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ABSTRACT: This paper presents the free vibration behaviour of bio-inspired
helicoidally symmetric laminated composite (BIHSLC) beams using higher-
order shear deformation theory (HSDT) via the Ritz method. The stiffness
and mass matrices are formulated through a variational approach, and the gov-
erning equations of motion are derived accordingly. The developed model is
validated against existing results. A comprehensive study is conducted to in-
vestigate the influence of lamination schemes, number of layers, boundary con-
ditions, grading parameters, aspect ratios, and orthotropy ratios. Notably, the
fundamental frequencies exhibit significant variation depending on the specific
lamination scheme, boundary conditions, grading parameters, number of lay-
ers, and aspect ratio. The novel insights presented in this study contribute to
the understanding and future design of advanced composite beam structures.

KEY WORDS: Bio-inspired laminated composite, composite beams, Higher
order theory, Ritz method; Grading parameter; free vibration analysis.

1 INTRODUCTION

Industries such as aerospace, defence, transportation, and civil engineering increas-
ingly demand materials with superior mechanical properties, and bio-inspired lami-
nated composites-mimicking layered natural architectures such as shells, bones, and
wood have emerged as promising candidates offering strength, toughness, and light
weight [1]. Helicoidal arrangements in particular enhance impact resistance and dam-
age tolerance. Sandwich structures with honeycomb cores have been widely studied
for their natural geometric efficiency [2—4], while Bouligand [5] first introduced the
helicoidal structure concept, later investigated by Archipatbut and RaviChandar [6]
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and shown by Karlsson et al. [7] to offer significant mechanical improvements, in-
cluding reduced through-thickness damage under impact [8]-leading to applications
in tanks, aircraft carriers, and turbine blades.

Advanced theories have furthered laminate analysis: Khare et al. [9] proposed
a shear-correction-free NEHSDT for multi-layered laminates, and Rodrigues et al.
[10] coupled Radial Point Interpolation Method with higher-order theories for cross-
ply plates. In vibration/stability research, Jafari and Mohammadimehr [11] stud-
ied piezoelectric-controlled sandwich beams, Akbas [12] examined size-dependent
buckling via modified couple stress theory, and Soltani [13] compared CARALL
and GLARE fibre-metal laminates. Yiiksel and Akbag [14] assessed porosity effects
on buckling, while Zenkour and El-Shahrany [15, 16] studied magnetostrictive and
velocity-feedback vibration control. Bouazza and Zenkour [17] developed a refined
nth-order theory for inhomogeneous plates, Santana et al. [18] proposed a unified
spectral-element ESL theory, and Shishesaz et al. [19] modelled post-buckling of
delaminated composite plates.

Helicoidal bio-inspired structures have advanced further: Karamanli et al. [20]
and Bayat et al. [21] analysed bending, buckling, and vibration via Ritz and FSDT-
FEM; Garg et al. [22-25] extended this to Miura-shells, panels, and perforated plates
using iso-geometric/surrogate modelling; Garg et al. [26] studied impact damage via
SPH-FEM; Karamanli et al. [27] developed quasi-3D FEM models; and Ding et al.
[28] introduced self-stitching CFRP laminates. Manufacturing advances include 3D-
printed helicoidal laminates [29], nacre-inspired CFRPs [30], self-healing [31] and
fibre-reorientation [32] capabilities, HSDT-IGA dynamic analysis [33], interlaminar-
stress studies of curved beams [34], and further reviews and designs [32,35,36].

Machine learning has aided optimization via active learning [37], SVM/surrogate
models [24, 38], and studies on corrugated-core sandwich fracture [39], helicoidal
plate responses via FSDT-2D-DQM [40], impact behaviour of ply-angle variants
[41], biomimetic beetle-elytron sandwich cores [42], and thermoelastic HSDT-IGA
models for CNT-reinforced TPMS structures [43].

To the authors’ knowledge, free vibration of bio-inspired laminated beams with
graded thickness remains unreported. This study therefore develops a novel HSDT
to analyse BIHSLC beams, examining boundary conditions, lamination patterns, or-
thotropy ratios, and aspect ratios via a detailed parametric study with exponentially
graded layer thickness.

2 GEOMETRIC MODEL AND MATERIAL PROPERTIES

A bio-inspired helicoidal symmetric laminated composite (BIHSLC) beam is de-
picted in Fig. 1. In this study, four different helicoidal designs, namely the helicoidal-
recursive (HECR), helicoidal exponential (HECE), helicoidal semi-circular (HECSS)
and Fibonacci helicoidal (FIBHEC) are analysed along with the variation of thickness
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Figure 1. BIHSLC beam with its geometric description and lamination scheme.

of each layer using the exponential or power -law grading as given in Eq. (1). An iso-
metric view of these configurations is given in Refs. [20, 33], which are summarized
in Table 1.

Table 1. The configuration of the helicoidal layup

Lamination Description Lamination sequence
scheme for 32 layers

Helicoidal 0, =61/65/.../0n = 0,1+ B(i — 1) HECRI: [0/1/3/6/.../120];
recursive if 3 =1, HECRI1; 8 = 2, HECR2; HECR2: [0/2/6/...240],

8 = 3, HECR3; f3: angle increment per layer, HECR3: [0/3/9/. ../360],
also called the helicoidal pitch increment,
i: layer number (from 1 to N).

