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INTRODUCTION 

In recent decades, the rapid advancement 
of technology has led to an increased demand 
for high-performance dynamic testing methods, 
these methods are crucial for evaluating a wide 
range of products, from small, printed circuit 
boards to military equipment and satellites, vibra-
tion testing primarily serves to assess the dynam-
ic behavior of components by measuring specific 
vibrational characteristics, which are essential for 
ensuring reliability and performance, vibration 

testing is typically employed for three main pur-
poses: first, as a technical tool for design qualifi-
cation, where vibrational characteristics such as 
natural frequencies and mode shapes are mea-
sured, these parameters are then used to develop 
or validate mathematical models of the design. 
Second, dynamic tests are conducted to evaluate 
reliability and fatigue life, often through acceler-
ated life cycle tests to predict product lifespan 
within a short timeframe, Lastly, production lines 
utilize vibration testing as a screening method to 
identify defects prior to consumer sales, Given 
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these applications, there is ongoing research into 
realistic testing methods that can facilitate accu-
rate laboratory simulations [1–2].

The mobile mass and structural stiffness of 
the testing system are critical for effective vi-
bration testing. A lower moving mass requires 
less force for dynamic testing, while a higher 
stiffness combined with reduced weight gen-
erally leads to increased first vibration modes, 
thereby expanding the frequency bandwidth 
of tests, an ideal testing system would be con-
structed from materials that are both rigid and 
lightweight. However, for isotropic materials, 
these two properties are often mutually exclu-
sive. Currently, the vibration testing industry 
primarily relies on isotropic metals for technical 
design. There is, however, a growing interest in 
advanced composite materials to enhance the 
performance of vibration testing systems due 
to their customizable properties and favorable 
stiffness-to-weight ratios.

Natural fiber reinforced composites (FRN) 
exhibit densities comparable to fiber-reinforced 
polymers (FRP), magnesium, and aluminum, yet 
can be engineered for significantly higher stiff-
ness [3–4], composite materials offer greater de-
sign flexibility, allowing engineers to optimize 
shapes for maximum rigidity, the ease of form-
ing these materials into complex shapes means 
that engineers are no longer limited to traditional 
plate and beam structures, with appropriate de-
sign, composites can achieve much higher stiff-
ness-to-weight ratios than aluminum and mag-
nesium. Given the advantages of FRN materi-
als, the vibration testing industry is increasingly 
exploring structural components made from 
CFRN. These components, such as actuator 
head extenders for vertical tests and the moving 
plate of a sliding table for horizontal tests, are 
crucial for overall system performance as they 
effectively transfer energy from the actuator or 
shaker to the test specimen.

Recent studies have also explored the role 
of machining precision, micro-milling, and tool 
geometry in improving material performance 
under dynamic conditions, for instance, Rathod 
and Wankhade [13,14] provided comprehen-
sive reviews on the impact of micro-tools and 
tool treatments on micro-milling outcomes for 
aluminum alloys, emphasizing precision and 
surface quality improvements relevant to dy-
namic structures. Kamble et al. [15] introduced 
the use of artificial neural networks (ANN) 

for optimizing center drill geometry in fric-
tion drilling of aluminum 6063, while Rathod 
et al. [16] experimentally analyzed process pa-
rameters in micro-milling of AA6063-T6 us-
ing cobalt WC tools. Furthermore, a compara-
tive study by Rathod, Wankhade, and Kamble 
[17] evaluated the efficiency of micro end mill 
tools and performance metrics, highlighting the 
importance of tool selection in achieving en-
hanced vibrational and mechanical behavior, 
In addition, Boudjaada et al. [12] conducted an 
experimental and numerical investigation on 
the influence of honeycomb structures on the 
dynamic characteristics of rotors using modal 
analysis, their study demonstrated how light-
weight core geometries can significantly alter 
stiffness distribution and modal responses, of-
fering valuable insights for vibration optimiza-
tion in composite systems, these studies col-
lectively demonstrate how advances in machin-
ing and material processing contribute to the 
reliability and performance of high-frequency 
components used in dynamic systems.

A review of the literature highlights various 
types of dynamic analysis for composite materi-
als, driven by the demand for high-performance 
materials in aerospace and marine structures [5]. 
More recently, several studies have reinforced 
this trend. A detailed review reported the me-
chanical and vibrational properties of natural fi-
ber composites, with a focus on natural frequen-
cies, damping ratio, and dynamic durability [6]. 
Impact testing demonstrated that these materi-
als can exhibit excellent damping capabilities, 
which are vital for vibration control [7], non-de-
structive free vibration measurements were also 
employed to determine the elastic properties of 
jute/glass composites, validating the relevance 
of modal approaches [8], other studies empha-
sized the influence of free vibration behavior on 
natural and hybrid composites, highlighting the 
interplay of modal responses and damping ef-
fects [9], additional investigations revealed that 
fiber length and moisture content significantly 
affect the vibrational and acoustic responses of 
epoxy/hemp composites [10], complementing 
these findings, recent reviews have examined 
hybrid natural fiber composites, focusing on 
their mechanical, storage, and damping moduli, 
while underlining challenges related to stability 
and dynamic performance [11].

