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ABSTRACT

This study focuses on the energy absorption and frequency analysis of a car's hood reinforced
with graphene platelets nanocomposites under airflow pressure. The integration of nanocompo-
sites aims to enhance the mechanical properties and energy absorption capacity of the hood, cru-
cial for improving vehicle safety and performance. We investigate the dynamic response of the
hood structure subjected to varying airflow pressures, utilizing advanced computational models to
simulate real-world conditions. The analysis employs numerical method to evaluate the frequency
characteristics and energy absorption efficiency of the nanocomposite-reinforced hood. Results
indicate significant improvements in both energy absorption and frequency response, highlighting
the potential of nanocomposite materials to optimize the dynamic performance and structural
resilience of automotive components. This research provides valuable insights into the design and
application of nanocomposite materials in the automotive industry, promoting the development
of safer and more efficient vehicles. The findings suggest that incorporating nanocomposites in
car hoods can lead to superior impact resistance and vibration dampening, which are critical for
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maintaining the integrity and functionality of the vehicle under operational conditions.

1. Introduction

Advanced composite structures are integral to modern engin-
eering, offering unmatched performance in various applica-
tions [1-3]. These materials, comprising a combination of two
or more constituent materials with different properties, result
in composites that possess superior strength, stiffness, and
lightweight characteristics [4, 5]. Unlike traditional materials
such as metals, composites can be tailored to meet specific
requirements by altering the composition, orientation, and
volume fraction of their constituents [6, 7]. This flexibility
allows for the design of structures with optimized perform-
ance for demanding environments. One of the primary bene-
fits of advanced composites is their high strength-to-weight
ratio, making them ideal for aerospace, automotive, and
sporting goods industries [8, 9]. In aerospace, for instance,
the use of composite materials has significantly reduced
aircraft weight, leading to improved fuel efficiency and
reduced emissions. Similarly, in the automotive industry,
composites contribute to lighter, more fuel-efficient vehicles
without compromising safety or performance [10-12].
Nanocomposites, a subset of advanced composites, incorpor-
ate nanoscale fillers to further enhance mechanical, thermal,
and electrical properties [13-15]. These materials are gaining
attention for their potential in next-generation electronics,
medical devices, and energy storage systems [16, 17]. The

integration of nanomaterials such as carbon nanotubes, gra-
phene, and nanoclays into polymer matrices has opened new
avenues for research and development in material science
[18]. Furthermore, the development of smart composites that
can sense, react, and adapt to their environment is revolutio-
nizing the field [19]. These materials can monitor structural
health, self-heal minor damages, and change properties in
response to external stimuli, enhancing safety and reliability
[20, 21]. Manufacturing processes for advanced composites
are also evolving, with techniques like automated fiber place-
ment, resin transfer molding, and additive manufacturing
improving production efficiency and quality [22]. These
advancements are making composite materials more access-
ible and cost-effective for a wider range of applications. In
conclusion, advanced composite structures represent a signifi-
cant leap forward in material science and engineering [23, 24].
Their unique properties and adaptability are driving innov-
ation across various industries, from aerospace to renewable
energy [25]. As research and technology continue to advance,
the potential for even more sophisticated and sustainable
composite materials is vast, promising a future where high-
performance, lightweight, and intelligent structures become
the norm [26].

Shear deformation theories are crucial for engineers
because they provide a more accurate representation of the
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behavior of structural elements under load [27]. Unlike clas-
sical beam theories, which assume that plane sections
remain plane and perpendicular to the neutral axis, shear
deformation theories account for the effects of shear strains,
which become significant in thick beams and high-stress
applications [28]. This leads to better predictions of deflec-
tions, stresses, and natural frequencies, essential for design-
ing safe and efficient structures [29]. By incorporating shear
deformation, these theories help engineers design structures
that can withstand higher loads and operate more effectively
under various conditions. This is particularly important in
advanced composite materials, where shear effects can
greatly influence performance. Engineers use shear deform-
ation theories to optimize material usage, reduce weight,
and improve the overall structural integrity of beams, plates,
and shells [30]. Furthermore, these theories are vital for
understanding and predicting failure modes, such as shear
buckling and delamination in composites [31]. They also
enhance the accuracy of finite element models, which are
widely used in engineering analysis and design [32].
Ultimately, shear deformation theories contribute to the
development of innovative and reliable engineering solutions
across multiple industries [33].

Modeling complex systems is of paramount importance
for engineers, as it provides a comprehensive understanding
of how various components interact within a system [34,
35]. By creating accurate models, engineers can predict the
behavior of these systems under different conditions, ena-
bling them to design more efficient, reliable, and cost-effect-
ive solutions [36, 37]. Complex systems often involve
numerous interdependent variables and dynamic processes,
making analytical solutions impractical or impossible [38,
39]. Therefore, computational modeling becomes essential
for capturing these intricacies [40, 41]. One of the primary
benefits of modeling complex systems is the ability to per-
form simulations that replicate real-world conditions [42,
43]. This allows engineers to test different scenarios and
evaluate the performance of a system without the need for
expensive and time-consuming physical prototypes [44, 45].
For example, in aerospace engineering, modeling the aero-
dynamics of an aircraft can help optimize its design for fuel
efficiency and stability before a single component is manu-
factured [46, 47]. Moreover, modeling aids in identifying
potential issues and vulnerabilities within a system [48, 49].
By understanding how different components interact, engi-
neers can anticipate failure points and devise strategies to
mitigate risks [50, 51]. This proactive approach enhances the
safety and reliability of engineering projects, whether it is a
bridge, a power grid, or a communication network [52, 53].
Complex system modeling is also critical for optimizing
resource allocation and improving efficiency [20, 21]. In
manufacturing, for instance, models can simulate production
processes to identify bottlenecks and optimize workflow,
leading to reduced costs and increased productivity [54, 55].
Similarly, in the energy sector, modeling can help in the
design and management of smart grids, ensuring efficient
distribution and utilization of resources [56, 57].

