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Abstract. Organic photovoltaic devices have gained significant attention as promising solutions
to global energy challenges, owing to their unique advantages, including lightweight construction,
optical transparency, mechanical flexibility, and low production cost. In this context, the present
work aims to introduce an efficient computational approach to investigate the nonlinear free
vibration characteristics of ultra-thin organic solar panels. To this end, the solar panel structure is
modeled as a multilayered plate, in which each functional layer is assumed to be isotropic. The
fundamental displacements are formulated using a refined higher-order shear deformation theory
with four independent variables, combined with the von Karman nonlinear strain assumption
to capture large-amplitude effects. The nonlinear natural frequencies are subsequently deter-
mined using the non-uniform rational B-splines (NURBS)-based isogeometric analysis (IGA) in
conjunction with an iterative displacement-control scheme. Several benchmark investigations are
performed to validate the accuracy and robustness of the present formulation. Furthermore, the
effects of several key factors, including boundary conditions, length-to-thickness ratios, and aspect
dimensions, on the nonlinear vibration characteristics is comprehensively investigated in this
work. Several significant remarks are drawn to support the design and optimization of ultra-thin
organic solar plate structures in practical engineering applications.

Keywords: nonlinear free vibration, ultra-thin organic solar cells, refined higher-order shear defor-
mation theory, isogeometric analysis.

1. INTRODUCTION

Over the past decade, renewable energy resources have emerged as promising solutions
to address global challenges such as climate change, greenhouse gas emissions, as well as
environmental pollution. Among these, solar energy based on organic materials has garnered
considerable attention owing to notable advantages, such as simple fabrication, low cost, light
weight, mechanical flexibility, and excellent material compatibility (Chen, 2019; Kumavat et al.,
2017). It is important to note that one of the major challenges facing organic solar cells (OSCs)
is their limited operational stability and efficiency, primarily due to the inherently low charge
mobility of organic materials (Xiong et al., 2019). Nevertheless, significant research efforts
have been devoted to enhancing the power conversion efficiency (PCE) of organic photovoltaic
devices. For instance, using a semi-empirical model combined with a tandem cell strategy,
the PCE has been recorded to exceed 17%, as reported by Meng et al. (2018). This significant
success can be attributed to advancements in device architecture, the development of active
layer materials, as well as optimized fabrication processes (Zhu et al., 2020). Consequently,
OSCs are increasingly being adopted in a wide range of applications, including architecture,
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automotive engineering, aerospace, and defense technologies (Cardinaletti et al., 2018). On
the other hand, both experimental and numerical studies have been extensively conducted to
further advance their performance and practical implementation (Bartesaghi & Koster, 2015;
Mahmood & Wang, 2021).

In general, solar plates are ultra-thin structures that are highly susceptible to severe me-
chanical deformations under operational conditions, including bending, folding, twisting, and
stretching. Consequently, understanding the fundamental mechanical behavior of solar plates,
particularly their vibration characteristics, is of great importance. In the open literature, nu-
merous numerical investigations have been conducted to examine the vibrational behavior of
such structures. For example, D. Li and Liu (2023) presented a vibration control study including
low-frequency and large-amplitude vibrations of solar panels. Subsequently, dynamic modeling
techniques, vibration control theories, and technologies for in-orbit vibration controller design
are comprehensively investigated. In addition, Duc et al. (2018) thoroughly investigated the
nonlinear dynamic characteristics and vibrational behavior of multilayer organic solar plates
using analytical solutions. Meanwhile, by applying a Navier-type solution derived from clas-
sical plate theory combined with the modified couple stress theory, Q. Li, Wu, Gao, Tin-Loi,
et al. (2019) examined the size-dependent deflections and natural frequencies of OSCs in detail.
In another study, Anh et al. (2021) introduced analytical solutions to evaluate the nonlinear
vibrational behavior of OSCs subjected to wind loads and uniform temperature variations.
Furthermore, optimization algorithms are subsequently utilized to determine the maximum
natural frequencies in various conditions. In the context of isogeometric analysis, Do et al.
(2024) investigated the static bending, free vibration, and buckling features of both organic and
perovskite solar cells. Several numerical studies on such structures were reported (N. V. Nguyen,
2025; N. V. Nguyen, Tran, et al., 2025; N. V. Nguyen, Zur, & Nguyen-Xuan, 2025).

