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Abstract: The issue of bird strikes, while seemingly straightforward, can result in significant structural and economic damage, and so
it has become a hot topic. In this context, the present work aims to examine the energy absorption capacity of bio-inspired linear
helicoidal (LH) laminated composite plates subjected to bird strike at various angles with the fully clamped edges. Unlike traditional
impact studies, this study uses a hybrid approach that accurately captures the fluid-structure interaction during impact by combining
smoothed particle hydrodynamics with finite element analysis techniques in ABAQUS software. In this framework, the energy absorption
capacities of bio-inspired LH configurations are compared with those of traditional cross-ply (CPL) laminated ones having circular
holes. Simulations of bird strikes are conducted using a bird density of 1000 kg/m> and a velocity of 100 m/s across various incidence
angles. Hashin damage criteria are utilized to analyze fiber tension, fiber compression, and matrix tension under strike conditions.
The validation results are consistent with existing literature, confirming the accuracy of the current numerical model. Strain energy
analysis indicated notable variations in energy absorption characteristics across different strike angles, i.e., the bio-inspired LH laminated
composite plate demonstrated greater energy absorption capacity in comparison with the traditional cross-ply laminated composite plate.
LH configurations significantly outperform traditional CPL laminated composite plates, particularly at the 20-degree strike angle, where
strain energy absorption is maximized. The findings provide important insights for the development of bird-strike-resistant engineering

materials and structures, emphasizing the potential of bio-inspired helicoidal structures.
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1. Introduction

Bird strikes show a critical safety concern in aviation and
aerospace engineering, with wildlife effects causing approximately
$1 billion in annual economic losses globally to the aviation indus-
try [1-4], showing the important economic and safety implications
of this phenomenon. Statistics of the Federal Aviation Adminis-
tration indicate that from 1990 to 2024, wildlife strikes resulted in
over 650 human fatalities and over 360 aircraft destroyed globally
for both military and civil aviation [5]. Experimental character-
ization of bird-strike behaviors in laminated structures presents
considerable challenges due to demanding requirements for time,
financial, and human resources [6-11]. Addressing the existing
issue through analytical methods presents significant challenges
and may require considerable time investment. Consequently,
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numerical approaches have become increasingly popular tools for
bird-strike research [12-14]. Bird strike characteristics are soft
body impacts and are different from hard body impacts, such as
ballistic impacts. Soft-body impacts exhibit rare natural character-
istics [15, 16]. Since bird strikes have similar impact characteristics
to fluid-like impacts, the modelling of the bird strike requires a
different approach, such as the smoothed particle hydrodynam-
ics (SPH) method. SPH represents a Lagrangian approach where
the material is modeled as a collection of discrete particles [17].
Recent studies of bird strikes have indicated the importance of
optimization techniques designed for engineering structures. Due
to the difficulties of experimental analysis of bird strike tests
and high costs, computational methods combining finite element
analysis (FEA) with optimization algorithms have become more
critical [18].

Composite materials are extensively used in various sectors
of modern technology, such as civil, automotive, and aerospace
industries. Composites represent excellent corrosion resistance,
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eliminating the requirement for protective coatings and reducing
maintenance costs compared to metals that are susceptible to oxi-
dation and environmental degradation [19-23]. Studies conducted
in recent years have proven that the use of hybrid material com-
binations increases the impact resistance of composite structures.
Xiang et al. [24] indicated that multilayer composite plates incor-
porating soft, hard, and porous materials can improve the ballistic
resistance of traditional sandwich structures significantly.

Helicoidal structures, which occur naturally in living things
like the mantis shrimp’s puncher and some insect shells, are good
at handling damage and absorbing energy [25-27]. These struc-
tures feature continuously rotating fiber orientations that provide
improved toughness and crack-deflection mechanisms compared
with traditional laminated composites [28—32]. Feng and Zhu [33]
compared traditional sandwich panels with bio-inspired layered
sandwich panels; the results showed that the newly developed
bio-inspired structure exhibited better impact resistance. Zhou
et al. [34] investigated three different layup laminated composites
under the bird strike using the SPH-FEM analysis, and the results
showed that when the plate thickness increases, the damage dis-
tribution changes from global to local, i.e., the thickest plate has
the highest strain energy with lower damage energy dissipation,
while the maximum damage index is not significantly affected by
the thickness. Zhang et al. [35] conducted a comprehensive exam-
ination of local characteristics exhibited by bio-inspired structural
systems.