Helicoidal ~ 61/602/ ... /0n = ~%; 7 is the growth factor; HECEIL: [2/4/8/.../256]4

exponential ¢ is the layer index start from 1. HECE2: 2.5/6.3/.../1525.9]5,
If v = 2, HECEL; v = 2.5, HECEZ2; HECES3: [3/9/27/.../6561]5,
~ = 3, HECE3

.. 2omatx . 2

Helicoidal  §; = /62, — [ (- 1) - amax] HECSS1: [0/15.9/. ../45],

semi-circular if 0, = 45°, HECSSI, HECSS2: [0/63.6/.../180],
Omax = 180°, HECSS2

Fibonacci 0; =0;_1+0;_o;,0; =0° 05 =10° FIBBHEC: [0/10/10/.../340],

helicoidal fib_seq(i)=mod (fib_seqg(i-1)
+fib_seqg(i-2),360)
Generates a Fibonacci-based helicoidal
sequence of fiber orientations for the first
half of a symmetric laminated composite
beam. They wrap around 360°.
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Here « is the grading exponent, which controls the distribution profile of the
layer thicknesses within the beam structure; h; is the i layer thickness; h is the total
thickness of beam; N represents the Number of Layers, which is set to 32 unless
otherwise stated in this study.

While helicoidal angle variation redistributes directional stiffness without alter-
ing mass distribution, thickness grading offers a distinct mechanism: it redistributes
material volume through the thickness, affecting both bending stiffness and mass mo-
ment of inertia. By shifting stiffness toward or away from the neutral axis, it controls
bending—shear interaction directly—a negative exponent (o < 0, thicker mid-plane
plies) raises bending stiffness and frequencies, while a positive exponent (o > 0,
thicker outer plies) lowers the stiffness-to-mass ratio and frequencies, an effect he-
licoidal variation alone cannot achieve. This decoupling of stiffness alignment from
mass concentration enables finer vibration tailoring. Natural Bouligand structures
also show non-uniform lamella thickness alongside fiber rotation, so thickness grad-
ing improves biomimetic fidelity, justifying its inclusion as a novel, essential design
parameter.

3 FORMULATION OF HSDT

The displacement field of the higher order shear deformation theory is expressed as

(2) Ux :u+1[)(z) wb,z+ (Z-I—QQ/) (Z))ws,xa
Uz = wp + Ws,

where udistheazialdisplacement, 4wy is the bending component of the transverse

displacement, w;s is the shear component of the transverse displacement. In the

(225 323

present study ¢ (z) = HEibY®)

) is considered and (,) represents the derivative to

the variable.

The displacement field adopted here follows the higher-order shear deformation
theory (HSDT) framework, distinct from common shear- and normal-deformable
beam theories, and aligns closely with the quasi-3D theory of Ref. [20] (used for vali-
dation), the refined shear deformation theory of Ref. [46], and the higher-order/quasi-
3D theories of Ref. [47]. Building on these, the present field is formulated as a novel
HSDT that captures transverse shear effects accurately without shear correction fac-
tors, with its accuracy confirmed against quasi-3D results in the literature.



Bathini Sidda Reddy, K. Vijaya Kumar Reddy, B. Chinna Ankanna 339

Then the strain-displacement relations are defined by

{Ew:v = Uz,:r =Ug + ?l} (Z) Wy, za + (Z + 2¢ (Z)) Ws,zx

3
( ) Exz = U:c,z + Uz,a: = (1 + ¢ (Z),z> (wbﬂf + 2’[1)5@) :

The stress—strain relations are in the form of:

4) Oxx = Qllgxx )
(5) Oxz = Q5553:z ,
where

Q11 = Q11 cos*(0) + 2(Q12 + 2Qes) cos*(0) sin?(0) + Q22 sin*(6) ,
Q55 = Q55 cos*(0) + Quasin?(0),

Ey vigEy By
Qu=7—"""; Qu=7""—; Qu=—";
1 — vo101 1 — vo101 1 — v1o101
Es
Qua =Ga3; Q55 =Giz; Qs = Gi2; o1 = Y1z
1

0 is the fibre angle of the i layer.
The strain energy (Us) of the BIHSLC beam is given by:

1

(6) Us = 5 / (Uxxgzx + Uaczgacz)dv .

By substituting Egs. (3-5) into Eq. (6), the strain energy equation can be expressed
as:

N Us = % /Qll{u?x + ¢(z)2w§,xx + (Z + 21/}(2))2 wg,xm + 2¢(2)u7$wb,$$
+2¢(2) (2 + 29(2)) Wh oz Ws gz + 2 (2 + 20(2)) U2 Ws 20
+ Q55(1 + ¢(Z)7z)2 [wl?,x + 4wg,x + 4wb,st,m] }dv :

The kinetic energy is calculated as follows:
1
(®) Us=g /,o (U2, + U2} dv
v

B ;/p{“?t () Wi gy + (24 20(2))" Wi
+ 20(2)u w1t + 290(2) (2 + 20(2)) W g4 Ws ot

+2(242¢(2)) uws g + wat + wit + 2wb,tws7t}dv :
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4 RITZ FORMULATION

Numerical solutions for the free vibration analysis of the bio-inspired helicoidal sym-
metric laminated composite beam, based on the developed variational formulation,
are obtained using the Ritz method. This method has been acknowledged widely by
researchers in the literature for its accuracy and computational efficiency in structural
vibration problems [20,44,45]. The displacement functions u(x), wy(z), and ws(x)
are defined as follows:

k
©) u(@) =) Aii(x),  ¢j(x) =2 (x — L),
j=1
k .
(10) wy(x) = Z Bix;(z), xj(z)=aP"(x — L)1"egi~1,
j=1
k
(11) ws(z) =Y C;Q(x), Qj(x)=aP"(z—L)™al".
j=1

The unknown coefficients are A;, B; and C}, while the trial functions are given by
¢j(x), xj(x), and ©;(x). Based on the boundary conditions (BCs) listed in Table 2,
the boundary exponents p,, pwy, pWs, Gu, Wy, and qw, are provided in Table 3.