In terms of modern computational frameworks, the isogeometric analysis (IGA) based on
NURBS rational functions, pioneered by Hughes et al. (2005), has gained significant attention
from the scientific community in the past two decades due to its computational efficiency as
well as seamless integration between computer-aided design and analysis. The NURBS-based
IGA has been extensively applied to investigate the mechanical behavior of a wide range of
engineering problems such as structural analysis, thermal responses, contact mechanics, fluid—
structure interaction, fracture mechanics, and structural optimization (Gupta et al., 2023; H. D.
Tran & Nguyen, 2017). However, the reviewed literature indicates that the application of IGA to
investigate the nonlinear free vibration responses of ultra-thin organic solar plates remains highly
limited. Motivated by these findings, the present study aims to present an efficient numerical
approach for analyzing the nonlinear free vibration characteristics of ultra-thin organic solar
panels. The fundamental displacements of ultra-thin plates are formulated using a refined
higher-order shear deformation theory including four unknowns and the von Kdrmén nonlinear
strain assumption. The nonlinear natural frequencies are subsequently determined using a
NURBS-based isogeometric approach combined with a displacement-controlled iterative scheme.
This study concentrates on explaining how significant factors such as boundary conditions,
length-to-thickness ratios, and aspect dimensions affect the nonlinear vibration characteristics of
the organic solar panels. The findings of this work contribute to advancing the understanding
and expanding the potential industrial applications of ultra-thin organic solar plate structures.

2. MODELING OF ORGANIC SOLAR PLATES

In the current study, the nonlinear free vibration characteristics of ultra-thin organic solar
plates are comprehensively investigated. A schematic diagram of the organic solar cell, charac-
terized by width (a), length (b), and thickness (h), is clearly presented in Fig. 1. As illustrated,
the solar cell consists of five functional layers: Aluminum (Al), PBHT:PCBM, PEDOT:PSS, ITO,
and Glass. The detailed functions of these layers can be found in Q. Li et al. (2021). In terms of
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computational modeling, the solar structure is treated as a multilayered plate, in which each
layer is assumed to be isotropic. In addition, Table 1 summarizes the fundamental mechanical
properties as well as the thicknesses of the individual layers in the ultra-thin organic solar
structures. It is important to emphasize that the thickness of the functional layers in OSCs is
maintained constant to ensure that it does not significantly affect the structural integrity or
PCE of the solar devices (Q. Li, Wang, et al., 2019; Q. Li et al., 2020). In addition, the solar
plates possess macroscale length and width, while only the thickness is at the microscale. The
size-dependent effect can consequently be neglected in this study, as discussed in (Guo et al.,

2024; Shen & Li, 2023).
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Fig. 1. Schematic representation of the ultra-thin organic solar plates (Do et al., 2024)

Table 1. The material properties and thicknesses of ultra-thin organic solar cells
(Q. Li, Wang, et al., 2019; Q. Li et al., 2020)

Material =~ Thickness (um) Young’s modulus (GPa) Poisson’s ratio Mass density (kg/ m?)

