)45° has yielded the lowest
frequencies. The largest difference in terms of numerical and experimental modal frequency
of 15.7% has been found out for the fix-fix boundary condition for the laminate 1S6J, while
the least difference of 6.45% has been noted for the laminate 2A6J under free-fix boundary
condition. The small differences in the results may be due to the uneven nature of natural
fibers, material variations, and minor changes during laminate fabrication. Overall, the study
highlights the effectiveness of hybridization in improving the vibration behavior and
structural efficiency of composite laminates for applications requiring enhanced dynamic
performance.
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