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KEYWORDS ABSTRACT

Cantilever microtubule In this research, the primary resonance of a fractional viscoelastic microtube reinforced with
Conveying fluid, graphene nanoplatelets conveying fluid and resting on a nonlinear viscoelastic foundation has been
Graphene platelet reinforced, investigated. The main objective of this study is to analyze the effects of the graphene
Natural frequency, nanoplatelets weight fraction, the coefficients of the nonlinear fractional viscoelastic model, and
Nonlinear primary resonance, damping on the nonlinear vibration behavior of the cantilever fluid-conveying microtube system.
Multiple scales method. Using micromechanics theory, the modified couple stress theory, and mathematical modeling of

the mechanical properties of graphene nanoplatelets and nonlinear fractional viscoelasticity within
the framework of Euler-Bernoulli beam theory, the governing equations of motion for the fluid-
conveying microtube were derived. The equations were discretized using the Galerkin method and
subsequently solved by the multiple scales method. The results showed that an increase in the
graphene nanoplatelets weight fraction parameter leads to a decrease in the nonlinear stiffness of
the system. Furthermore, the response amplitude of the microtube undergoes a very significant
reduction with an increase in the fractional viscoelastic derivative parameter. The findings of this
investigation can be applied in the design and development of fluid force microscopes, medical
instruments, and drug delivery systems.

Extended Abstract

1. Introduction

such as microelectromechanical systems [ 1], drug delivery [2. 3], biosensors [4], actuators [5], biology

[6], semiconductors [7], and flowmeters. Therefore, recent advancements in this area have attracted
researchers' interest in designing and constructing structures at micro and nano scales. For modeling structures at
micro and nano scales, classical theories are not adequately capable of predicting behavior at the micro scale [8],
and thus alternative theories such as couple stress theory, modified couple stress theory [9, 10], and strain gradient
theory [11-13] must be used. These theories can exhibit interesting dynamic behaviors that are highly important
in dynamic and vibration analyses.

M icrotubes containing fluid are used as primary components for fluid transfer or storage in various fields
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In the domain of micro/nano tubes conveying fluid, numerous studies have focused on nonlinear vibration
analysis and stability of these structures [14]. Oyelade et al. [17] studied nonlinear forced vibrations of slightly
curved nanotubes conveying fluid using nonlocal strain gradient elasticity theory and demonstrated high sensitivity
of dynamic behavior to size-dependent parameters and fluid velocity. Finally, Wu et al. [20] conducted nonlinear
dynamic analysis of functionally graded micropipes conveying fluid with initial imperfections and showed that
initial geometric imperfections can reduce critical frequencies, but functionally graded materials compensate for
these effects. Collectively, these studies emphasize the importance of size effects, nonlinearities, and advanced
materials in enhancing the performance of fluid-conveying tubes.

Modified couple stress theory, as a key tool for considering size effects in micro/nano structures, has been used
in vibration and stability analysis of tubes and beams. Tang et al. [24] presented nonlinear modeling and size-
dependent vibration analysis of curved microtubes conveying fluid based on this theory and showed that the
characteristic length parameter increases bending stiffness and delays fluid velocity-induced instability. This
research highlights the pivotal role of couple stress theory in accurately modeling nonlinear and size-dependent
behaviors of small-scale structures. Research on micro/nano viscoelastic beams primarily focuses on fractional
models and memory effects, examining nonlinear vibrations in the presence of viscoelastic damping. Loghman et
al. [29] analyzed nonlinear vibrations of fractional viscoelastic micro-beams using non-integer order fractional
models and showed that the fractional parameter affects the amplitude and frequency of nonlinear responses, with
memory-dependent damping increasing stability. This study emphasizes the need for fractional models to
accurately describe viscoelastic behavior at small scales. Reinforcing composite structures with graphene platelets
(GPLs) in beams and plates has been the focus of recent research on improving mechanical and vibrational
properties. Eyvazian et al. [36] analyzed free vibrations and post-buckling of rotating GPL-reinforced
nanocomposite beams and showed that GPL distribution increases stiffness and improves post-buckling behavior.
This research emphasizes the potential of GPLs in enhancing vibrational and thermal performance of
nanocomposite structures and suggests their applications in advanced engineering.

Following a comprehensive review of the existing literature on fluid-conveying microtubes, a significant
research gap was identified. To date, no comprehensive study has been conducted on the simultaneous
investigation of primary resonance and frequency response of nonlinear viscoelastic microtubes — modeled using
a nonlinear fractional viscoelastic model, reinforced with graphene platelets, and resting on a nonlinear Winkler
foundation. Furthermore, most of the existing studies in this field have focused exclusively on fluid-conveying
microtubes supported on viscoelastic foundations. Accordingly, the present study focuses on investigating the
effects of graphene platelet weight fraction with different distribution patterns, as well as the fractional viscoelastic
order, on the frequency response of fluid-conveying microtubes. In this study, the behavior of a clamped-free fluid-
conveying viscoelastic microtube, modeled using the reinforced nonlinear fractional viscoelastic model, resting
on a nonlinear viscoelastic foundation and subjected to a moving load, is investigated. Employing Hamilton’s
principle within the framework of Euler—Bernoulli beam theory combined with the modified couple stress theory,
the governing equation of motion for the microtube was derived and subsequently discretized using the Galerkin
method. The discretized equation of motion was then solved in the time domain using the method of multiple
scales. Finally, the effects of the graphene platelet weight fraction parameter, the fractional viscoelastic derivative
parameter, and damping on the response of the fluid-conveying microtube are presented.