The future of research into composite ma-
terials, including FRP and biomimetic fibers, 
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is promising. Natural frequency analysis and 
the properties of composite plates have been 
studied for over 40 years, with the combina-
tion of different materials utilized for millennia 
to achieve superior performance requirements. 
Today, numerous applications across aerospace 
and automotive industries continue to expand 
the use of composite materials, now extending 
into sectors such as marine, sports goods, civil 
construction, and aerospace, understanding the 
effects of different parameters on natural fre-
quency remains critical.

In this study, we focus on the vibrational 
characteristics of composite plates made from 
natural fibers reinforced with polyester, a topic 
that has been largely overlooked in existing re-
search, by examining these panels under free-
free boundary conditions, we investigate the 
effects of key factors such as the number of lay-
ers, fiber orientation angle, and aspect ratio on 
natural frequency, in contrast, panels made of 
fiberglass and carbon fiber are well-documented 
in the literature, known for their high strength-
to-weight ratios and robust performance in vi-
bration applications, while fiberglass offers good 
durability and cost-effectiveness, carbon fiber 
excels in stiffness and lightweight properties. 
However, these synthetic materials often come 
with environmental drawbacks and higher pro-
duction costs, our research aims to highlight the 
advantages of natural fiber composites, which 
not only provide a sustainable alternative but 
also possess unique properties that can lead to 
competitive performance in vibration applica-
tions. By comparing these natural fibers with 
fiberglass and carbon fiber, we seek to demon-
strate their potential for innovative engineering 
solutions that prioritize both performance and 
environmental responsibility.

Vibrations of symmetric orthotropic plates

A symmetric and balanced laminate is de-
fined as having the same fiber orientation in the 
stacking sequence above and below the geometric 
mid-plane of the laminate. For each layer at angle 
θ, there exists a corresponding layer at angle -θ, 
these conditions fully decouple in plane stress-
es and curvatures. resulting in normal or shear 
stresses only when subjected to normal or shear 
loads. respectively. Moreover, the symmetric 
laminate condition ensures that thermal moments 
and moisture moments are always zero.

For a symmetric orthotropic laminate. the 
governing equation for free vibration is given by:
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where:	 (x, y, t) – displacement, Dij – flexural rigid-
ity coefficients of the laminate, ρ – density 
of the composite plate, x, y – total thick-
ness of the laminate, t – time. 

w (x.y) represents the transverse displacement 
of the plate, h is the plate thickness, and Dij ​are 
the components of the bending stiffness matrix 
from classical laminate theory (CLT) defined as:
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 – is the transformed reduced stiff-
ness matrix of the kth lamina, incorporat-
ing the effects of fiber orientation,

	 zk – denote the top and bottom coordi-
nates of the kth ply measured from the 
mid-plane of the laminate, N – is the to-
tal number of layers.

For especially orthotropic laminates, where 
three perpendicular planes of symmetry exist. 
D16=D26=0. simplifying Equation 1 to:
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For various plate conditions other than sim-
ply supported cases. solutions can become quite 
complex. if they can be determined at all, thus, a 
vibrational analysis must utilize an assumed dis-
placement function. A common method for vibra-
tion problems is the Rayleigh-Ritz method. which 
employs the principle of minimum potential en-
ergy to find an approximate solution [18–19].
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METHODOLOGY AND EXPERIMENTAL 
PROCEDURES

Materials

The materials tested in this research consist 
of composite plates made from woven glass/ep-
oxy and natural fibers (Diss)/polyester, all with 
a thickness of less than 5 mm. The reinforced fi-
ber naturel (RFN) plate was fabricated using 12 
k 2 × 2 twill weave glass fabric, combined with a 
thermosetting epoxy resin as the matrix material. 
The dry areal density of the RFN was measured 
at 671 g/m².

Four RFN plate specimens (I. II. IV. and V) 
were produced using Orthotropic laminates. In 
selecting the types of plates for construction and 
testing, woven glass/epoxy composite plates were 
chosen. Four woven glass/epoxy composite plates 
were prepared for hand lay-up.

The maximum length of the plates is 300 
mm, and the average thickness of all samples 
was measured using a micrometer with a mini-
mum resolution of 0.01 mm, the fibers in each 
laminate are oriented at angles of 0°. 90°. +45°. 
and -45°, composites in this configuration are 
characterized in the loading plane by only two 
elastic constants, similar to orthotropic materi-
als, an RFN plate (specimen III) is arranged in a 
cross-laminated configuration.