Table 2. Kinematic BCs used in this study

BC =0 z=1L

Simple support (SS) u=wp=wz=0 wp=ws=0
Clamped-clamped (CC) U=Wy=Ws =Wz =Ws ;=0 U=Wy=Ws =Wz =Ws ;=0
Clamped-free (CF) U=Wp =Ws =Wp,g =Ws 5 =0 —
Clamped-simply (CS) U=Wp =W =Wph 5 =W =0 wp=ws=0

Table 3. Boundary exponents used to present various BCs

Left end Right end
BC Du pwp PWs Qu qup qus
SS 1 1 1 0 1 1
CC 1 2 2 1 2 2
CF 1 2 2 0 0 0
CS 1 2 2 0 1 1
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Lagrange’s equations are employed to derive the equations of motion:

(12) N=U-K,
oIl o [ oIl

(13) —<.>=0,
g Ot \9q,

where ¢; represents the values of A, B, C, D. The equations of motion can be
obtained as:

[S11] [S12] [S13] [M11] [Mi2][Mas] {A} {0}
(14) [S12] " [S22] [S2s] | — w? |[Mi2]” [Mas] [Mas] {B}p =410} ¢,

[S13]" [S32] [S3s] [M3)7 [ M32] [M3s] {C} {0}
]

where [S;] and [My,] are the stiffness and the mass matrices. The elements of [S]
and [M] are given as

NL

L k1
S11(i4) :/0 (Z QndZ) Gix@jadr,

k=1""%k

k=1"%k

k=1
I /NL Zh1
522(Za]) = /0 / Q111/J(Z)2dz> Xi,zx Xj zad.
k=1" %k
L /NL Zhi1
as) « ( [ Qs ) 0% )xmxmdx
k=1"7%k
L /NL Zhl
523(27.7) —A (Z/ Qllw( )(Z+27/1( )) >X7, wajxa:d«T
k=1"7%k
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L /NL
M (i) = / (Z
0

Zk4+1
| bz ) éusda,
k=1"7%k

Z/ZIM P"Lﬂ(z)dZ) diXjzd

5 NUMERICAL RESULTS

To validate the proposed higher-order shear deformation theory, several comparative
studies are conducted on both conventional and bio-inspired laminated composite
beams. A comprehensive investigation and discussion are carried out to examine the
effects of length-to-thickness ratios (L/h), lay-up sequences, and various boundary
conditions, including simply supported (SS), clamped—clamped (CC), clamped—free
(CF), and clamped—simply supported (CS) configurations. The mechanical properties
of the constituent materials used in the laminated composites are presented in Table 4.

Results are portrayed in dimensionless form for fundamental frequency in Ta-
bles 5-7 and assessed with Karamanli et al. [20], Nguyen et al. [46], Thuc P. Vo et
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Table 4. Material properties of composite beams

Mate- Eq E, G2 Gis Gas V12 V13 V23 P
rial GPa GPa GPa GPa GPa
1 Open Open FEs 0.5E, 0.5F5 0.2F5 0.25 0.25 0.25 1

2 1448  9.65  9.65 4.14 4.14 3.45 0.3 0.3 0.3 1
3 40 1 1 0.6 0.6 0.5 025 025 025 1

al. [47]. For convenience, the following dimensionless parameters are used:

L2
WT EL for Materials 1 and 2
a17) DFF(@) ={ 7oV
- EL2 for Material 3

From Tables 5 and 6, it can be observed that the comparative results of the
proposed numerical model validate its accuracy. The present results show excel-
lent agreement with those reported in the literature for analysing the free vibration
characteristics of laminated composite beams using refined shear deformation theory
(RSDT) [46], quasi-3D theory [20,47], and higher-order beam theory (HBT) [47],
across all boundary conditions (BCs).

The proposed formulation is validated against Ref. [20] under identical modeling
conditions (beam geometry, material properties, lamination schemes, and SS/CC/
CF/CS boundary conditions), using the dimensionless fundamental frequency (DFF)
as a robust metric that emphasizes global stiffness and inertia consistency over minor
kinematic differences. As shown in Table 7, results agree closely with the quasi-

Table 5. Verification of DFF for (0°/90°) laminated composite beams under various BCs
(Material 2)

L/h Theory SS CcC CF
5 RSDT [46] 1.17220 1.98600 0.4492
e, # 0[47] — 1.99350 —
Quasi-3D [20] 1.16760 1.99460 0.4536
Presente, =0 1.16350 1.99879 0.45078
15 RSDT [46] 1.33140 2.84430 0.4792
e, # 0[47] — 2.87090 —
Quasi-3D [20] 1.33930 2.86930 0.4834

Presente, =0 1.33311 2.85488 0.48073
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Table 6. Verification of DFF for (0°/90°/0°) and (0° /90°) laminated composite beams under
various BCs and L/h (Material 3)

L/h  Theory SS CF cc
0°/90°/0° 0°/90° 0°/90°/0° 0°/90° 0°/90°/0° 0°/90°
5 HBT[47] 9.206 6.058 423 2381  11.601 10.022
Quasi-3D [47]  9.208 6.075  4.221 2391 11.479 9.99
Present 92160  6.0744 4.2383 2385  11.6899  10.0985
20 HBT [47] 16.327 7204 6.02 2289  29.643 15.65
Quasi-3D [47] 16.328 7228 6.03 2589 29.639 15.708
Present 163370  7.2103  6.0673 2590  29.677 15.668

3D solutions of Ref. [20] across L/h ratios, boundary conditions, and stacking se-
quences, with differences confined to 4-6%; the slightly higher frequencies reflect
HSDT’s more accurate capture of transverse shear effects, confirming that validation
relies on physically meaningful agreement rather than identical displacement fields.
Robustness is further confirmed by analysing the DFF of BIHSLC beams for lami-
nation schemes HECR3, HECSS2, and FIBHEC under all four boundary conditions
and L/h = 10 and 20 (E,/E5 = 3). Table 7 shows HECSS2 consistently yields the
lowest fundamental frequency and FIBHEC the highest across all cases, reinforcing
the model’s reliability and supporting its use as a benchmark for future validation
studies.