Furthermore, models provide a valuable tool for decision-
making and strategic planning [58, 59]. They offer a way to
visualize the impact of different choices and policies, ena-
bling engineers and stakeholders to make informed decisions
[60]. This is particularly important in large-scale infrastruc-
ture projects, where the consequences of decisions can be
far-reaching and costly [61]. In addition, modeling supports
innovation by enabling the exploration of new concepts and
technologies [62]. Engineers can use models to test the feasi-
bility of cutting-edge ideas, such as advanced materials or
novel structural designs, accelerating the development and
implementation of innovative solutions [63].

This research focuses on the energy absorption and fre-
quency analysis of a graphene platelets (GPLs) nanocompo-
sites-reinforced automobile hood under airflow pressure.
The goal of integrating nanocomposites is to improve the
hood’s mechanical characteristics and energy-absorbing abil-
ity, which are essential for raising car performance and
safety. We study the dynamic behavior of the hood structure
under different airflow pressures by simulating real-world
situations using sophisticated computer models. The investi-
gation uses a computational approach to assess the energy
absorption efficiency and frequency characteristics of the
hood reinforced with nanocomposite. Significant gains in
energy absorption and frequency responsiveness are shown
by the results, underscoring the potential of nanocomposite
materials to maximize the structural robustness and dynamic
performance of automotive components. This study advan-
ces the creation of safer and more effective automobiles by
offering insightful information on the development and use
of nanocomposite materials in the automotive sector.
According to the research, adding nanocomposites to car
hoods may improve their impact resistance and vibration
damping—two qualities that are essential for preserving the
vehicle’s structural integrity and operating capabilities.

2. Effective material properties of GPLRCs

A multilayer doubly curved panel made of completely
bonded GPLRC layers, is shown in Figure 1.

The GPLRC layer is thought to be composed of a blend
of evenly distributed, randomly oriented rectangular GPLs
and an isotropic polymer matrix. As such, each GPLRC
layer alone is isotropically homogenous, and its effective
Young’s modulus may be calculated using the microme-
chanics model of Halpin and Tsai [64]

_ 31+ cum Ve 51+ & Vare

— ' X En, (1)
8 1-— 7]LVGPL 8 1-— nTVGPL

where parameters #; and 5 take the following forms:

_ (Egpr/Em) — 1 ny = (Egpr/Em) — 1
Y (EgpL/Em) + &0 (EgpL/Em) + &1

where the Young’s moduli of the GPL and matrix are,
respectively, Egpr, and E,. The volume proportion of GPL
nanofillers is denoted by Vgpr. It should be noted that the
geometry and dimension of the GPL are taken into

2)
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Figure 1. The GPLRC doubly curved panel’s shape and coordinate system under airflow pressure.
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Figure 2. GPL distribution patterns over the GPLRC double curved panel’s thickness.

consideration by Eq. (1) via the geometry factors & and ép
which are defined by Halpin Affdl and Kardos [64].

&L = 2(acrer/tarL)s &t = 2(bgpr/tapr)- (3)

The length, breadth, and thickness of GPLs are denoted
by the variables agpr, bgpr, and tgpy, accordingly ¢ may be
rewritten in this case as

& = 2(ogpr/bgrr) % (bgpL/tcrL). (4)

in which ogpr/bgpr and bgpr/tcpL are GPL aspect ratio and
width-to-thickness ratio, respectively. The GPLRC’s mass
density (p) and Poisson’s ratio () may be expressed using
the rule of mixing.

P = PmVm + pcrLVerL, (52)

(5b)

V = U Vm + vgpr VGrLs

where pgp and p,, are mass densities, with the subscript
“GPL” and “m” referring to the GPLs and matrix, respect-
ively. vgpr and vy, are Poisson’s ratios; the volume fractions
Vegpr and Vi, are related by

Vin + VgpL = 1. (6)

The thickness direction of the doubly curved panel in
Figure 2 displays the uniform (U) and functionally graded
(X, O) distributions of GPL nanofillers. The darker color
indicates a larger concentration of GPLs inside the layer.

In the uniform distribution, GPL-UD corresponds to an iso-
tropic homogeneous doubly curved panel since the GPL
content is consistent across all levels. However, in the func-
tionally graded distributions, the GPL weight fraction
changes layer to layer such that, in a GPL-X doubly curved
panel, the top and bottom layers are both GPL rich; in a
GPL-O doubly curved panel, on the other hand, the inter-
mediate layers are GPL rich. For GPL-V, the GPL volume
percentage rises steadily from the bottom surface to the top
surface.

It is expected that the multilayer GPLRC doubly curved
panel has an even number of layers without losing general-
ity. For each of the four GPL distribution patterns shown in
Figure 2, the GPL volume percentage of the kth layer is
given as

k)

GPL-UD: V&) = Vi, (7a)

GPL-X: V&) = 2Vi, |2k — N — 1|/Ni, (7b)
GPL-O: V&, =2vi, (1 —[2k— Ny — 1|/NL), (7¢)
GPL-V: V&, = Vi ((2k = 1)/Ny), (7d)

where k =1,2,..,N, and Ny, is the total number of layers
in the beam, and V§, is the overall GPL volume



4 W. YIN ET AL.

percentage, which is calculated by
Ve _ WapL
L Waer + (ppL/pm) (1 = Wep)

where Wgpy, is the weight fraction of GPL overall for the
whole doubly curved panel. The total volume fractions of
GPLs in the GPL-UD, GPL-X, GPL-O, and GPL-V doubly
curved panels are the same, as can be shown from Egs.
(7a)-(7c¢).