Table 1 presents the material properties for 
each of the two material systems utilized in this 
experiment. It is noteworthy that the properties 
of the RFN are specified for the tested condition 
[20]. Additionally, the natural fiber used in this 
study is Fiber DISS (F Diss) Figure 1.

The dimensions of the specimens were select-
ed to represent a scaled model of a typical plate 
used in vibration testing and fastening applica-
tions. with a length of 300 mm. The specimens 
feature a square working surface as shown in 
Table 2, a typical plate is made from a thickness 

of 10 mm, a scaling factor of one-half was chosen 
for all specified materials, resulting in specimens 
with a length of 250 mm. The thickness of the 
plate’s ranges from 5.5 mm to 10.5 mm.

Manufacturing process 

The resin serves as the matrix for fiberglass 
reinforcement, analogous to how concrete func-
tions as the matrix for steel reinforcement bars, 
a critical aspect of this process is maintain-
ing a fiber-to-matrix ratio of 50/50 by weight. 
which ensures optimal mechanical properties 
and structural integrity of the composite mate-
rial, the manufacturing process employed con-
tact molding in an open mold, which allows for 
precise layering of woven reinforcement in the 
prescribed order. A rigid plywood platform was 
selected as the base, providing stability and 
support during the molding process, to facili-
tate easy removal of the finished composite, a 
plastic sheet was placed on the plywood, and 
a thin film of polyvinyl alcohol was applied as 
a release agent using a spray gun, this step is 
crucial for preventing adhesion between the 
mold and the composite, ensuring a smooth fin-
ish, Laminating began with the application of 
a gel coat (composed of epoxy and hardener) 
brushed onto the mold. This gel coat serves two 
primary purposes: it provides a smooth outer 
surface that enhances the aesthetic quality of 
the finished product and protects the fibers 
from direct exposure to environmental factors. 
which could compromise their performance. 
Plies were meticulously cut from rolls of wo-
ven fabric. ensuring uniformity and consisten-
cy in the layers. The reinforcement layers were 
then carefully placed onto the mold over the gel 
coat. followed by the application of additional 
gel coat to enhance bonding and structural co-
hesion, to eliminate any trapped air that could 
weaken the composite, serrated steel rollers 

Table 1. Test specimen material properties
Test specimen material properties Magnesium AZ31B-O CFRP 670 carbon 2 × 2 Twill RFN/epoxy

Mass density 1.800 kg/m³ 1.522 kg/m³ 671 g/m² (0.671 kg/m²)

Elastic modulus E₁ = E₂ 45 GPa 45.3 GPa 25–30 GPa (typical for epoxy)

In-plane shear modulus G₁₂ 17 GPa 12.3 GPa 5–6 GPa (typical for epoxy)

In-plane poisson’s ratio ν₂ NA 0.3 0.35 (typical for epoxy)

Plate thickness NA 5 mm (example) < 5 mm

Fiber volume 52–56% 50–60% N/A
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were employed, this step is vital, as it ensures 
complete compaction of the layers, leading to 
improved mechanical properties and durability 
of the final product [21].

Geometric properties

The selection of plate types for construction 
and testing focused on woven glass/epoxy com-
posite plates. A total of seven woven fiber glass/
epoxy composite plates were prepared for hand 
lay-up. Each plate has a maximum length of 
250 mm, and the average thickness of all samples 
was measured using a micrometer with a mini-
mum resolution of 0.01 mm. (Figure 3)

Experimental boundary conditions

The first boundary condition tested was a 
free boundary condition. which aimed to evalu-
ate the damping characteristics of the materi-
als, this condition simulates the free state of the 
plate. with no external dissipative forces acting 
on it. To achieve this, each plate was suspended 
using only thin wire.

Determination of material constants

The properties of the woven glass/epoxy 
composite plate can be characterized using two 
material constants: Young’s modulus (E) and 
Poisson’s ratio (ν), for this characterization. lami-
nate consisting of eight layers was manufactured 
to evaluate these constants.

The material constants were determined ex-
perimentally through tensile tests conducted on 
specimens. following the ASTM standards D 
638-08 and D 3039/D 3039M – 2006. Speci-
mens were cut from the composite plates using 

diamond cutting tools or hexagonal saws and 
subsequently polished using a polishing ma-
chine, at least three repeated samples were ana-
lyzed, and average values were adopted for the 
material constants [22]. 

Test plate dimensions 

Table 2 presents the dimensions of the test 
plates including material type, layup configura-
tion edge length, thickness, and aspect ratio.