Glass 550 69 0.23 2400
ITO 0.120 116 0.35 7120
PEDOT:PSS 0.050 2.3 0.40 1000
P3HT:PCBM 0.170 6 0.23 1200
Aluminum 0.100 70 0.35 2601

3. MATHEMATICAL EXPRESSIONS

3.1. Refined higher-order shear deformation theory

In the open literature, numerous plate theories have been developed to predict the me-
chanical behavior of plate structures. Among them, building upon Reddy’s higher-order shear
deformation theory (Reddy, 2003), Senthilnathan et al. (1987) introduced a refined higher-order
shear deformation theory involving four independent variables. This theoretical model exhibits
several notable computational efficiencies, especially when applied to nonlinear problems. Let
up and vy denote the in-plane displacements along the x and y directions, respectively, while
w” and w® represent, respectively, the bending and shear parts of transverse displacement. The
displacement field of the plate for z € [—h/2, h/2] can then be written as follows (Chung & Thu,
2023; Senthilnathan et al., 1987):

u(x,y,z) = ug — zwt, + f(z)w?,,
v (x,y,2) = vy — zwf”y + f(z)w’, 1)
w (x,y) = w’ +w,
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In the above formulation, the function f(z) characterizes the distribution of transverse
shear strains and stresses through the thickness direction. In the present work, this distribution

function is defined as f(z) = arctan (sin (%z) ), as presented by Nguyen-Xuan et al. (2014).
The strain-displacement relations derived under the von Karméan assumptions are subse-
quently formulated as follows:

T
&= {Sxx/ Eyyr ')’xy} = g +zK1 + f(2)K2,

: , @
Y= {’sz, ')’yz} = [1+ f'(z)]es,
in which the in-plane, bending and shear strains can be presented as follows:
b
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In Eq. (3), the linear and nonlinear strains are written as follows:
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By applying Hamilton’s principle in conjunction with the weak formulation, the governing

weak form for the free vibration analysis of ultra-thin organic solar panels is expressed as
follows (Nguyen-Xuan et al., 2014):
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0 Q 0
in which
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in this context, C;;, withi,j = 1, ..., 6, represents the stiffness coefficients associated with the
five functional layers (k = 1,...,5) of the organic solar cell, which can be evaluated as follows:

E®) ) (0 E(k)
c® _ k) _ ot o
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In Eq. (6), the quantities & and m are formulated, respectively, as follows (L. V. Tran et al.,
2014):

g Io 0 0 11 12 I4
u= u; , M = 0 I() 0 ,IO = 12 13 I5 (10)
u, 0 0 I Iy Is Ig
herein,
h/2
(Ilr 121 13/ 14/ 15/ 16) == / P(k) []—1 z, 22/ f(Z),Zf(Z),fZ(Z)] dZI
—h/2
Uuo 00 w (11)
uy = —wbx , up = —w,hy , Uup = 0
w’, w’ 0

Y
3.2. Approximation formulations based on NURBS

In general, the primary displacements of ultra-thin organic solar plates can be approximated
using the isogeometric approach based on NURBS shape functions as follows (Cottrell et al.,
2009; Thai & Nguyen-Xuan, 2020):

u ® 0 0 O Uop;
W v B nxm 0 q)] 0 0 UO B nxm "
e T e B N A A B P Rds (12)
w® “lo oo 0 9| w :

T
in this expression, ®; represents the NURBS basis functions, and d; = { Ugj Voj w;-’ w; } is
the vector of nodal degrees of freedom associated with the j-th control point.

By applying the approximation expression given in Eq. (12), the strain field described in
Eq. (3) is then reformulated in a compact form as follows (H. X. Nguyen et al., 2017):

l l nxm l 1 l nxm
— nk __ n _ S
j=1 j=1
where
1 nl
| € nxm , ul =n nxm ol
£=< 11 p= Z Bid;, &'=¢ 0 ;= 5 Z B'd;, (14)
%) j=1 0 j=1
with
BZ 0]
Bi=|B'|, B'=|0|B (15)
]
B}’Z 0 |
herein, the strain-displacement matrices involved in the formulation are defined as follows:
®, 0 00 o 0 0 —Djn 0]
m
B]- =0 @, 00, B]» =0 0 -9, 0|,
@, P 00 0 0 —2&;,, 0]

(16)
000 9
B2_ 1o 0 o q);w B - [0 00 cbj,x}’ BS — [0 0 @i Dy |
] 00 0 2®;xy I 000 9, j 00 9, 9,