(8)

3. Vibration theoretical model

In the present work, the governing equations are derived
using the FSDT and then used to analyze the vibration
behavior of the GPLRC doubly curved panel under airflow
pressure. The displacement field of the shell structures is
shown as follows [65]:

U(x,y,2,t) =u(x,y,t) + zf, (X, ¥, 1), (92)
V(xyhat) = vyt +2fy (30, (Ob)
W(x,y,z,t) = w(X,y,1t). (9¢)

The center surface displacement along the x-axis inside
the plane is represented by the variable w, while the dis-
placements along the y- and z-axes are represented by the
variables v and w, respectively. Additionally, the rotational
displacement components around the y-axis and x-axis are
indicated by the variables £, and #,, respectively. Shear
and transverse strain-displacement interactions may be rep-
resented as a representation of any position displacement
field:

8;[,n+y+ a’ﬁ'x
N Ox R ox
0
Xy %4—% %#x +2£ (10)
{vm}: #XJF%%_%
Vyz ,ﬁyﬁ»%—%

where the shear components of strain are indicated by 7.,
Vxz> and 7y,, while the normal components of strain are
represented by &; and &,. Additionally, the relationship
between stress and strain in the GPLRC doubly curved panel
is explained by Hooke’s law:

Ox 9u 9 O ex
oy 0= 1(Qn 9» O ey 0>
Txy 0 0 Qe \Vxy (11)

Tyz _ Q44 0 Vyz
Txz 0 QSS Yxz -

Furthermore, the stiffness coefficient used in Eq. (11)
may be expressed as follows:

E VE
Onu=0xn= U,le = m,st = Q4 =055
E
= . 12
2(1+v) (12)
According to Hamilton principle [65], we have:
t
J S(U+V =K)dt =0. (13)
0

where ¢ is the variational operator. The GPLRC doubly
curved panel’s change in strain energy, 06U, may be defined
as follows:

oU = J (O'X58x + O'yégy + Txyéyxy + TS’Z&VYZ
\%

F Txz 07y ) AV

_J N, (204 O L (DOV | 0w
o A * Ox Rl y 8y R2

oou  Oov 00F 0ofF v
+ny(8x+8y) My =+ My -
5%, 85153,) Idw  du
+Mxy(ax + ay +Qxz 5#3‘—'—873&_?1
00w OV
+ Qyz <57§y + W — R—2)>dA

(14)

In the doubly curved panel, the variables Ny,Ny, and
Nyy represent the membrane forces, My, My, and My,
represent the bending moments, and Q,,, Qy, represent the
shear forces. These variables may be represented using the
following formulas:

Nx ni2 | 0% M 12 Ox

Ny » = J oy pdz,{ My » = J z{ oy dz,
—h/2 —h/2

Ngy / Txy My / Txy

h/2
{QXZ}:J {sz}dz.
Qyz -h/2 | Tyz

To induce a work change by airflow pressure loading, 6V
may be expressed as follows:

(15)

(16)
In which:
1 5 .
9z = 5 Pair Vair sin (0311‘)' (17)

in which, 0,;; and Vy;, refer to, respectively, the wind attack
angle and the average wind speed; the air density, denoted
as Py, is assumed to be p,;, = 1.235 [kg/m?] [66].



Where 0, and Vy; stand for the wind attack angle and
average wind speed, respectively; p,;,, the air density, is
taken to be p,, = 1.235 [kg/m3] [66]. The following may
be used to identify the component of JK:

5K :J (€1t + 00 + W oW ) pdV
14

_ [ 7 <8u (95&)1_‘_@@ E&vc‘)éw)

- ot or "ot ot " ot ot

Qa0 D02 o, 00,200
2\ot ot ot ot ' ot ot ot ot

dp, Dop, 0, %wy)
Is ( o o ot or dA.

The variables (J1,7,,7;) serve as representations of the
inertial mass components within the doubly curved panel,
and the details are as follows:

12

(71,75,95) = J 0(1,2,2%)dz.
—hj2

(18)

(19)

By replacing Eqgs. (14), (16), and (18) into Eq. (13), we
may get the governing equation of motion:

ON; 0Ny, Q, . Pu _ Pf,

ou : % +W+R—1_f] W-ﬁ-ﬂz o (20a)
0N, Q. ., Pv _ Pf,

ov : @ O R2 jl o2 72 o2 s (20b)
00,, 0Q. Ny N, Owr

5W : 8x ay - R—l - R_2 — 4z ‘71 —8t2 5 (20C)
oM, M., . Pu _ P4,

5#3& . 3—x 8y sz ‘(]2 atz + :13 8t2 > (20d)
COMy | OMyy P Oy

Oy g~ Qe =gyt (00

in addition, through Egs. (15) and (19), Egs. (20a)-(20e)
can be further rewritten as:

Su: A gzwj + A“%ﬁ _ A;u ‘AL ggy + Assg—g;
+ Bes 8;5; + Ajfx + By g;?_y + Bes 2;#5
=% 862:211 7 5;:5} ’