EXPERIMENTAL METHODOLOGY

Test setup

Figure 2 shows the setup used, the object, 
a square plate of multilayer composite mate-
rial, is subjected to stress by a vibration pot 
capable of creating vibration or shock forces, 
whether steady state or transient, Vibration 
forces are used to vibrate the plate in one of 
its fundamental modes, to obtain a specific 
mode, the pot’s stinger must be placed on the 
antinode of the desired mode, and the stress 
frequency must be the corresponding funda-
mental frequency, conversely, shock forces 
allow different modes to be visualized simul-
taneously, in this case, the stinger is placed at 
the center of the plate.

A network of parallel lines is projected onto 
the surface of an object using a video projector 
or slide projector, the object acts as a network 
phase shifter, analyzing the phase of this object 
network using a CCD camera allows the deter-
mination of its relief, a rotation system allows 
the complete relief of the object to be obtained 
(Figures 3, 4). 

Figure 1. Natural DISS Plant and Selected and Cut DISS Fibers
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Optical measurement technique

A grid of parallel lines is projected onto the 
surface of the plate using a video projector or slide 
projector. allowing the object to act as a phase 
grating, the phase analysis of this projected grid. 
captured by a CCD camera. enables the determi-
nation of the surface relief, a rotational system is 
employed to achieve a complete relief profile of 
the plate (Figure 5). The plate’s contours are de-
signed to be free, as it is easier to establish free 
boundary conditions compared to fixed ones, the 
shaker used for this setup is TV50101 from Tira, 
with specifications detailed in Table 3.

Shadow interference measurement

In front of the plate, a reference grid is po-
sitioned, a shadow of this grid is projected onto 
the plate’s surface by light emitted from a white 
light source, the geometric interference pattern 
between the reference grid and the shadowed 
grid is captured by a high-speed camera (Ultima 
APX Fastcam by Photron), capable of recording 
up to 2000 frames per second at full resolution 
and up to 100.000 frames per second at reduced 
resolution, The recorded fringe patterns are sub-
sequently processed by a computer to extract 
displacement fields.

Table 2. Dimensions of the test plates
Plates Material Layup Edge length (a, mm) Thickness (t, mm) Aspect ratio (a/t)

MAG I AZ31B-O NA 304.8 34.93 8.73

MAG II AZ31B-O NA 304.8 19.48 15.65

MAG III AZ31B-O NA 304.8 14.45 20.65

CFRP I Quasi-Isotropic (0/90/45/-45) 304.8 34.93 8.73

CFRP II Quasi-Isotropic (0/90/45/-45) 304.8 19.48 15.65

CFRP III Cross Ply (0/90) 304.8 14.45 20.65

FN/Epoxy I F Diss (0/90/45/-45) 304.8 34.93 8.73

FN/Epoxy II F Diss (0/90/45/-45) 304.8 19.48 15.65

FN/Epoxy III F Diss (0/90) 304.8 14.45 20.65

FN/Epoxy IV F Diss (0/90/45/-45) 304.8 34.93 8.73

FN/Epoxy V F Diss (0/90/45/-45) 304.8 19.48 15.65

Figure 2. LMS setup for modal testing under free-free boundary conditions, showing the vibration pot, 
multilayer plate, optical projection system, and image processing unit
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Test procedure

The resulting vibrations at a selected point 
on the plate are measured using an accelerom-
eter, which is securely mounted with beeswax 
to ensure accurate reading, the accelerometer 
signal is then fed into the secondary channel 
of the analyzer, where its frequency spectrum 
is obtained, The response point is fixed at a 

specific location, while the excitation point is 
varied across the plate, Both input and output 
signals are analyzed using Fast Fourier Trans-
form (FFT) techniques, allowing for the gen-
eration of frequency response functions (FRFs), 
These functions are transmitted to a computer 
for the extraction of modal parameters, The out-
put from the analyzer is displayed on its screen 
using DEWESoft 6 software, facilitating direct 
measurement of various FRF shapes, This pro-
cedure is crucial for understanding the dynamic 
behavior of the composite plate and for validat-
ing the experimental setup.

Finite element modeling (ANSYS)

A finite element analysis (FEA) is per-
formed on multilayer composite plates under 
free boundary conditions, using ANSYS soft-
ware, the composite plate is modeled using 
the SHELL181 linear shell element, focusing 
on a modal analysis, the plate is assumed to 
have free boundaries, with degrees of free-
dom including UX, UY, UZ, ROTX, ROTY, 
and ROTZ. The model is constructed using 2D 
shell elements based on the edge length dimen-
sions provided in Table 2, Five models are cre-
ated with this geometry, each corresponding to 
a different plate thickness, the material model 
for the analysis adheres to the properties speci-
fied for the PRN plate, as outlined in Table 1, 
to simulate the constrained condition, distinct 

Figure 3. Experimental setup for modal testing
of the multilayer plate under free boundary conditions 

using a video projector and ultra-fast camera
for optical measurement

Table 3. Specifications of the Vibration Shaker
Parameters Sinusoidal force Random force Shock force Frequency Displacement Mass