5.1 PARAMETRIC STUDY OF DFF

After validation, a parametric study evaluates the dimensionless fundamental fre-
quencies (DFF) of BIHSLC beams across lamination architecture, orthotropy ratio
(E1/E»), thickness grading exponent («), aspect ratio (L/h), and boundary con-
ditions. Four helicoidal stacking sequences are considered-recursive (HECR), ex-
ponential (HECE), semi-circular (HECSS), and Fibonacci-inspired (FIBHEC)-under
SS, CC, CF, and CS conditions. Results are presented in Tables A1-A4 and Figs. 2—4
(below) and A1-A12 (Appendix at: https://github.com/bathinisiddareddy-arch/expo-
nentially-graded-thickness).

From Tables A1-A4, DFF consistently decreases with increasing « across all
cases. Positive « (thinner edges, thicker centre) concentrates mass at the outer sur-
faces, reducing bending stiffness and the stiffness-to-mass ratio, lowering frequen-
cies. Negative « (thicker edges, thinner centre) concentrates stiffness near the neutral
axis where dynamic stresses are highest, raising bending stiffness and frequencies.
a = 0 denotes uniform thickness.

Orthotropy (E1/E2) also strongly affects DFF: increasing it from 3 to 50 mono-
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Table 7. Verification of DFF for bio-inspired helicoidal symmetric lamination schemes, BCs,
and L/h (Material 1)

L/h=10 L/h =20
BCs Theory HECR3 HECSS2 FIBHEC HECR3 HECSS2 FIBHEC
SS  Quasi-3D[20] 23539 20698 2388 24135 21029 24375
Present 24748 21711 25317 25389 22086  2.5878
Error 489%  467%  5.68%  494%  479%  5.81%
CC  Quasi-3D[20] 4.8274 44164 49894 53198  4.6928 54045
Present 50607  4.6000 52547 55871 49141 57218
Error 461%  399%  505%  478%  450%  5.55%
CF  Quasi-3D[20] 0.8541 07464 08638 0864 07516  0.8719
Present 08977 07829 09160 09088  0.7893  0.9256
Error 486%  466%  570%  492%  477%  5.80%
CS  Quasi-3D[20] 3.5451  3.1647  3.6224 3734 32678  3.7791
Present 37216 33095  3.8292 39251 34278  4.0075
Error 474%  438%  540%  487%  4.671%  5.70%

tonically decreases DFF, as stiffer longitudinal fibres dominate over less effective
transverse fibres-an effect most pronounced at higher . Low orthotropy (F1/Es =
3) yields relatively uniform vibrational behaviour, while higher ratios increase sensi-
tivity to fibre orientation and grading.

Helicoidal architecture effects depend on o and boundary conditions. Recursive
schemes (HECR1-HECR3) give the highest DFF at non-positive o (especially un-
der SS, CC, CS), owing to small pitch angles (e.g., 1° in HECR1) enabling quasi-
isotropic, uniform stiffness-though performance drops at positive o. Exponential
schemes (HECE1-HECE3) are adaptive: HECE1 excels at lower «v, HECE3 at higher
«. Semi-circular schemes (HECSS1, HECSS2) are more complex-HECSS2 (180°
coverage) gives the lowest DFF at negative a/low anisotropy but performs excep-
tionally under CF at higher «, likely due to stiffness concentration near the clamped
end. FIBHEC delivers consistent performance across all parameters due to its quasi-
random stiffness distribution, suiting uncertain or multidirectional loading.

Boundary conditions follow the classical trend CC > CS > SS > CF, reflecting
increasing constraint rigidity. Recursive stacking dominates under CC, CS, and SS,
and remains competitive under CF, owing to its evenly distributed stiffness resisting
both global and local deformation.

Overall, recursive stacking suits highly constrained systems; exponential and semi-
circular configurations suit asymmetric or flexible supports; and Fibonacci-inspired
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designs offer balanced performance for uncertain or variable loading—useful guid-
ance for tailoring dynamic response in bio-inspired composite design.

The complete parametric dataset (32-layer BIHSLC beams, all nine schemes,
three orthotropy ratios, seven grading exponents, all four boundary conditions) is
provided as Tables A1-A4 in the Appendix.

Figures 2—4 show DFF versus L/h and « for SS, CC, and CS (8 = 1°). DFF

295 : . ; . : : . . .
BIE e ]

2.59

2.39

219

e 8 o B e i ¢ £ s e e - ]
-

&0 w 80 90 100

10 20 30 40 50 50 70 80 ] 100

Figure 3. DFF of BIHSLC beams under clamped-clamped BCs (8 = 1°), Ey/Ey = 25.



Bathini Sidda Reddy, K. Vijaya Kumar Reddy, B. Chinna Ankanna 347

decreases with increasing « in all cases, more sharply in slender beams and at higher
a, due to stiffness shifting away from the neutral axis. DFF rises rapidly with L/h
up to 20 (shear-deformation dominated), then more slowly beyond L/h = 20 as
behaviour transitions toward thin-beam response.