By introducing the linear stiffness matrix K; and two nonlinear stiffness matrices K}, and
K2, the nonlinear governing equation of motion describing the free vibration behavior of
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ultra-thin organic solar panels is formulated as follows:
Md + [K, +KY(d) + Kﬁ,(d)} d=0, (17)

where the related matrices can be expressed as follows:
T _
K, = / (B’ ) DB'dO,
Q

K. (d) = % /Q (BI)TDB”ldQ+ /Q (B”I)TDBldQ,

1 AT l (18)
2 _ - n R
Knl(d)—z/Q(B ) DBdO,
M= [ RTmRdO,
o}
. . = Db 0 5 T .
in which D = { 0 D, ] and R = {Rl R; R3} with
® 0 0 O 00 -9, 0 000 9,
Ri=|0 & 0 0|, R=1[00 —-®;, 0|, Rg=1{0 0 0 D;,(. (19
0 0 & 9 00 0 0 000 O

Considering the harmonic vibration problem and employing the Galerkin weighted residual
technique to remove the time-dependent component, the eigenvalue equation describing the
nonlinear free vibrational characteristics of ultra-thin organic solar plates can be formulated in
matrix form as follows (Tao & Dai, 2021):

(—wZM +K; + 3%1(}11 + ZK%Z) d=0, (20)
in which w represents the vibration frequency. It is worth noting that Eq. (20) represents
a nonlinear eigenvalue problem, which is typically solved using the displacement control
approach, as described by Mirzaei and Kiani (2016) and Mohammadzadeh-Keleshteri et al. (2017).
Accordingly, the linear fundamental frequencies as well as associated vibration modes can be
first obtained by neglecting the two nonlinear stiffness matrices, K}, and K?,. Subsequently, for
a prescribed transverse displacement, the vibration mode is scaled, and the nonlinear stiffness
matrices are calculated. The updated eigenvalue problem is then solved to determine the
nonlinear frequency and the associated mode shape. This iterative process is repeated until
the relative discrepancy between consecutive eigenvalue vectors becomes smaller than the
predetermined tolerance of 10> applied in the present investigation. A detailed flowchart
summarizing the solution procedure for the nonlinear free vibration problem can be found in
N. V. Nguyen and Phan (2023).

4. NUMERICAL RESULTS

In the following subsection, the nonlinear free vibration responses of thin organic solar
plates are examined in detail. The thickness and mechanical properties of the functional layers
of the organic solar cells are summarized in Table 1. Unless otherwise specified, all numerical
analyses are performed on square solar structures with aspect dimensions of a = b = 0.05 m. In
addition, the nonlinear-to-linear frequency parameter, expressed as wyy./wr, is then evaluated
with respect to various amplitude ratios, @ = wmax/h, which serves as an output parameter in
this study. Regarding discretization in the NURBS-based IGA framework, a mesh consisting
of 11 x 11 cubic elements is employed to describe the thin organic solar panels. On the other
hand, the boundary conditions at the edges are denoted by S, F, and C, corresponding to simply
supported, free, and clamped edges, respectively.
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4.1. Validation investigation

Due to the scarcity of reference results on the nonlinear free vibrations of ultra-thin organic
solar plates, the following two numerical studies are performed to validate the reliability
and accuracy of the present approach. In the first investigation, the nonlinear free vibration
characteristics of isotropic square plates with a length-to-thickness ratio of a/h = 100 are
considered. The material properties of the isotropic plates are specified as Young’s modulus
E = 70 GPa and Poisson’s ratio v = 0.3. The results for the nonlinear-to-linear frequency
parameter @ are summarized in Table 2 and compared with those reported in previous studies,
namely the analytical solution (Razavi & Shooshtari, 2015) and the finite element approach (Han
& Petyt, 1997). As shown in the table, a good agreement is achieved between the present findings
and the reference results.