Value 650 N 420 N 840 N DC - 7000 Hz 25.4 mm 80 kg

Figure 4. a. Composite plate: Natural fiber composite oriented horizontally,
b. Test specimens: Various cross-sectional shapes arranged vertically for evaluation
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boundary conditions are applied to the finite 
element model (FEM) Figure 6, SHELL181 is 
suitable for analyzing thin to moderately thick 
shell structures, It is a four-node element with 
six degrees of freedom at each node: transla-
tions in the x, y, and z directions, and rotations 
about the X, Y, and Z axes, If the membrane op-
tion is used, the element only has translational 

degrees of freedom, The degenerate triangu-
lar option should be used only as a filler ele-
ment in mesh generation, SHELL181 can be 
employed for layered applications, modeling 
composite shells or sandwich constructions, 
the accuracy of composite shell modeling is 
governed by first-order shear deformation the-
ory, commonly referred to as Mindlin-Reissner 
shell theory [23]. 

RESULTS AND VALIDATION

Finite element analysis

To establish baseline data and build confi-
dence in the analytical and numerical results, an 
experimental study is conducted, Equation 5 pro-
vides the analytical frequency equation used to 
calculate the first five natural frequencies of an 
isotropic plate in free conditions [24].
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where:	 fn – the natural frequency of the plate 
(Hz),  

[𝑄̅𝑄]𝑘𝑘 

 

𝜆𝜆𝑖𝑖2  – the frequency parameter as-
sociated with the ith mode shape, a – the 
plate length, E – the Young’s modulus, h 
– the plate thickness, γ – the mass per unit 
area (often expressed as ρh\rho hρh), and 	
ν – Poisson’s ratio of the material.

Figure 5. Vibration pot and data processing unit: 
Equipment setup for vibration testing

and data analysis

Figure 6. Finite element model of FN/Epoxy plaque free  boundary conditions :
Mesh representation for structural analysis in Ansys
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The finite element model is employed to 
conduct a modal analysis on FN/Epoxy samples 
under free boundary conditions, with Figure 6 il-
lustrating the first five mode shapes produced by 
the finite element method (FEM), These shapes 
are representative of the entire set of FN/Epoxy 
plates studied.

Natural frequencies derived from both the 
analytical equation and the FEM are compared 
with experimental results across all FN/Epoxy 
plates, Table 4 summarizes the first five unique 
natural frequencies for each method, facilitating 
a direct comparison, this analysis reveals a strong 
correlation, indicating that the FEM effectively 
captures the plates’ dynamic behavior, notably, 
experimental natural frequencies tend to be lower 
than those predicted by analytical and FEM mod-
els, the majority of these differences are minimal, 
with all but two frequencies varying by less than 
10%, Most experimental results show deviations 
of less than 8% from theoretical values, and many 
fall within 5% of the FEM results, bolstering con-
fidence in the simulation’s accuracy.

In scenarios involving bolted constrained 
boundary conditions, where closed-form solu-
tions are unavailable, the focus shifts to compar-
ing FEM and experimental outcomes, the two-
dimensional plate model used for free conditions 
(illustrated in Figure 7) is adapted to analyze 

normal modes of the magnesium plate under con-
straints, boundary conditions in the FEM are im-
plemented by first fixing certain nodes and then 
pinning others, Figure 5 depicts the first six mode 
shapes obtained from the fixed condition,

Table 4 presents the FEM and experimental 
results along with percentage differences for the 
experimental values under the constrained condi-
tions, this data underscores the influence of these 
constraints on the calculated natural frequencies, 
especially for lower frequency modes, the results 
indicate that the pinned constraint consistently 
yields lower natural frequencies than the fixed 
condition, attributed to the decreased stiffness of 
the pinned plate, additionally, greater variability 
is observed in experimental results for pinned 
conditions compared to fixed ones, this finding 
suggests that the fixed boundary conditions in the 
model more closely represent the physical con-
straints for thinner plates, while thicker plates are 
designed to better mitigate the effects of pinning.

EXPERIMENTAL RESULTS

The tests on plates in free conditions served two 
primary objectives in this research, first, these tests 
aim to validate the accuracy of the FEM model, 
second, they provide a simple boundary condition 

Table 4. Theoretical vs Experimental first natural frequencies for plates FN/Epoxy in the free condition

Plates Experimental
natural freq. (HZ)