(21a)
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o*u o*u v v Ayv
ov : Alza8 +A6688 +Azza 2+A6682 %
Au@W Azz ow A44 ow 82#3{
ROy R, 9y R, dy = ‘oxdy
azﬁx Zﬁy a #y A44#y
T Bos oy T B2 gy T B G Ty,
v >#,
=Tge T
(21b)
) (A +Ass)  Ap) du
oW : ( R + x
(Axp + Ay) Alz ov Ay Ay 2Ap
( R wrRJoy \®R TR TrRr)V
Pw Pw Pw of,
+A55@+A44W—QZ@+ASS %
Bi +@ 0t LA % B, IB322 61f'y
R, R J)ox Moy \Rr oy
O*w
:7 Ta.
Y or
(21¢)
J*u O*u  Assu v O*v
o 'BH@—FB%KW—F R +Biz Ox0y + Bes Ox0y
Bll ow ow ow 52ﬁx
+R_13 27 ox — Ass — % + Dy o2
0*# *f, *f,
+ Dos —— a2 — Assf, JFD12a ay + D6 57 ox0y
ou 0
=9,—+417 X
250 T p
(21d)
J*u 0*u v v Ayv
o, : B B ———+ B
By B g gy T B axay T B2 gy T Be ga T,
B]zaw Bzz 8W 6&4_@ 8215‘x
ROy R, dy *9 "2 0x Oy
o g *#
+ Dgs axg + Dy, By Y+ Des %2 Auf,
v >#,
T gm T gn
(21e)
in which
h/2
(Ayj, By, Dy) = J Q;(1,z,2%)dz, (i,j = 1,2,6),  (22a)
—h/2
h/2
Ay = J K0y, (0] = 49). (22b)
—h)2
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where the coefficient of shear correction, k;, has a value of
5/6. All corners of the GPLRC doubly curved panel have
complete simple support, which is described as:

V:W:fy:NX:szoatx:O,a. (23a)

u=w=¢, =N, =M, =0at y =0,b. (23b)

To meet the boundary condition, the displacement func-
tions are then extended into a double trigonometric series
using Navier’s solution method:

u(x 1) mn(%,7)
v(x,y,t) MoN mn (%))
wiept) 5 =YY ¢ Wulxy) seom
Flopt) | " P ()
By (%3 1) Pymn(%.7)
Ay cos (ox) sin (fy)
M n | Bmnsin(ox)cos (By)
= Z Z Con sin (ox) sin (By) et
m=tn=l D, cos (ox)si( By)
Epny sin (ax) cos (fy)
(24)

The mode numbers are represented by (m, n), while (M, N)
denote the corresponding truncated coefficients. In the equa-
tion, the symbol o« = mn/a, f=nn/b, j= V=1 and the
modal functions are comprised of Up,(X,y), Vun(X,¥),
Won (X, ¥ )s Ppn(X,¥), and @y, (x,y), while A, B
Cun> Dy, and E,, represent the displacement amplitudes.
Equation (24) may be inserted into Egs. (21a)-(21e) to provide
the mathematical solution for the doubly curved panel’s free
vibration under airflow pressure as follows:

mn>

T - (Uf,,,,jl Tn T T — wfmﬂz Ti5— (Ufy,ﬂz

Ty Ty — 2,0 T3 T4 Tas

T3 T3 T35 — 02,7, T34 T35
Ta— 0)3,1”72 Ty T3 Tag — U)fm,js Tys

Ts1 Ts5p — (Ufn,,jz Ts3 T's4 Tss — <Uf,,n73

A 0

B 0

Cmn =10{,

Dy 0

En 0

(25)
in which
2 2 Ass
Tu=—-Ano" —Agp —F,le = —Apoaf — Agaf,
An o Ap Ass

T=—F—a+——o+——0,

R1 R, Ry
(26a)

Ass
T4 = =By o? — Bggf? T = B0 — Bestf,
T = —Apaf — Agssaf,

(26b)

A
Ty =—Apnf — Agt® — ;;V ,
(26¢)
A A A
Ty = lﬂ +£ﬁ+ﬂﬁ,
A
Toa = —Bpof — Besotf, Tos = =By — Besot” + ﬁ (26d)
A+ A A
T3 = <—( HR 53) +R—12>ot>
! z (26¢€)

(Ap 4+ Ay)  Ap
T = _— _
32 ( R, + R, 2

Ay Ay 2Ag 5 5 2
Ty = (2L L2 — Assa® — A :
» (R% TR TR R2> s = aaff” - geo
By | B
Ty = —A Su | Pr
34 550<+<R1+R2> o,

(26f)

By, B 2 Ass

Tys = —A e P — B2 —B

35 wup + (R1 + Rz)ﬁ 41 1o 66"+ Rl

(26g)
B B
Ty = —Bpof — Besaf, T4z = % o+ l“ — Assa, (26h)
1
Tya = —D11? = Desf° — Ass, Tus = =Dy f — Deserff,  (261)
2 2 A44 .
Ts51 = —Blzaﬁ - ]Bssfxﬁ Tsy = —Ezzﬁ — Bgsor” + — (26J)
2,
B B

Ts3 = ﬁﬁ + ﬁﬁ Ayf,Tsq = —Dp0f — Deeaf, (26k)
Tss = =Dy > — Degot® — Ay, (261)

The dimensionless frequency can be computed as follows:

" =10 X way/fn /g

4, Results and discussion

(27)

This study examines the GPLRC doubly curved panel’s
vibration responses under airflow pressure loading. For this
aim, the matrix and reinforcement are thought to be
epoxy and GPLs, respectively, whose parameters are
shown in Table 1. Additionally, GPLs have a size of to
(agpL = 2.5[pum], bgpr = 1.5[um], and tgpy = 1.5[nm]) and
also the number of panel layers is Ny = 10. In this section,
the influences of various parameters on the energy absorp-
tion and frequency response of the presented GPLs rein-
forced car’s hood under airflow pressure is presented in
detail.