In the open literature, several studies have also been
conducted on the energy absorption capacities of bio-inspired
laminated structures. San Ha and Lu [36] provided an exten-
sive investigation of biologically derived structures and materials
designed to improve the energy absorption capabilities of struc-
tural components. Additionally, hybridization of traditional
laminates has also been investigated due to increased impact resis-
tance. For example, Carbon Fiber Reinforced Polymer (CFRP)
laminates hybridized with Kevlar and glass layers under high-
velocity impact are investigated by Mousavi and Khoramishad
[37], in which the results showed that positioning Kevlar lay-
ers on the back face of the laminate increased the absorbed
energy by 135% with only an increase of mass by 9%. Ginzburg
et al. [38] made a comparison of energy absorption capacity
between helicoidal laminated composite plates and traditional
laminated composite plates under low-impact velocity. Sabah
et al. [39] made a comparison study of the bio-inspired lam-
inated sandwich beams and the traditional sandwich beams
using numerical and experimental analysis. Chen et al. [40]
examined the high-velocity impact response of bio-inspired heli-
coidal composite laminates with various helix angles (15, 30,
45 degrees), and their results proved that the helicoidal mech-
anism is more effective under low-energy impacts compared to
traditional laminates. Garg et al. [41] investigated the dam-
age behavior of bio-inspired helicoidal laminated composite
plates under two different velocities of bird impact using a
hybrid SPH-FEM approach, where five different helicoidal layup
configurations (exponential, recursive, semi-circular, linear, and
Fibonacci) with traditional cross-ply and quasi-isotropic lam-
inates containing circular and elliptical holes were compared.
According to the published results, it can be seen that the
angle of impact significantly influences the damage characteris-
tics and energy absorption mechanisms in composite structures
[42, 43]. He et al. [44] investigated the repeated impact damage
behavior and damage tolerance of bio-inspired helical-structured
glass fiber-reinforced polymer composites using both experimen-
tal and FEA. Baakeel et al. [45] used LS-DYNA to develop a

02

finite element model to study the low-velocity impact response
of curved CFRP composite plates with a variety of bio-inspired
configurations. Jiang et al. [46] conducted an experimental and
numerical study on the low-velocity impact resistance behav-
iors of nonlinear rotation angle bio-inspired helicoidal composite
laminates.

While many studies have been conducted on the impact
resistance of composite structures, the majority of these studies
concentrate on traditional laminates under simplified loading con-
ditions. The high-speed, fluid-like behavior typical of a bird strike
is not adequately represented by the current literature, which often
looks at LH and traditional CPL configurations separately or
focuses mostly on low-velocity impacts. Moreover, thorough com-
parative data using a high-fidelity hybrid SPH-FEM approach
about how the energy absorption of these bio-inspired structures
varies over a broad range of strike angles are noticeably lacking.
The current research directly compares bio-inspired LH and tra-
ditional CPL plates with circular holes under various incidence
angles in order to fill these research gaps. Furthermore, the best
configurations for particular aerospace applications by assessing
energy absorption capacities across different impact scenarios are
clarified. To capture the intricate interaction between the fluid-
like bird projectile and the laminated target, a hybrid SPH-FEA
in ABAQUS/Explicit is used. Simulations of bird strikes are con-
ducted using a bird density of 1000 kg/m? and a velocity of
100 m/s across various incidence angles, such as 0, 10, 20, 30, 45,
and 60 degrees. Hashin damage criteria are utilized to analyze
fiber tension, fiber compression, and matrix tension under strike
conditions.

The paper is arranged as follows: In Section 2, the materials
and method are introduced. Several numerical results and discus-
sions are given in Section 3. Main findings are summarized in
Section 4.

2. Materials and Method

According to the literature review, SPH analyses have
demonstrated good agreement with soft body impact character-
istics, making it suitable for bird strike simulations. Therefore,
ABAQUS 2022 was employed for the SPH-FEA element analysis
in this research, which have several advantages compared to the
traditional finite element techniques, as follows:

1) The bird’s material is represented by discrete particles that are
free to deform and fragment. SPH successfully captures the
fluid-like behavior of the bird upon impact without requiring
complicated remeshing algorithms.

2) Because of severe element distortion, traditional Lagrangian
FEM approaches are unable to adequately model the large
deformations and material fragmentation that occur during
high-velocity soft body impacts.

3) Accurate fluid-structure interaction modeling is made possi-
ble by the coupling between SPH particles (for the bird) and
FEA elements (for the composite structure), and it captures
the transient force distribution and energy transfer mecha-
nisms that are essential for comprehending damage initiation
and propagation in laminated composites.