Analytics
% Diff

FEM
% Diff

Plate I

1.110
1.655
2.077
2.788
4.843

-9.42
-7.72
-5.91

-12.35
-13.66

-2.26
-3.71
-5.92
-3.51
-4.15

Plate II

641
952

1.232
1.642
2.903

-6.84
-5.68
-3.31
-7.93
-7.11

-2.13
-2.76
-4.06
-3.01
-4.15

Plate III

492
731
920

1.263
2.251

-6.32
-5.07
-2.84
-6.74
-5.62

-3.03
-4.05
-2.82
-4.24
-2.86

Plate IV

441
657
834

1.146
2.025

-6.52
-5.64
-3.27
-6.90
-6.75

-4.29
-2.87
-4.61
-3.28
-5.23

Plate V

293
428
546
742

1.326

-7.30
-6.72
-4.04
-7.34
-7.31

-4.26
-4.46
-5.72
-4.54
-6.93
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that allows for the comparison of the two materi-
als, Table 5 presents data generated from the exper-
imental mode, along with the structure described 
in Figure 8, which illustrates the frequency rates 
of the first eight unique modes, Figure 7 shows the 
experimental mode shapes for the first eight modes 
listed in Table 5, the nomenclature used to describe 
these mode shapes in the tables is as follows:

To enhance the accuracy of model valida-
tion, a quantitative correlation between the ex-
perimental and FEM results was established. The 
comparison yielded a high coefficient of deter-
mination (R² = 0.984) and an average deviation 
of approximately 3.5%, confirming the strong 

agreement between experimental data and nu-
merical simulations. These findings validate the 
reliability of the FEM model in predicting the 
dynamic behavior of composite structures under 
free-free boundary conditions.

The data for CFRP (carbon fiber reinforced 
polymer) are organized according to the corre-
sponding magnesium mode shapes rather than by 
frequency, this arrangement reflects the observa-
tion that CFRP mode shapes may appear in a dif-
ferent sequence than those of magnesium, owing 
to material anisotropy, examining the percent-
age differences in Table 6 provides several key 
insights, specifically, the first natural frequency 

Table 5. Modal data arranged in order of mode shape

Plates Modes Shapes
Magnesium CFRP Parameter RFN/Epoxy RFN/Epoxy// CFRP

Freq (Hz) Freq (Hz) Freq (%) Diff Freq (Hz) Freq (%) Diff

I

1
2
3
4
5
6
7
8

+
X
O
H
≠

SSS
*

O+

1113
1664
2095
2797
4841
4857
5253
5914

621
1981
2042
2274
3393
4389
4538
4646

-44.2
19.1
-2.5
-18.7
-29.9
-9.6
-13.6
-21.4

1.110
1.655
2.077
2788
4843
4853
5251
5911

-44.0
19.3
-2.2
-18.5
-29.4
-9.4
-13.2
-21.3

II

1
2
3
4
5
6
7
8

+
X
O
H

SSS
≠
*

O+

639
949
1201
1639
2906
2959
3216
3620

618
985
1205
1571
2851
2693
3034
3321

-3.3
3.8
0.3
-4.1
-1.9
-9.0
-5.4
-8.3

641
952
1232
1642
2.903
2961
3212
3623

3.12
-3.16
25.81
1.83
-1.03
0.675
-1.243
0.828

III

1
2
3
4
5
6
7
8

+
X
O
H

SSS
≠
*

O+

491
728
922
1268
2255
2294
2507
2817

293
942
1032
1088
2432
1780
2512
2794

-40.3
29.4
11.9
-14.2
7.8

-22.4
0.2
-0.7

492
731
920

1.263
2.251
2291
2503
2813

-40.7
29.6
11.2
-14.1
7.5

-22.2
0.3
-0.5

IV

1
2
3
4
5
6
7
8

+
X
O
H
≠

SSS
*

O+

443
655
830
1145
2024
2080
2263
2547

416
751
881
1133
2157
1966
2317
2500

-6.1
14.7
6.1
-1.0
6.6
-5.5
2.4
-1.8

441
657
834

1.146
2.025
2083
2262
2543

-6.2
14.5
6.3
-1.2
6.5
-5.2
2.3
-1.6

V

1
2
3
4
5
6
7
8

+
X
O
H
≠

SSS
*
O

291
429
545
755
1327
1382
1499
1681

244
473
581
683
1304
1229
1470
1689

-16.2
10.3
6.6
-9.5
-1.7
-11.1
-1.9
0.5

293
428
546
742

1.326
1381
1495
1683

-16.1
10.2
6.5
-9.8
-1.9
-11.3
-1.7
0.4

Note: + – The nodal lines form a plus sign, X – The nodal lines form an X, O – The nodal lines form a ring shape, 
H – The nodal lines form a hyperbolic shape, SSS – The nodal lines form three sinusoids (the four edges of the 
plate have a complete sinusoid of displacement), * – The nodal lines form a shape of type *, O+ – The nodal lines 
are a superposition of the “O” and “+” shapes.
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Figure 7. First six mode shapes of FN/Epoxy II: Visualization of the vibrational modes in free condition, 
illustrating the distinct patterns of deformation at various frequencies
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of CFRP I is 44.2% lower than that of MAG I, 
while the second mode is 19.1% higher, indi-
cating that frequency ordering is not preserved 
across materials, moreover, CFRP I exhibits a 
significant frequency gap between the first and 
second modes, a feature attributed to transverse 
shear effects and direction-dependent stiffness in 
composite laminates.