4.1. Validation

This table presents a comparison of natural frequencies for a
shallow spherical shell, specifically the (m,n) mode shapes,
between the present study and previous literature [68-71].
The mode shapes are indicated by pairs (m, n), where m
and n represent the number of half-waves in the circumfer-
ential and meridional directions, respectively. For the (1, 1)
mode shape, the natural frequencies range from 0.50223
(Ref. [71]) to 0.53263 (Ref. [68]). The present study reports
a value of 0.52830, which is consistent with the other values
but slightly higher than those in Refs. [70, 71]. For the (1,
2) mode shape, the frequencies range from 0.56276 (Ref.
[71]) to 0.59041 (Ref. [68]). The present study reports a fre-
quency of 0.58853, aligning closely with. For the (2, 1)
mode shape, the frequencies range from 0.56277 (Ref. [71])
to 0.59080. The present study reports a value of 0.58853,
again aligning closely with Ref. [69]. For the (2, 2) mode
shape, the frequencies range from 0.65788 (Ref. [71]) to
0.68486 (Ref. [68]). The present study’s value is 0.68232,
aligning closely with Ref. [69]. Overall, the present study’s
results show good agreement with previous literature, indi-
cating reliable calculations of natural frequencies for shallow
spherical shells (Table 2).

4.2. Parametric results

Figure 3 illustrates the dimensionless frequency response
(o*) of nanocomposite-reinforced car hoods under varying
airflow velocities (V,i) and different weight fractions of
GPLs. The graph shows four curves corresponding to GPL
weight fractions of 0%, 0.1%, 0.2%, and 0.3%. The dimen-
sionless frequency response decreases as airflow velocity
increases for all GPL weight fractions. Additionally, the
dimensionless frequency response at a given airflow velocity
increases with higher GPL weight fractions. This indicates
that GPLs enhance the stiffness and structural integrity of
the nanocomposite material. The observed trends suggest
that incorporating GPLs improves the performance of car
hoods under high airflow velocities. The increase in dimen-
sionless frequency response with higher GPL weight frac-
tions indicates that GPLs effectively enhance the mechanical
properties of the nanocomposite. Previous research has
shown that nanomaterials such as graphene significantly
improve composite materials’ mechanical performance. The

Table 1. Material characteristics provided by for the graphene platelet and
matrix medium [67].
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findings in this figure align with those studies, indicating
that GPLs can enhance automotive components’ mechanical
performance. The enhancement of the dimensionless fre-
quency response with higher GPL weight fractions highlights
the potential of GPL-reinforced nanocomposites in automo-
tive applications. This improvement can lead to better dur-
ability and performance of car hoods under dynamic
loading conditions, such as high-speed driving. However,
the study’s limitations include potential differences between
controlled experimental conditions and real-world scenarios.
Factors such as temperature variations, material aging, and
manufacturing inconsistencies could influence the perform-
ance of GPL-reinforced car hoods in practice. Future
research could explore the long-term durability and environ-
mental resistance of GPL-reinforced nanocomposites.
Additionally, studies could investigate the performance of
these materials under combined loading conditions, such as
simultaneous aerodynamic and thermal stresses. In conclu-
sion, increasing the GPL weight fraction in nanocomposite
car hoods enhances their dimensionless frequency response
under airflow pressure, suggesting a promising approach to
improving the mechanical performance of automotive com-
ponents using nanomaterial reinforcement.

Figure 4 illustrates the dimensionless frequency response
(w*) of nanocomposite-reinforced car hoods under varying
airflow velocities for different types of graphene platelet dis-
tributions: GPL-X, GPL-O, GPL-V, and GPL-UD. The graph
shows that the dimensionless frequency response decreases
as airflow velocity increases across all GPL distributions.
Additionally, the frequency response is highest for GPL-X
and lowest for GPL-UD at any given airflow velocity. The
results indicate that different GPL distributions significantly
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Table 2. A comparison on natural frequencies of a shallow spherical shell with those reported in literature.

(m, n) Chern and Chao (2000) [68] Fan and Luah (1995) [69] Hosseini-Hashemi and Fadaee (2011) [70] Khare et al. (2004) [71] Present
(1,1 0.52543 0.53263 0.52830 0.50223 0.52830
(1,2 0.58420 0.59041 0.58853 0.56276 0.58853
(2,1 0.58427 0.59080 0.58853 0.56277 0.58853
(2, 2) 0.67676 0.68486 0.68232 0.65788 0.68232
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Figure 4. Dimensionless frequency response of the nanocomposites reinforced
car's hood under airflow pressure for various airflow velocities and GPLs' distri-
bution patterns.
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Figure 5. Dimensionless frequency response of the nanocomposites reinforced
car's hood under airflow pressure for various airflow velocities and Ry /a values.

affect the mechanical properties of the nanocomposite
material. GPL-X, which shows the highest dimensionless fre-
quency response, likely enhances stiffness and structural
integrity more effectively than the other distributions.
Conversely, GPL-UD, with the lowest frequency response,
appears to provide the least enhancement. Previous research
has demonstrated that incorporating nanomaterials like gra-
phene can improve composite materials’ mechanical per-
formance (e.g. [72]). These findings align with those studies,
suggesting that specific GPL distributions can further opti-
mize the mechanical performance of automotive compo-
nents. In conclusion, the type of GPL distribution
significantly influences the dimensionless frequency response
of nanocomposite car hoods under airflow pressure. GPL-X
shows the most significant improvement, indicating its
potential for enhancing the performance of automotive com-
ponents in high-speed conditions. This suggests that careful
selection and optimization of GPL distributions can lead to
better-performing nanocomposite materials.