4) The SPH-FEA methodology allows systematic parametric
studies across multiple impact angles and configurations,
which would be prohibitively expensive using physical testing
alone, while significantly reducing costs and time requirements
when compared to experimental approaches.
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Here, the bio-inspired laminated composite plate is modeled
using shell elements. The planar dimensions of the bio-inspired
laminated composite plate are assumed to be 1 x 1 m, while the
thickness of 0.01 m is specified through the shell section property.
The bio-inspired laminated composite plate has two circular holes
located at a quarter distance from the bottom and top edges. The
orientation of the plate and bird is illustrated in Figure 1.

Figure 1
Bird and plate orientation

The bird is modeled as a revolved solid. The bird’s dimen-
sions are taken to be 200 mm in height and 50 mm in radius. The
Ug — Up linear Hugoniot equation state (EOS) is used in SPH
model to accurately depict the projectile’s fluid-like behavior upon
impact. The formula for the relationship between shock velocity
Uy and particle velocity Up is Ug = C( + sUp, where material
constants ¢y = 1483 m/s and s = 0 [12]. The material proper-
ties of the laminated composite plate are taken from the study
conducted by Rahimian Koloor et al. [47]. Material properties of
CFRP and Hashin failure parameters are given in Tables 1, 2.

Table 1
CFRP properties
Property Value
E; 105.5 GPa
E, =E; 7.2 GPa
Gy, =Gy 3.4 GPa
Gos 2.52 GPa
Vi = Vi3 0.34
Va3 0.378
0 1500 kg/m?
Table 2
Hashin failure parameters
Parameter Value
Xt (Tensile strength, longitudinal) 1340 MPa
Xc (Compressive strength, longitudinal) 1192 MPa
Yt (Tensile strength, transverse) 19.6 MPa
Y (Compressive strength, transverse) 92.3 MPa
Si> (Shear strength, in-plane) 51 MPa
S,3 (Shear strength, out-of-plane) 23 MPa
Gyt (Fracture energy, longitudinal tensile) 48.4 N/mm
Gxc (Fracture energy, longitudinal 60.3 N/mm
compressive)
Gyt (Fracture energy, transverse tensile) 4.5 N/mm
Gy (Fracture energy, transverse compressive) 8.5 N/mm

The Hashin failure criteria implemented in the analysis are
expressed as follows [19]:
Fiber tension (¢ > 0):
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In Equation (1)-(4), X5 and X, represent the ultimate tensile

and compressive strains in the fiber direction, while Y% and Yf:
denote the corresponding values in the matrix direction. The ulti-
mate shear strain parameters are designated as Siz, Siy and 833
for the respective shear modes. The ultimate tensile, compressive

strains, and shear strains can be obtained as follows [41]:
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In the present research, the laminated composite plate is
assumed to have clamped boundary conditions applied along all
four edges, thereby restricting both translational and rotational
degrees of freedom. The finite element simulations are carried
out using the dynamic explicit analysis procedure available in
Abaqus/Explicit. The total duration of the analysis is set to 0.01 s.
Numerical simulations are conducted using the dynamic explicit
analysis procedure. The laminated composite plates analyzed in
this study are assumed to consist of a 64-ply laminated structure
with two configurations: LH laminated composite and traditional
CPL. The scheme of LH laminated composite is illustrated in
Figure 2. The orientation scheme of the laminated composite
plate is taken from the study of Garg et al. [48].

The bird model is characterized by a density of 1000 kg/m3
and a velocity of 100 m/s. Numerical analyses are performed,
including 0, 10, 20, 30, 45, and 60 degrees. The stacking sequence
of the present bio-inspired laminated composite plates is defined
mathematically according to the study of Garg et al. [41]: LH:
6,/6,/65/...16, = (n—1)E. & is taken as 4 for the configuration.
For the bio-inspired laminated composite plate, a quad-dominated
mesh with an element size of 0.01 is used.
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Figure 2
Scheme of bio-inspired laminated composites
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Example 1: In Figure 3, the findings for the strain energy and
time graph of the LH configuration are compared with those of
Garg et al. [41]. As one can see from the results, the peak points
and graph behaviors of both results are similar, which validates
the accuracy of the present results.

Example 2: In Figure 4, the findings for the strain energy
and time graph of the traditional CPL laminated composite are
compared with those of Garg et al. [41]. As one can see from the
results, the strain energy characteristics of the reference study and
the present study are similar, which proves the accuracy of the
present results.