CC beams (Fig. 3) show markedly higher DFF than SS (Fig. 2) and CS (Fig. 4)
due to stronger end constraints, with greater sensitivity to o and L/h. CS beams
fall between SS and CC, with asymmetric constraints producing nonlinear a—L/h
interactions; at negative v and low L/h, CS values approach CC, showing grada-
tion can offset geometric/boundary asymmetry. Overall, boundary conditions rank
CC > CS > SS for vibrational stiffness, confirming that thickness gradation and
geometric parameters must be jointly optimized for BIHSLC dynamic performance.

The mode shapes of bio-inspired helicoidal laminated composite beams, illus-
trated in Figs. A13—-A16 (Appendix) for four boundary conditions, reveal distinct vi-
brational characteristics influenced by the helicoidal architecture and boundary con-
straints. In the simply supported case (Fig. A13), the mode shapes exhibit symmetric,
sinusoidal patterns typical of classical beam theory, though slightly modified by the
orthotropic helicoidal layering. The clamped-clamped beam (Fig. A14) shows higher
stiffness and pronounced curvature near the ends, with multiple nodes and inflection
points due to the restriction of both displacement and rotation. For the clamped-free
configuration (Fig. A15), the mode shapes display increasing amplitude toward the
free end, highlighting the cantilever behaviour with noticeable bending-torsion cou-

I I L I I I I I I
10 20 EL 40 50 60 70 80 20 100
L/

Figure 4. DFF of BIHSLC beams under clamped-simply supported BCs (8 = 1°), E;/Ey =
25.
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pling induced by the helicoidal structure. Similarly, the clamped-simply supported
beam (Fig. A16) presents asymmetric deformation patterns, with higher curvature
concentrated near the clamped end, illustrating the influence of support conditions
on modal behaviour. Across all cases, the exponential variation and helicoidal design
introduce subtle asymmetries and energy localization, emphasizing their potential for
tailored dynamic responses in advanced structural applications.

The variation of the DFF with the number of layers in BIHSLC beams is presented
in Figs. A1-A12 (Appendix) for four different boundary conditions: SS, CC, CF, and
CS, considering three thickness grading exponents v = —0.3, 0, and 0.3, along with
various helicoidal lamination schemes HECR1, HECR2, HECR3, HECE1, HECE2,
HECSS, and FIBHEC. The results clearly show that the DFF is influenced by changes
in the number of layers. Across all boundary conditions, the DFF consistently de-
creases as the number of layers increases, which can be attributed to the fact that
increasing the number of layers results in thinner individual plies while maintaining
the overall beam thickness. This reduction in ply thickness reduces the global bend-
ing stiffness and, consequently, the natural frequencies of the beam. An exception to
this trend is observed in the SS with o« = —0.3, 0 and 0.3 and at CC, CF, CS, condi-
tion a = —0.3 for the HECSS scheme (see Appendix Figs. A1-A4, A7, A10), where
the DFF exhibits a slight increase with layer count, indicating a potential redistribu-
tion of stiffness favouring the HECSS geometry under full-end constraints. Among
the lamination schemes, HECR1 and HECR2 typically produce higher DFFs, es-
pecially under SS and CC boundary conditions (Appendix Figs. A1-A6), suggesting
that these recursive stacking sequences provide better stiffness alignment. In contrast,
FIBHEC and HECSS consistently yield lower frequency responses across all bound-
ary conditions, likely due to their smoother fiber orientation transitions and reduced
directional stiffness. The influence of the grading index « is relatively subtle, though
in most cases, &« = —0.3 (indicating reduced thickness toward the outer fibers) re-
sults in slightly higher DFFs compared to o« = 0 and o« = 0.3, particularly under SS
and CS conditions (Appendix Figs. A1-A3 and A10-A12). This may be attributed
to a more favourable distribution of stiffness closer to the beam’s mid-plane. The full
set of mode-shape plots for the SS, CC, CF, and CS boundary conditions is provided
as Figs. A13-A16 in the Appendix. The complete set of DFF-versus-number-of-
layers plots for all four boundary conditions, three grading exponents, and nine heli-
coidal lamination schemes is provided as Figs. A1-A12 in the Appendix. Boundary
conditions significantly influence the DFF trends: clamped (CC) beams exhibit the
highest frequencies due to full-end restraint (Appendix Figs. A4-A6), followed by
clamped-simply supported (CS) (Appendix Figs. A10-A12), simply supported (SS)
(Appendix Figs. A1-A3), and finally clamped-free (CF) (Appendix Figs. A7-A9),
which show the lowest DFFs as a result of minimal constraint. These observations
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highlight the complex interplay between layer count, lamination architecture, thick-
ness grading, and boundary support in governing the vibrational behaviour of BIH-
SLC beams. Notably, the study confirms that increasing the number of layers does
not inherently enhance the dynamic stiffness of helicoidal laminates and that careful
selection of the stacking scheme and grading index is essential. Overall, the find-
ings suggest that the mechanical behaviour and frequency characteristics of BIHSLC
beams can be effectively tailored by optimizing the number of layers and stacking
strategy for specific design requirements.

6 CONCLUSIONS

This study presents a free vibration analysis of bio-inspired helicoidal symmetric
laminated composite (BIHSLC) beams using the higher-order shear deformation the-
ory (HSDT) and the Ritz method. The effects of various parameters, including
boundary conditions, lamination schemes, orthotropy ratio, aspect ratio, and thick-
ness grading exponents, are systematically investigated. Notably, this work is the
first to report the free vibration behaviour of BIHSLC beams with thickness grada-
tion. The results reveal that the dimensionless fundamental frequencies (DFF) are
significantly influenced by the thickness grading exponents and the rotation angle of
the helicoidal structure. Furthermore, it is demonstrated that the dynamic response of
BIHSLC beams can be effectively controlled through strategic variation in stacking
sequence, thickness gradation, and boundary conditions. These findings offer valu-
able insights for the advanced design and optimization of next-generation composite
structures.