Figure 5 presents the dimensionless frequency response
of a nanocomposite-reinforced car hood subjected to varying
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400
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Figure 6. Dimensionless frequency response of the nanocomposites reinforced
car's hood under airflow pressure for various airflow velocities and R,/R,
values.

airflow velocities for different ratios of R;/a. The x-axis
depicts the air velocity ranging from 0 to 800 m/s, while the
y-axis shows the dimensionless frequency ranging from 0 to
1.2. The plot indicates that as the airflow velocity increases,
the dimensionless frequency decreases for all R;/a ratios.
This trend is more pronounced at higher velocities, where
the frequency drops significantly. For lower R;/a values (e.g.
10 and 15), the dimensionless frequency is higher compared
to higher R;/a values (e.g. 20 and oo) at the same air vel-
ocity. This suggests that the reinforcement effect is more
substantial for smaller R;/a ratios, enhancing the structural
stiffness and thus increasing the natural frequency of the car
hood. The figure effectively illustrates the relationship
between airflow velocity and the dynamic response of the
reinforced hood, providing insight into the performance
under aerodynamic loads.

Figure 6 illustrates the dimensionless frequency response
of a nanocomposite-reinforced car hood subjected to differ-
ent airflow velocities for various ratios of R,/R;. The x-axis
represents the air velocity in meters per second (m/s), rang-
ing from 0 to 1000 m/s. The y-axis displays the dimension-
less frequency, ranging from 0 to 1.2. The plot shows that as
the airflow velocity increases, the dimensionless frequency
decreases for all R,/R; values. This decrease is more signifi-
cant at higher velocities. The dimensionless frequency is
generally higher for higher R,/R; values (e.g. 5, 10, and c0)
compared to lower values (e.g. —5) at the same air velocity,
indicating that the reinforcement effect is stronger for
higher R,/R; ratios. This suggests that the structural stiff-
ness and natural frequency of the car hood increase with
higher R,/R; values. The figure effectively demonstrates the
relationship between airflow velocity and the dynamic
response of the reinforced car hood, providing valuable
insights into its performance under aerodynamic loads.

Figure 7 illustrates the dimensionless frequency response
of a nanocomposite-reinforced car hood subjected to different
airflow velocities and varying airflow angles. The x-axis repre-
sents the air velocity in meters per second (m/s), ranging from
0 to 1000m/s, while the y-axis shows the dimensionless
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Figure 7. Dimensionless frequency response of the nanocomposites reinforced
car's hood under airflow pressure for various airflow velocities and 0, values.

frequency), ranging from 0 to 2. At Oy, = 0" (blue solid line),
the dimensionless frequency remains constant at approxi-
mately 1, regardless of the airflow velocity. This indicates that
the frequency is unaffected by the airflow when it is perpen-
dicular to the surface of the hood. For 04, = 10" (red dashed
line), there is a slight increase in the dimensionless frequency
with increasing airflow velocity, suggesting that a small inci-
dence angle introduces some aerodynamic effects that slightly
increase the natural frequency as the airflow velocity
increases. The behavior at 0, = 20° (green dash-dot line) is
more complex. Initially, the dimensionless frequency
decreases with increasing velocity, reaching a minimum at
around 600 m/s, after which it rises sharply. This indicates a
more significant aerodynamic effect at this angle, causing an
initial reduction in frequency followed by a rapid increase due
to changing flow dynamics around the hood. For 0, = 30"
(purple dotted line), the dimensionless frequency continu-
ously increases with increasing airflow velocity. The frequency
rises more steeply compared to lower angles, suggesting a
strong aerodynamic influence that significantly enhances the
stiffness and natural frequency of the hood at higher veloc-
ities. Overall, the figure demonstrates how varying the angle
of airflow incidence impacts the dynamic response of the
nanocomposite-reinforced car hood. It highlights the inter-
play between aerodynamic forces and structural dynamics,
providing valuable insights for optimizing the hood design
under different operating conditions.

Figure 8 depicts a graph representing the dimensionless
frequency response of nanocomposite-reinforced car hoods
under varying airflow pressures. The graph shows the rela-
tionship between the dimensionless frequency response on
the y-axis and the normalized airflow angle on the x-axis.
Four different curves illustrate the effect of different airflow
velocities on the frequency response. The blue solid line rep-
resents the response at V,, =0 m/s. The curve starts at
approximately 0.82, remains nearly constant across the
range of airflow angles. The red dashed line corresponds to
Vair = 100 m/s. This line also starts at around 0.82 but
shows a slight dip toward the center of the graph, indicating
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Figure 8. Dimensionless frequency response of the nanocomposites reinforced
car's hood under airflow pressure for various airflow velocities and angles.
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Figure 9. Dimensionless frequency response of the nanocomposites reinforced
car's hood under airflow pressure for various airflow angles and GPLs" weight
fraction.

a minor decrease in frequency response with increasing air-
flow angle. The green dashed line represents V,; = 200 m/s.
It begins at about 0.82 but exhibits a more pronounced dip,
reaching its minimum frequency response around the mid-
point of the airflow angle. The purple dashed-dotted line indi-
cates V,; = 300 m/s. This curve starts at the same initial
frequency response but shows the most significant dip, with
the lowest frequency response at the center of the graph. The
graph demonstrates how increasing airflow velocities cause a
more substantial reduction in the frequency response, espe-
cially around the midpoint of the airflow angle. The legend is
located within the graph and clearly indicates the correspond-
ing airflow velocities for each curve.