Example 3: After the bird strike, damages occurred in fiber
tension, matrix tension, and Hashin fiber and matrix. Figure 5
shows the comparison of initiation criteria with the results of
Garg et al. [41] for the bio-inspired linear helicoidal laminated
composite plate. The current study’s results are highly consis-
tent with earlier study on bio-inspired laminated composites.
In particular, the LH configurations’ superiority over tradi-
tional CPL laminates is consistent with the findings published by

(c)HS

N

3. Numerical Results and Discussion

Figure 3
The comparison of the strain energy—time graph for bio-inspired
LH laminated composite plates
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Figure 4
The comparison of the strain energy—time graph for CPL
laminated composite plates
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Garg et al. [41], who highlighted the helicoidal structures’
increased resistance to damage.

In Figures 3-5, the validation step is carried out success-
fully for both LH and conventional CPL configurations, and the
accuracy of the present model is proven. Although the authors
concentrated on the overall impact response, the present research
expands on these conclusions by showing that this benefit endures
over a broad range of incidence angles, with peak efficiency taking
place at 20°. The bio-inspired design’s capacity to reduce local-
ized impact damage is further supported by the fact that the crack
deflection mechanisms and energy dissipation patterns seen in the
current LH models agree with the physical explanations offered
by Xiang et al. [24]. The hybrid SPH-FEA approach successfully
captures the intricate interaction between the fluid-like bird pro-
jectile and the helicoidal target, as demonstrated quantitatively by
the small deviation from established literature (approximately 2%
for LH and 7% for CPL).

After the validation steps, how the energy absorption capacity
changed depending on the bird strike angle is investigated. Related
to the angle of the bird’s strike, energy absorption capacity exhibits
different variations.
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Figure 5
The comparison of damages occurred in the bio-inspired LH
laminated composite plate
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Figure 6
Strain energy—time graph for different strike angles on
bio-inspired LH laminated composite plate
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Example 4: As shown in Figure 6 for the LH configuration,
the 20-degree angle has the maximum strain energy value, which
is 1580.61 J. For the other five strike angles (0, 10, 30, 45, and
60 degrees), peak strain energy values are 1551.40 J, 1466.60 J,
1303.09 J, 801.35 J, and 347.21 J. However, at 0.01 seconds, energy
values are 188.9377 J, 517.2037 J, 667.1972 J, 368.2618 J, 455.9052
J, and 37.71353 J. Energy dissipation values are 88.0%, 66.7%,
54.5%, 71.7%, 43.1%, and 89.1%.

Example 5: Similarly, with the LH configuration traditional
CPL configuration, when a bird strike occurs at 20 degrees, it
produces maximum strain energy of 1534.542 J, as shown in
Figure 7. Peak values are 1390.776 J, 1299.584 J, 1329.181 J,
823.1891 J, and 356.2488 J for 0, 10, 30, 45, and 60 degrees, respec-
tively, with corresponding final values of 125.2604 J, 95.20317 J,
57.97625 J, 253.0825 J, 441.8676 J, and 55.42315 J, energy dissi-
pation percentages are 91.8%, 93.2%, 95.5%, 81.0%, 46.3%, and
84.4% at 0.01 s.

Numerical results demonstrated that the bio-inspired plates
with LH laminated configurations show the best energy absorp-
tion performance at 20 degrees by 3% and at 0 degrees by 12%,

Figure 7
Strain energy—time graph for different strike angles on a
traditional CPL laminated composite plate
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whereas CPL configurations showed better energy dissipation
performance at low bird strike angles. For both configurations,
the time to reach peak strain energy values increases with steeper
bird strike angles.

4. Conclusion

The present study investigated the energy absorption capac-
ity of the bio-inspired linear helicoidal laminated composite plate,
and comparisons are performed with the traditional CPL com-
posite configurations with six strike angles using SPH-FEA under
fully clamped boundary conditions. The validation research has
been concluded using findings from finite element studies in
the literature for both traditional cross-ply laminated composite
plates and LH laminated composite plates.

In summary, the subsequent conclusions are provided:

1) Both configurations showed the highest energy absorption
performance at the 20-degree bird strike.

2) LH configurations exhibit better peak energy absorption at the
0-degree bird strike.

3) CPL has better energy dissipation capability at lower angles
rather than the higher ones.

Consequently, in aerospace sectors, the use of linear helicoidal
laminated composites can be preferable for aircraft leading edges
owing to their enhanced resistance to perpendicular impacts; for
example, CPL design can be utilized for engine intake components
that need optimal energy dissipation characteristics.

This research is limited to a velocity parameter and a hole
diameter, a boundary condition, a layup configuration, and an
aspect ratio for the bio-inspired laminated composite plate. There-
fore, the current research will be extended by considering several
new parameters for the considered structure, such as varying
velocity, hole and aspect ratio parameters, different boundary
conditions, and layup configurations..
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