Figure 6 illustrates the frequency response of 
the MAG I and CFRP I specimens, highlighting 
these mode sequence differences. Notably, CFRP 
I demonstrates substantially higher damping 
compared to magnesium – approximately 1000% 
higher for the first mode and 290% higher for the 
second – confirming its superior vibration attenu-
ation capabilities,

The influence of aspect ratio and fiber orien-
tation further explains the observed frequency 
shifts, As the aspect ratio increases, the bending 
stiffness decreases, leading to lower natural fre-
quencies, especially in the lower-order modes 
where bending dominates, Conversely, specimens 
with reduced aspect ratios exhibit higher stiffness 
and thus elevated natural frequencies, Fiber ori-
entation plays a crucial role in this behavior: uni-
directional laminates tend to concentrate stiffness 
along the fiber axis, elevating frequencies in the 
corresponding bending directions, while cross-
ply configurations distribute stiffness more even-
ly, resulting in mixed or shifted mode shapes.

Figure 8 presents the natural frequencies of 
all specimens under free-free boundary condi-
tions, Frequency variations are more pronounced 
in thinner samples; as thickness increases, these 
discrepancies diminish, For Specimens II and IV, 
natural frequency differences remain within ±9%, 
indicating good consistency between experimen-
tal and FEM predictions, In contrast, Specimen V 

shows slightly larger deviations, while the most 
significant difference (–16.2%) is observed in 
CFRP III, the only specimen featuring cross-ply 
layers, This variation stems from the non-isotro-
pic elastic properties of the laminate, which alter 
the stiffness distribution and shift mode shapes 
compared to isotropic magnesium.

Figure 7 also depicts the modal damping ra-
tios for the first eight modes across all samples, 
expressed as percentages of critical damping, the 
visualization underscores the substantial damping 
enhancement in CFRP compared to magnesium, 
aligning with the expected behavior of anisotro-
pic polymer-matrix composites [26–27].

The investigation into the natural frequen-
cies of woven glass/epoxy composite plates re-
veals that the natural frequency increases with 
the aspect ratio, following a parabolic trend con-
sistent with theoretical predictions, Higher as-
pect ratios enhance stiffness and reduce mass per 
unit area, resulting in elevated natural frequen-
cies, Natural frequencies were measured using 
a data acquisition system under free boundary 
conditions, focusing on three parameters: as-
pect ratio, fiber orientation, and sample prepa-
ration, A finite element analysis (FEA) program 
was developed to compare experimental values 
with theoretical results, The findings indicate 
that natural frequencies sometimes vary within 
a certain range, suggesting good agreement with 
FEA predictions, As the mode number increases, 
the percentage error between experimental val-
ues and simulation results decreases, indicating 
that higher modes are less sensitive to inaccu-
racies, However, discrepancies arise because 
the analytical models consider only undamped 
natural frequencies, while real systems exhibit 
inherent damping, leading to variations between 

Figure 8. Frequency rates of the first four unique modes [25]
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experimental measurements and simulations, 
Factors contributing to observed discrepancies 
include the dog-bone-shaped specimen geom-
etry, which may induce variability in elastic 
properties, and fluctuations in tensile properties 
due to sample preparation methods and testing 
conditions, Additionally, the specimens did not 
always align at the center of the jaws during test-
ing due to a diamond-shaped hole, which could 
result in a reduction of the Young’s modulus, 
Overall, these findings highlight the importance 
of geometric considerations in design and under-
score the need for improved specimen prepara-
tion techniques and alignment during testing to 
enhance accuracy in vibrational property mea-
surements, ultimately leading to better design 
practices for composite materials in engineering 
applications [28–30] (Figure 9).

The investigation into the natural frequencies 
of woven glass/epoxy composite plates reveals 
that the natural frequency increases with the as-
pect ratio, following a parabolic trend consistent 
with theoretical predictions, higher aspect ratios 
enhance stiffness and reduce mass per unit area, 
resulting in elevated natural frequencies, natural 
frequencies were measured using a data acquisi-
tion system under free boundary conditions, fo-
cusing on three parameters: aspect ratio, fiber ori-
entation, and sample preparation, a FEA program 
was developed to compare experimental values 
with theoretical results, (Figure 10).