Table 2. Nonlinear-to-linear frequency parameter of isotropic plates under SSSS case

W= wmax/h

Source
0.2 0.4 0.6 0.8 1.0
Analytical (Razavi & Shooshtari, 2015) 1.0168 1.0655 1.1421 1.2415 1.3586
FEM (Han & Petyt, 1997) 1.0170 1.0680 1.1490 1.2540 1.3790
Present 1.0143 1.0570 1.1279 1.2267 1.3528

The second validation example concerns the comparison of the linear natural frequency of
thin organic solar structures. It is assumed that the ultra-thin organic solar panels are subjected
to two types of boundary conditions, specifically SSSS and CCCC cases. In this investigation,
the linear natural frequencies are presented in normalized form as follows:

_ a2 Jpc

w=w n\ Ee’ (21)
in which p; and E¢ denote, respectively, the mass density and Young’s modulus of the glass layer.
The first three normalized natural frequencies of thin organic solar structures corresponding
to two a/h ratios are summarized in Table 3. The present findings are compared to those
obtained using the HSDT-IGA model, including five variables, reported by Do et al. (2024). As
expected, a very close agreement is observed, confirming the accuracy and reliability of the
current approach.

Table 3. The first three normalized natural frequencies of thin organic solar plates

SSSS CCcCC
a/h Source
1 2 3 1 2 3
10 IGA-HSDT (Do etal., 2024) 5.6643 13.5100 13.5489 9.7560 18.6533 18.7541
Present 5.6724 13.5922 13.5922 9.8783 19.1857 19.1857
100 IGA-HSDT (Do et al., 2024) 5.8510 14.6208 14.6208 10.6597 21.7266 21.7266
Present 5.8511 14.6212 14.6212 10.6616 21.7343 21.7343

4.2. Parametric investigation

This subsection is devoted to evaluating the influence of several significant factors, such as
boundary conditions, length-to-thickness ratio, and aspect dimensions, on the nonlinear free
vibrational characteristics of thin solar cell structures. In order to evaluate the influence of the
boundary constraints at the edges, three representative types of boundary conditions are selected
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for consideration in this example, specifically SSSS, CSCS, and CCCC. Table 4 summarizes the
linear natural frequencies as well as the corresponding nonlinear-to-linear frequency parameters
of a thin organic solar plate under various boundary condition cases. This table reveals that,
for all boundary conditions, a gradual increase in the frequency ratio wyy /wy, is observed as
the amplitude-to-thickness ratio @ increases. On the other hand, higher natural frequencies are
obtained as additional constraints are imposed along the plate edges, increasing from the SSSS
to the CSCS and finally to the CCCC case.

Table 4. Linear frequency and nonlinear frequency ratio of solar plates under various boundary conditions

W= wmax/l’l

B.C wi,
0.2 0.4 0.6 0.8 1.0 1.2
SSSS 5.8507 1.0073 1.0290 1.0641 1.1110 1.1683 1.2339
CSCS 8.5783 1.0069 1.0273 1.0603 1.1047 1.1590 1.2218
CCCC 10.6597 1.0072 1.0286 1.0631 1.1096 1.1665 1.2323

In the following numerical study, the influence of the geometrical dimensions of thin organic
solar structures on the nonlinear-to-linear frequency parameter is thoroughly examined. In this
specific investigation, it is assumed that thin organic solar panels are subjected to SSSS boundary
conditions, while the amplitude-to-thickness ratio may vary from 0.1 to 1.2. Fig. 2 illustrates
the variation of the frequency ratio wyy, /wy, with respect to different aspect ratios a/b. It can be
observed that the frequency ratio wy /wr exhibits a decreasing trend as the aspect ratio a/b
increases from 1.0 to 2.0. Moreover, Fig. 2 also reveals that the rise in the nonlinear-to-linear
frequency ratio with increasing amplitude-to-thickness ratio @ is primarily governed by the
nonlinear stiffness effect, which is a key characteristic of nonlinear free vibration behavior. On
the other hand, Figs. 3 and 4 illustrate the first four linear mode shapes of thin organic solar
plates with square (a/b = 1.0) and rectangular (a/b = 2.0) geometries, respectively, under SSSS
boundary conditions. It is worth noting that the corresponding linear natural frequencies are
also provided in these figures.