Figure 9 presents a graph showing the dimensionless fre-
quency response of nanocomposite-reinforced car hoods
under airflow pressure for various airflow angles and differ-
ent weight fractions of GPLs. The x-axis represents the nor-
malized airflow angle, ranging from 0 to 1. The y-axis shows
the dimensionless frequency response, ranging from 0 to
1.2. Four different curves are plotted to illustrate the effect
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of different GPL weight fractions on the frequency response:
The blue solid line represents the frequency response with a
GPL weight fraction of 0%. This curve starts at approxi-
mately 1.0 at both ends and dips sharply to around 0.2 at
the midpoint, indicating a significant reduction in frequency
response at the center of the airflow angle range. The red
dashed line corresponds to Wgp = 0.2%. This line begins
at around 1.0 and also dips toward the midpoint but
remains slightly higher than the blue line, indicating an
improved frequency response compared to the 0% GPL case.
The green dashed line represents Wgpp, = 0.4%. It starts at
around 1.0 and exhibits a similar dip toward the midpoint,
with the minimum frequency response being higher than
that of the red line, showing further improvement. The pur-
ple dashed-dotted line indicates Wgp. = 0.6%. This curve
starts at about 1.0 and dips to a lesser extent than the other
lines, maintaining a higher frequency response throughout
the range of airflow angles. The graph highlights that
increasing the GPL weight fraction results in a higher
dimensionless frequency response, particularly at the mid-
point of the airflow angle. The legend within the graph
clearly indicates the corresponding GPL weight fractions for
each curve.

Figure 10 shows dimensionless frequency response of the
nanocomposites reinforced car’s hood under airflow pres-
sure for various airflow angles and GPLs’ distribution pat-
terns. The same explanation can be seen in Figure 9.
According to Figure 10 can be seen that, selecting GPL-X as
the GPLs’ distribution pattern results in higher dimension-
less natural frequency of the nanocomposites reinforced
car’s hood under airflow pressure for all values of airflow
angle. In constant, selecting GPL-O as the GPLs’ distribution
pattern results in lower dimensionless natural frequency and
stability of the nanocomposites reinforced car’s hood under
airflow pressure for all values of airflow angle. As an impor-
tant outcome for related industries, for selecting GPL-O as
the GPLs’ distribution pattern, should have special attention
to the value of airflow angle.

1.5 T
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= = = +GPL-V

0 0.2 04 0.6 0.8 |
0 ./

Figure 10. Dimensionless frequency response of the nanocomposites reinforced
car's hood under airflow pressure for various airflow angles and GPLs' distribu-
tion patterns.

Figure 11 displays a plot depicting the dimensionless fre-
quency response of nanocomposite-reinforced car hoods
under airflow pressure for various airflow angles and R;/a
values. The x-axis represents the normalized airflow angle,
ranging from 0 to 1, while the y-axis represents the dimen-
sionless frequency response, ranging from 0 to 1.2. Four dis-
tinct curves, each corresponding to different R;/a values,
are shown. A solid blue line representing R;/a =10. A
dashed red line representing R;/a = 15. A dashed green line
representing R;/a =20. A dash-dotted purple line repre-
senting R;/a = co. The legend on the upper part of the plot
identifies these lines. The graph shows a trend where the
dimensionless frequency response varies with the normalized
airflow angle. The response decreases to a minimum around
O.r/m = 0.5, and then, increases again as 0,/ approaches
1. For smaller values of 0, /7 near 0 and larger values (near
1), the frequency response is higher, especially noticeable for
smaller R;/a values. The curves are closely clustered but
show noticeable variations with different R;/a values, par-
ticularly around the minimum point. The plot effectively
illustrates how different R, /a values impact the dimension-
less frequency response of the nanocomposite-reinforced car
hood as the airflow angle changes, highlighting the sensitiv-
ity of the dynamic behavior of the hood to both the airflow
angle and the geometrical ratio.

Figure 12 displays a graph illustrating the dimensionless
frequency response of nanocomposite-reinforced car hoods
under airflow pressure for various airflow angles and differ-
ent values of the R,/R; value. The x-axis represents the nor-
malized airflow angle, ranging from 0 to 1, while the y-axis
shows the dimensionless frequency response, ranging from 0
to 1.2. Four different curves are plotted to depict the effect
of different R,/R; ratios on the frequency response. The
blue solid line represents the frequency response with
R,/R; = —5. This curve starts at approximately 1.0 at both
ends and dips sharply to around 0.1 at the midpoint, indi-
cating a significant reduction in frequency response at the
center of the airflow angle range. The red dashed line corre-
sponds to R,/R; =5. This line begins at around 1.0 and
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Figure 11. Dimensionless frequency response of the nanocomposites reinforced
car's hood under airflow pressure for various airflow angles and Ry /a values.
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Figure 12. Dimensionless frequency response of the nanocomposites reinforced
car's hood under airflow pressure for various airflow angles and R, /R; values.

also dips toward the midpoint but remains higher than the
blue line, indicating an improved frequency response com-
pared to the —5 ratio. The green dashed line represents
R,/R; =10. It starts at around 1.0 and exhibits a similar
dip toward the midpoint, with the minimum frequency
response being higher than that of the red line, showing fur-
ther improvement. The purple dashed-dotted line indicates
Ry/Ri= oco. This curve starts at about 1.0 and dips to a
lesser extent than the other lines, maintaining a higher fre-
quency response throughout the range of airflow angles. The
graph demonstrates that increasing the R,/R; ratio results
in a higher dimensionless frequency response, particularly at
the midpoint of the airflow angle. The legend within the
graph clearly indicates the corresponding R,/R; ratios for
each curve.