The findings indicate that natural frequen-
cies sometimes vary within a certain range, 
suggesting good agreement with FEA predic-
tions, As the mode number increases, the per-
centage error between experimental values and 

Table 6. Constrained modal data arranged in order of mode shape

Plates Modes Shapes
Magnesium CFRP Parameter RFN/Epoxy RFN/Epoxy// CFRP

Freq (Hz) Freq (Hz) Freq % Diff Freq (Hz) Freq % Diff
I 1

2
3
4
5
6
7
8

+
X
O
H
≠

SSS
*

O+

1885
2104
2138
2274
2864
2932
4868
5350

2029
1184
2148
NA
NA

2310
3400
4556

7.6
-43.7
0.5
NA
NA

-21.2
-30.2
-14.8

2026
1187
2151
NA
NA

2308
3404
4553

7.2
-43.5
0.3
NA
NA

-21.4
-30.3
-14.6

II 1
2
3
4
5
6
7
8

+
X
O
H

SSS
≠
*

O+

1281
1416
1444
1706
1811
2440
2999
3398

1077
1256
NA

1314
1661
1770
2707
3085

-15.9
-11.3
NA

-23.0
-8.3
-27.5
-9.7
-9.2

1072
1252
NA

1317
1664
1768
2702
3081

-15.5
-11.4
NA

-23.2
-8.5
-27.4
-9.2
-9.4

III 1
2
3
4
5
6
7
8

+
X
O
H

SSS
≠
*

O+

1125
1224
1243
1422
1501
2050
2354
2764

1041
NA

1119
1100
1268
1700
1801
2687

-7.5
NA

-10.0
-22.6
-15.5
-17.1
-23.5
-2.3

1045
NA

1121
1105
1264
1701
1805
2684

-7.3
NA

-10.2
-22.3
-15.1
-17.3
-23.2
-2.1

IV

V

1
2
3
4
5
6
7
8
1
2
3
4
5
6
7
8

+
X
O
H
≠

SSS
*

O+
+
X
O
H
≠

SSS
*

O+

989
1100
1153
1273
1383
1837
2130
2501
753
NA
833
921
996
1295
1433
1503

805
NA

1002
1066
1202
1583
1977
2383
677
735
765
795
867
1196
1277
1487

-18.6
NA

-13.1
-16.3
-13.1
-13.8
-7.2
-4.7
-10.1
NA
-8.2
-13.7
-13.0
-7.6
-10.9
-1.1

802
NA

1006
1062
1204
1582
1975
2386
676
737
762
797
863
1195
1273
1485

-18.2
NA

-13.3
-16.1
-13.4
-13.5
-7.1
-4.5
-10.2
NA
-8.3
-13.5
-13.2
-7.3
-10.4
-1.3
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simulation results decreases, indicating that 
higher modes are less sensitive to inaccuracies, 
however, discrepancies arise because the ana-
lytical models consider only undamped natural 
frequencies, while real systems exhibit inher-
ent damping, leading to variations between 
experimental measurements and simulations, 
factors contributing to observed discrepancies 
include the dog-bone-shaped specimen geom-
etry, which may induce variability in elastic 
properties, and fluctuations in tensile proper-
ties due to sample preparation methods and 
testing conditions, additionally, the specimens 

did not always align at the center of the jaws 
during testing due to a diamond-shaped hole, 
which could result in a reduction of the elas-
tic modulus (Young’s modulus), Overall, these 
findings highlight the importance of geometric 
considerations in design and underscore the 
need for improved specimen preparation tech-
niques and alignment during testing to enhance 
accuracy in vibrational property measure-
ments, this ultimately leads to better design 
practices for composite materials in engineer-
ing applications.

Figure 9. The 1st eigh Free Modal Natural Frequencies for each plate
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CONCLUSIONS 

This research investigated the modal behav-
ior of woven glass/epoxy and natural fiber/epoxy 
composite plates under free boundary condi-
tions using an optical data acquisition system, 
Frequency response functions were extracted 
through fast Fourier transform (FFT) analysis, 
enabling precise characterization of vibrational 
modes, the results demonstrated that both as-
pect ratio and fiber orientation significantly in-
fluence the natural frequencies of the plates, 
Experimental results showed strong agreement 
with ANSYS simulations, with percentage errors 
below 15%, primarily attributed to uncertainties 
in elastic material properties, natural frequen-
cies increased with aspect ratio, reflecting the 
combined effects of higher stiffness and reduced 
mass, while frequency variation with fiber ori-
entation followed a non-linear trend – decreas-
ing up to [45/−45] and rising again at [0/90], 
this highlights the complex coupling between 
material anisotropy and geometric configuration, 
from an industrial standpoint, the findings under-
score the suitability of hybrid natural fiber com-
posites for lightweight dynamic structures such 
as rotorcraft panels, UAV frames, and vibration-
damping systems in aerospace and automotive 
applications, these materials offer a sustainable 

alternative to conventional composites without 
compromising structural performance, future re-
search will extend this work toward constrained 
boundary conditions, evaluate fatigue life, and 
include full-scale component testing to validate 
the material’s long-term durability and perfor-
mance in operational environments.
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