REFERENCES

[1] N.S. HA, G. LU (2020) A review of recent research on bio-inspired structures and ma-
terials for energy absorption applications. Composites Part B: Engineering 181 107496.

[2] Q. MA, M. REJAB, J. SIREGAR, Z. GUAN (2021) A review of the recent trends on core
structures and impact response of sandwich panels. Journal of Composite Materials
55(18) 2513-2555.

[3] Q.-H. PHAM, V.K. TRAN, T.T. TRAN (2023) Vibration characteristics of sandwich
plates with an auxetic honeycomb core and laminated three-phase skin layers under
blast load. Defence Technology 24 148-163.

[4] H.-X. Wu, X.-C. ZHANG, Y. Liu (2021) Assessment on speed and am-
plitude of elastic wave propagation in square-packed circular honeycombs.
https://doi.org/10.1177/0309324720923214The Journal of Strain Analysis for Engi-
neering Design 56(1) 18-28.

[51 Y. BOULIGAND (1972) Twisted fibrous arrangements in biological materials and
cholesteric mesophases. Tissue and Cell 4(2) 189-217.


https://doi.org/10.1016/j.compositesb.2019.107496
https://doi.org/10.1177/0021998321990734
https://doi.org/10.1177/0021998321990734
https://doi.org/10.1016/j.dt.2022.10.002
https://doi.org/10.1016/S0040-8166(72)80042-9

350

(6]

[7]

(8]

[9]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

Free Vibration of Bio-Inspired Helicoidal Composite Beams with ...

T. APICHATTRABRUT, K. RAVI-CHANDAR (2006) Helicoidal Composites, Mechanics
of Advanced Materials and Structures 13(1) 61-76.

L. CHENG, A. THOMAS, J.L. GLANCEY, A.M. KARLSSON (2011) Mechanical be-
havior of bio-inspired laminated composites. Composites Part A: Applied Science and
Manufacturing 42(2) 211-220.

L.K. GRUNENFELDER, N. SUKSANGPANYA, C. SALINAS, G. MILLIRON, N.
YARAGHI, S. HERRERA, K. EVANS-LUTTERODT, S.R. NUTT, P. ZAVATTIERI, D.
KISAILUS (2014) Bio-inspired impact-resistant composites. Acta Biomaterialia 10(9)
3997-4008.

S. KHARE, R. KUMAR, H.K. SHARMA, R.B. PRASAD, K. MARKAD, S. SINGH,
A.K. TIWARI, S. VEN (2025) Static response of laminated plate using new parabolic
higher order shear deformation theory: A finite element approach. Journal of Compu-
tational Applied Mechanics 56(1) 101-126.

D. RODRIGUES, J. BELINHA, R. NATAL JORGE (2021) The radial point interpolation
method in the bending analysis of symmetric laminates using hsdts. Journal of Compu-
tational Applied Mechanics 52(4) 682-716.

M. JAFARI, M. MOHAMMADIMEHR (2025) Forced vibration control of Timoshenko’s
micro sandwich beam with CNT/GPL/CNR reinforced composites integrated by piezo-
electric on Kerr’s elastic foundation using MCST. Journal of Computational Applied
Mechanics 56(1) 15-42.

S. D. AKBAS (2024) Stability Analysis of a Laminated Composite Micro Scaled Beam
Embedded in Elastic Medium using Modified Coupled Stress Theory. Journal of Com-
putational Applied Mechanics 55(1) 26-38.

A. SOLTANI, M. SOLTANI (2022) Comparative study on the lateral stability strength of
laminated composite and fiber-metal laminated I-shaped cross-section beams. Journal
of Computational Applied Mechanics 53(2) 190-203.

Y.Z. YUKSEL, S.D. AKBAS (2019) Buckling Analysis of a Fiber Reinforced Lam-
inated Composite Plate with Porosity. Journal of Computational Applied Mechanics
50(2) 375-380.

A.M. ZENKOUR, H.D. EL-SHAHRANY (2021) Forced vibration of a magnetoelastic

laminated composite beam on Pasternak’s foundation. Journal of Computational Ap-
plied Mechanics 52(3) 478-497.

A.ZENKOUR, H. EL-SHAHRANY (2019) Vibration suppression analysis for laminated
composite beams embedded actuating magnetostrictive layers. Journal of Computa-
tional Applied Mechanics 50(1) 69-75.

M. BouazzA, A.M. ZENKOUR (2021) Vibration of inhomogeneous fibrous laminated
plates using an efficient and simple polynomial refined theory. Journal of Computa-
tional Applied Mechanics 52(2) 233-245.

H.M. SoUzA SANTANA, L.P.R. ALMEIDA, F.C. DA ROCHA (2021) Unified refined
beam theory applied to the Spectral Finite Element Method for analysis of laminated
composites. Journal of Computational Applied Mechanics 52(1) 44-60.


https://doi.org/10.1080/15376490500343808
https://doi.org/10.1080/15376490500343808
https://doi.org/10.1016/j.compositesa.2010.11.009
https://doi.org/10.1016/j.compositesa.2010.11.009
https://doi.org/10.1016/j.actbio.2014.03.022
https://doi.org/10.1016/j.actbio.2014.03.022
https://doi.org/10.22059/JCAMECH.2024.377272.1111
https://doi.org/10.22059/JCAMECH.2024.377272.1111
https://doi.org/10.22059/JCAMECH.2021.323598.616
https://doi.org/10.22059/JCAMECH.2021.323598.616
https://doi.org/10.22059/JCAMECH.2024.383880.1256
https://doi.org/10.22059/JCAMECH.2024.383880.1256
https://doi.org/10.22059/JCAMECH.2024.370519.934
https://doi.org/10.22059/JCAMECH.2024.370519.934
https://doi.org/10.22059/JCAMECH.2022.342475.717
https://doi.org/10.22059/JCAMECH.2022.342475.717
https://doi.org/10.22059/JCAMECH.2019.291967.448
https://doi.org/10.22059/JCAMECH.2019.291967.448
https://doi.org/10.22059/JCAMECH.2021.326538.636
https://doi.org/10.22059/JCAMECH.2021.326538.636
https://doi.org/10.22059/JCAMECH.2019.279153.384
https://doi.org/10.22059/JCAMECH.2019.279153.384
https://doi.org/10.22059/JCAMECH.2021.320751.605
https://doi.org/10.22059/JCAMECH.2021.320751.605
https://doi.org/10.22059/JCAMECH.2020.311116.562