1.25 \ ‘
—o—a/b=1.0
—o—a/b=12
1.2} a/b=15
——a/b=138
a/b=2.0
~ 1.15
3
=
3 11t
1.05
1 o—= . I I I I
0 0.2 0.4 0.6 0.8 1 1.2

W= wmaz/ h
Fig. 2. Variation of the nonlinear-to-linear frequency ratio with varying aspect ratios a/b

It is well known that the geometrical dimensions of thin organic solar plates have an in-
fluence on vibrational behavior. In the final numerical study, the effect of plate length on the
nonlinear free vibration characteristics of the solar cell is examined in detail. Accordingly, the
square solar plates subjected to two boundary conditions (SSSS and CCCC) are investigated.
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<>

(a) First mode shape, wy = 5.8507 (b) Second mode shape, w; = 14.6187

>

(c) Third mode shape, w; = 14.6187 (d) Fourth mode shape, w; = 23.3757

Fig. 3. First four linear mode shapes of square solar plates

(a) First mode shape, w; = 14.6180 (b) Second mode shape, w; = 23.3748

(c) Third mode shape, wy = 37.9470 (d) Fourth mode shape, wy = 49.5869

Fig. 4. First four linear mode shapes of rectangular solar plates

Three plate lengths, namely a = 0.02, 0.06, and 0.10 m, are considered in this example. Table 5
indicates that the normalized linear natural frequencies increase slightly as the plate length
increases. In addition, the CCCC boundary condition yields vibrational frequencies approxi-
mately twice those of the SSSS case. As expected, an increase in the amplitude-to-thickness ratio
W results in a corresponding increase in the nonlinear natural frequency.
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Table 5. Linear and nonlinear frequencies of square solar plates with different dimensions

W= wmax/h

a(m w
(m) k 02 06 1.0 14 1.8
S55S
0.02 5.8385 5.8815 6.2139 6.8221 7.6319 8.5719
0.06 5.8514 5.8943 6.2262 6.8361 7.6464 8.5891
0.10 5.8524 5.8954 6.2277 6.8372 7.6476 8.5895
CCCC

0.02 10.6027 10.6797 11.2764 12.3768 13.8578 15.6116
0.06 10.6631 10.7403 11.3367 12.4382 13.9189 15.6710
0.10 10.6679 10.7451 11.3410 12.4424 13.9249 15.6758

5. CONCLUSIONS

In this paper, an efficient and robust computational tool was presented in order to study the
nonlinear free vibration behavior of ultra-thin organic solar panels. Accordingly, the fundamen-
tal mathematical formulations were derived within the NURBS-based isogeometric framework
in conjunction with the refined higher-order shear deformation theory. To accurately capture
large-amplitude vibration effects, the von Karmén nonlinear strain assumptions were incor-
porated into the model. In addition, the nonlinear eigenvalue equation was derived using
the Galerkin weighted residual method and solved through an iterative displacement-control
scheme to obtain the nonlinear natural frequencies. Verification studies were carried out to con-
firm the robustness and accuracy of the present numerical model. Based on the comprehensive
parametric analysis, the following key conclusions are drawn:

- Both linear and nonlinear natural frequencies of ultra-thin organic solar plates were
accurately and efficiently calculated via this numerical approach;

- The nonlinear natural frequency exhibited a strong dependence on vibration amplitude,
with both the nonlinear frequency and the nonlinear-to-linear frequency ratio increasing as the
vibration amplitude increased;

- The boundary conditions applied along the edges, as well as the geometrical parameters,
had a significant influence on the nonlinear vibrational characteristics of ultra-thin organic solar
plates;

- Finally, to enhance the mechanical performance of ultra-thin solar panels, the integration of
bio-inspired lightweight substrates, such as triply periodic minimal surface (TPMS) architectures,
represents a highly promising solution. Further investigations into these high-performance
structures are recommended for future research.
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