Figure 13 illustrates a plot showing the dimensionless fre-
quency response of nanocomposite-reinforced car hoods
under airflow pressure for various graphene platelet weight
fractions and R;/a values. The x-axis represents the R;/a
ratio ranging from 1 to 10, while the y-axis displays the
dimensionless frequency response ranging from 0 to 8. The
plot includes four different curves, each representing a dis-
tinct GPL weight fraction. A solid blue line representing
Wepr = 0%. A dashed red line representing Wgpr, = 0.1%.
A dashed green line representing WgpL = 0.2%. A dash-dot-
ted purple line representing WgpL = 0.3%. The legend on
the right side of the plot identifies these lines. The general
trend observed in the graph shows that the dimensionless
frequency response decreases as R;/a increases for all GPL
weight fractions. At lower R;/a values, the frequency
response is higher, particularly for higher GPL weight frac-
tions. The curves are closely grouped together but demon-
strate noticeable variations with increasing GPL weight
fractions, especially at lower R;/a values. This indicates that
higher GPL weight fractions result in a higher dimensionless
frequency response across the range of Ry /a values. The plot
effectively demonstrates the impact of varying GPL weight
fractions on the dimensionless frequency response of the
nanocomposite-reinforced car hood, highlighting the
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Figure 14. Dimensionless frequency response of the nanocomposites reinforced
car's hood under airflow pressure for various airflow velocities and R; /a values.

influence of GPL content on the dynamic behavior of the
hood structure.

Figure 14 presents a plot depicting the dimensionless fre-
quency response of nanocomposite-reinforced car hoods
subjected to airflow pressure for various airflow velocities
and R;/a values. The x-axis represents the ratio R;/a rang-
ing from 1 to 10, while the y-axis shows the dimensionless
frequency response ranging from 1 to 7. Four distinct
curves, each corresponding to different airflow velocities, are
shown. A solid blue line representing V, =0(m/s). A
dashed red line representing V,; = 200(m/s). A dashed
green line representing V,;, = 400(m/s). A dash-dotted pur-
ple line representing V,;, = 600(m/s). The legend on the
right side of the plot clearly identifies these lines. The graph
shows a general trend where the dimensionless frequency
response decreases as R;/a increases for all airflow
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Figure 15. Energy capacity of the nanocomposites reinforced car’s hood under airflow pressure for various airflow velocities.

velocities. At lower values of R;/a, the frequency response
is higher, especially noticeable for higher airflow velocities.
The curves are closely clustered together but show slight
variations with increasing airflow velocity, particularly
noticeable at higher R;/a values. This indicates that higher
airflow velocities result in a slightly higher dimensionless
frequency response across the range of R;/a values. The plot
provides a clear visual representation of how different air-
flow velocities affect the dimensionless frequency response
of the nanocomposite-reinforced car hood, emphasizing the
role of airflow in the dynamic behavior of the hood
structure.

The relationship between energy absorption and natural
frequency of a system is a key aspect in understanding the
dynamic behavior and resilience of structures. Natural fre-
quency refers to the rate at which a system oscillates in the
absence of external forces. It is inherently tied to the sys-
tem’s stiffness and mass. When a system vibrates at its natu-
ral frequency, resonance can occur, potentially leading to
large oscillations and higher energy absorption. Energy
absorption capacity denotes the ability of a structure to dis-
sipate energy, typically in the form of kinetic and potential
energy. Structures with higher natural frequencies generally
have greater stiffness, which can lead to lower deformation
under dynamic loads. Conversely, structures with lower
natural frequencies may absorb more energy due to greater
flexibility and higher deformation. The interplay between
natural frequency and energy absorption is crucial for
designing systems that can withstand dynamic and impact
loads. In practical terms, optimizing a structure’s natural fre-
quency can enhance its energy absorption capacity, improv-
ing its performance in applications like crashworthiness,
vibration damping, and impact resistance. Effective design
involves balancing these properties to achieve desired levels
of energy dissipation while maintaining structural integrity
and durability. Figure 15 shows the energy capacity of the
nanocomposites reinforced car’s hood under airflow pres-
sure for various airflow velocities. As is seen, Kinetic energy
has higher energy than Potential energy. Also, by increasing
the airflow velocity, the energy capacity of the system
decreases.

5. Conclusion

This study has demonstrated the significant benefits of rein-
forcing a car’s hood with nanocomposites under airflow
pressure, focusing on energy absorption and frequency ana-
lysis. The integration of nanocomposites, known for their
exceptional mechanical properties, has shown to substan-
tially enhance the energy absorption capacity and dynamic
response of the hood structure. The use of advanced compu-
tational model and numerical method allowed for a detailed
simulation of real-world conditions, providing robust
insights into the performance improvements achieved
through nanocomposite reinforcement. Our findings reveal
that the nanocomposite-reinforced hood exhibits superior
impact resistance and vibration dampening compared to
traditional materials. This is crucial for the automotive
industry, where enhancing vehicle safety and performance is
of paramount importance. The improved energy absorption
capacity ensures better protection of both the vehicle and its
occupants during collisions, while the enhanced frequency
response contributes to reduced noise, vibration, and harsh-
ness levels, leading to a more comfortable driving experi-
ence. Moreover, the dynamic performance of the hood is
optimized, as the nanocomposites contribute to maintaining
the structural integrity and reducing deformation under
high airflow pressures. This not only improves the vehicle’s
overall efficiency but also enhances its stability and handling
characteristics. The study underscores the potential of nano-
composite materials in advancing automotive design, par-
ticularly in developing components that are lighter, stronger,
and more resilient. The research paves the way for future
studies to explore the application of nanocomposites in
other automotive parts, potentially revolutionizing the
industry with materials that offer unparalleled performance
benefits. Additionally, the methodologies employed in this
study can serve as a benchmark for further investigations
into the dynamic behavior of nanocomposite-reinforced
structures under various loading conditions. In conclusion,
the incorporation of nanocomposites in the design of car
hoods presents a promising avenue for achieving significant
improvements in energy absorption and frequency response.



This advancement aligns with the ongoing efforts to
enhance vehicle safety, efficiency, and overall performance,
making it a vital area of focus for automotive engineers and
researchers.
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