[19]

(20]

(21]

(22]

(23]

[24]

[25]

(26]

(27]

(28]

[29]

(30]

Bathini Sidda Reddy, K. Vijaya Kumar Reddy, B. Chinna Ankanna 351

M. SHISHESAZ, M. KHARAZI, P. HOSSEINT, M. HOSSEINT (2017) Buckling Behavior
of Composite Plates with a Pre-central Circular Delamination Defect under in-Plane
Uniaxial Compression. Journal of Computational Applied Mechanics 48(1) 111-122.

A. KARAMANLI, T.P. VO, M.-O. BELARBI, S. LEE (2025) On the bending, buckling
and free vibration analysis of bio-inspired helicoidal laminated composite shear and
normal deformable beams. Composite Structures 352 118641.

M.J. BAYAT, A. KALHORI, K. ASEMI, M. BABAEI (2025) Static and vibrational char-
acteristics of bio-inspired helicoid laminated composite annular sector plates embedded
on Winkler elastic foundation. Engineering Structures 334 120194.

A. GARG, W. ZHENG, M. AVCAR, M.-O. BELARBI, R. KIRAN, L. L1, R. RAMAN
(2025) Free vibration behaviour of curved Miura-folded bio-inspired helicoidal lam-
inated composite cylindrical shells using HSDT assisted by machine learning-based
IGA. Composite Structures 357 118933.

A. GARG, N.K. SHUKLA, M.-O. BELARBI, D. MUKHERJEE, M. PUSHPAVALLI,
R. RAMAN, M. AVCAR, M.S. NARULA, L. L1 (2025) Bird strike-induced damage
studies on bio-inspired laminated plates with holes. Aerospace Science and Technology
162 110200.

A. GARG, L. L1, W. ZHENG, M.-O. BELARBI, R. RAMAN (2024) Free vibration be-
haviour of bio-inspired helicoidal laminated composite panels of revolution under ther-
mal conditions: Multi-output machine learning approach. Engineering Analysis with
Boundary Elements 169 106024.

A. GARG, N.K. SHUKLA, M.-O. BELARBI, A.B. BARNAWI, R. RAMAN, A.
SHARMA, L. L1 (2024) Free vibration analysis of bio-inspired helicoidal laminated
composite square and annular plates having circular openings using isogeometric anal-
ysis. Structures 69 107429.

A. GARG, M.-O. BELARBI, H.D. CHALAK, L. L1, A. SHARMA, M. AVCAR, N.
SHARMA, S. PARUTHI, R. GULIA (2023) Buckling and free vibration analysis of bio-
inspired laminated sandwich plates with helicoidal/Bouligand face sheets containing
softcore. Ocean Engineering 270 113684.

A. KARAMANLI, T.P. Vo, M.A. ELTAHER (2024) Comprehensive analysis of bio-

inspired laminated composites plates using a quasi-3D theory and higher order FE mod-
els. Thin-Walled Structures 198 111735.

Z. DING, H. X1A0, Y. DUAN, B. WANG (2023) Bio-inspired self-stitching for enhanc-
ing ductility and impact resistance of unidirectional laminated composites. Composites
Science and Technology 242 110184.

G. FENG, C. X1a0, H. WANG, H. ZHANG, B. L1u, C. WANG (2025) Enhancing
mechanical properties of 3D-printed continuous carbon fibre-reinforced composites via
bio-inspired design. Thin-Walled Structures 207 112737.

V. RODRIGUEZ-GARCIA, M. HERRAEZ, V. MARTINEZ, R. GUZMAN DE VILLORIA
(2022) Interlaminar and translaminar fracture toughness of Automated Manufactured
Bio-inspired CFRP laminates. Composites Science and Technology 219 109236.


https://doi.org/10.22059/JCAMECH.2017.234593.147
https://doi.org/10.1016/j.compstruct.2024.118641
https://doi.org/10.1016/j.engstruct.2025.120194
https://doi.org/10.1016/j.compstruct.2025.118933
https://doi.org/10.1016/j.ast.2025.110200
https://doi.org/10.1016/j.ast.2025.110200
https://doi.org/10.1016/j.enganabound.2024.106024
https://doi.org/10.1016/j.enganabound.2024.106024
https://doi.org/10.1016/j.istruc.2024.107429
https://doi.org/10.1016/j.oceaneng.2023.113684
https://doi.org/10.1016/j.tws.2024.111735
https://doi.org/10.1016/j.compscitech.2023.110184
https://doi.org/10.1016/j.compscitech.2023.110184
https://doi.org/10.1016/j.tws.2024.112737
https://doi.org/10.1016/j.compscitech.2021.109236

352

(31]

(32]

(33]

[34]

(35]

[36]

[37]

(38]

(39]

[40]

[41]

[42]

[43]

[44]

Free Vibration of Bio-Inspired Helicoidal Composite Beams with ...

J.L. L1u, V.N.H. PHAM, T.E. TAY, J. HUANG, E. CHEW, V.B.C. TAN (2023) Bio-
inspired helicoidal thin-ply carbon fiber reinforced epoxy laminates with nylon mi-
croparticles for improved toughness and healing. Composites Part A: Applied Science
and Manufacturing 171 107588.

A. SHARMA, N.K. SHUKLA, M.-O. BELARBI, M. ABBAS, A. GARG, L. L1, J.
BHUTTO, A. BHATIA (2023) Bio-inspired nacre and helicoidal composites: From
structure to mechanical applications. Thin-Walled Structures 192 111146.

N.-T. Do, Q.-H. PHAM (2023) Dynamic analysis of bio-inspired helicoid laminated
composite plates resting on Pasternak foundation excited by explosive loading. Defence
Technology 30 126-140.

P. KHOTJANTA, S. AIMMANEE (2024) Optimal interply angle of bio-inspired compos-
ite curved panels with helicoidal fiber architecture. Composite Structures 343 118269.
J. GAo, L. ZHANG, W. Dou, S. STICHEL (2025) Bio-inspired curved beam structure
subjected to bending load: Design, modelling, and experiment. Engineering Structures
325 119467.

A.B.H. KUEH, Y.Y. S1AW (2021), Impact resistance of bio-inspired sandwich beam
with side-arched and honeycomb dual-core. Composite Structures 275 114439.

T. LouTAS, A. OIKONOMOU, C. REKATSINAS (2025) Bio-inspired discontinuous
composite materials with a machine learning optimized architecture. Composite Struc-
tures 351 118597.

T. TRAN THI THU, T. NGUYEN ANH, H. NGUYEN THI, H. NGUYEN THI (2024)
Transient response of doubly-curved bio-inspired composite shells resting on viscoelas-
tic foundation subject to blast load using improved first-order shear theory and isogeo-
metric approach. Defence Technology 38 171-193.

V.T. LE, T. JIN, N.S. G0o0 (2022) Mechanical behaviors and fracture mechanisms of
CFRP sandwich composite structures with bio-inspired thin-walled corrugated cores.
Aerospace Science and Technology 126 107599.

S.A. MOHAMED, N. MOHAMED, M.A. ELTAHER (2022) Bending, buckling and lin-
ear vibration of bio-inspired composite plates. Ocean Engineering 259 111851.

H. WANG, C. WANG, P.J. HAZELL, A. WRIGHT, Z. ZHANG, X. LAN, K. ZHANG,
M. ZHOU (2021) Insights into the high-velocity impact behaviour of bio-inspired com-
posite laminates with helicoidal lay-ups. Polymer Testing 103 107348.

X. YU, Q. ZHANG, R.J. DA SILVA, T.H. PANZERA, M. SCHENK, F. SCARPA (2024)
The bending of 3D-printed bio-inspired sandwich panels with wavy cylinder cores.
Thin-Walled Structures 205 112538.

K.Q. TRAN, T.V. DUONG, T.-D. HOANG, M.A. WAHAB, K. HACKL, H. NGUYEN-
XUAN (2025) A new thermoelastic model for agglomerated and randomly-oriented
CNT-reinforced bio-inspired materials: Temperature-dependent free vibration analysis
of FG-CNTR-TPMS plates. Engineering Analysis with Boundary Elements 174 106157.
X. Guo, Y. ZHANG, Z. Luo, D. CAO (2023) Nonlinear dynamics analysis of a
graphene laminated composite plate based on an extended Rayleigh—Ritz method. Thin-
Walled Structures 186 110673.


https://doi.org/10.1016/j.compositesa.2023.107588
https://doi.org/10.1016/j.compositesa.2023.107588
https://doi.org/10.1016/j.tws.2023.111146
https://doi.org/10.1016/j.dt.2023.04.018
https://doi.org/10.1016/j.dt.2023.04.018
https://doi.org/10.1016/j.compstruct.2024.118269
https://doi.org/10.1016/j.engstruct.2024.119467
https://doi.org/10.1016/j.engstruct.2024.119467
https://doi.org/10.1016/j.compstruct.2021.114439
https://doi.org/10.1016/j.compstruct.2024.118597
https://doi.org/10.1016/j.compstruct.2024.118597
https://doi.org/10.1016/j.dt.2024.02.003
https://doi.org/10.1016/j.ast.2022.107599
https://doi.org/10.1016/j.oceaneng.2022.111851
https://doi.org/10.1016/j.polymertesting.2021.107348
https://doi.org/10.1016/j.tws.2024.112538
https://doi.org/10.1016/j.enganabound.2025.106157
https://doi.org/10.1016/j.tws.2023.110673
https://doi.org/10.1016/j.tws.2023.110673

[45]

[40]

[47]

Bathini Sidda Reddy, K. Vijaya Kumar Reddy, B. Chinna Ankanna 353

T. ZHAO, Y. CHEN, L. DAI, S. LINGHU, G. ZHANG (2023) Free in-plane vibration of
irregular laminated plate with curved edges based on boundary-type Chebyshev—Ritz
method. Thin-Walled Structures 190 110977.

N.-D. NGUYEN, T.-K. NGUYEN, H.-T. THAI, T.P. Vo (2018) A Ritz type solution
with exponential trial functions for laminated composite beams based on the modified
couple stress theory. Composite Structures 191 154-167.

T.P. Vo, H.-T. THAI, M. AYDOGDU (2017) Free vibration of axially loaded com-
posite beams using a four-unknown shear and normal deformation theory. Composite
Structures 178 406-414.


10.1016/j.tws.2023.110977
https://doi.org/10.1016/j.compstruct.2018.02.025
https://doi.org/10.1016/j.compstruct.2017.07.022
https://doi.org/10.1016/j.compstruct.2017.07.022