2. Theory

Consider a cantilever fluid-conveying tube reinforced with graphene platelets (GPLs) and modeled using a
fractional viscoelastic model, as shown in Figure 1. This tube rests on a nonlinear viscoelastic surrounding
foundation. Since the micro-cantilever tube is embedded in both linear and nonlinear Winkler foundations, the
foundation applies radial reactions in all directions surrounding the micro-tube. An incompressible viscous fluid
is considered for deriving the equation of motion, taking into account the mass of the fluid per unit length.
Additionally, the potential energy of the flow is zero [41]. The tube length, inner radius, and outer radius are
denoted by L, r;, and 7,, respectively. Furthermore, the mean flow velocity is denoted by v.

The Young's modulus of the graphene platelet-reinforced core is calculated using the Halpin-Tsai algorithm
42].

e =] 0

where
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In this relation, lg, b, and tk represent the average length, width, and thickness, respectively. Ex and E¢ also

denote the elasticity modulus of the matrix and the graphene platelet core. Additionally, the Poisson's ratio and
density of the matrix and graphene platelet core are defined as follows:

Une = V6V +um(1 = V), pnc = pVe + pu (1 — V) (3)
um and ve represent the Poisson's ratio of the matrix and the graphene platelet core (nanofillers). The relations
for various graphene distribution patterns along the thickness of the microtube, shown schematically in Figure 1,
are derived as follows:

- cos ()

i ] ; (Pattern A)
Vg = AjQ;(2) = §; % [1 — cos (% + E)] ; (Pattern B)

4)
1 ; (Pattern C)

In this relation, 4; (j = 1,2,3) and Qj(z) represent the graphene reinforcement functions and the volume fraction
values of graphene platelets, respectively.

— We
Vo = We+(1-We)pg/pm (©)

where Wg, ps, and py are the weight fraction of graphene platelets, mass density, and matrix density of
graphene platelets, respectively.

Considering structural damping effects and the stress-strain relation with a fractional viscoelastic model, as

well as displacement components for an Euler-Bernoulli beam, the equations of motion within the modified couple
stress theory framework are derived using Hamilton's principle [43].

ff:a(nk — Mg + Wys + Wy + W)dt = 0,

(6)
Ik, ITs, Wye, W denote the kinetic energy, strain energy, work done by the fluid flow, work done by the nonlinear
viscoelastic foundation, and work done by the harmonic force, respectively. The governing equation of motion is
rewritten as follows.

a 4 4 2
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Figure 1. Schematic representation of a fluid-conveying microtubule reinforced with graphene platelets on a nonlinear
viscoelastic foundation
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According to Hamilton's principle, the boundary conditions for the cantilever microtube will be as follows:

2 3
x=0w=2-0 x=1%=-2"_»9 (8)

T ax dx? ax3

The dimensionless governing equation of motion and dimensionless boundary conditions are derived as
follows:

— 2% [(d*w — a*w *w
naEI(L +6) o= (25) + EI(1 + ) 5% + (VCF x V)2 22

a*w
Py +2(VCFXV),/EOW+KIW+KMW3 +

ow | 19w =
aor Yoo = FcosNTS(X — X,) ©)
ow 2w 3w
W—E—OatX—O, axZ_ax3_OatX_1

The Galerkin method and the closed form W (X, T) = YN, ¢, (X) q,(T) are used to discretize equation (9),
where @r(X), q(T), and N are the dimensionless mode shape functions, generalized coordinates, and number of
modes of the cantilever microtube, respectively [44, 45].

3. Results

In this section, the effects of changes in graphene platelet weight, fluid velocity, Knudsen number, size
parameter, and nonlinear viscoelastic foundation constants on the vibrations of the fluid-conveying microtube are
examined. The mechanical and geometric properties of graphene platelets and polymeric matrix elements are in
accordance with Tables 1 and 2.

Table 1 Physical specifications of the microtube [47]

Parameter and Physical Properties Symbol (Unit) Value
Tube length L(um) 250
Inner radius ri(um) 110
Outer radius ro(um) 125
Fluid density prkg/m?®) 1000

Table 2 Mechanical specifications of graphene platelets and polymeric matrix [48]

Parameter and Physical Properties Symbol (Unit) Value
Young's modulus of matrix material E, (GPa) 3
Density of matrix material pm(kg/m®) 1200
Poisson's ratio of matrix material Uy 0.34
Young's modulus of graphene platelets E;p, (GPa) 1.01
Density of graphene platelets pepr(kg/m®) 1.0625
Poisson's ratio of graphene platelets VgpL 0.186
Length of graphene platelets Lgpy (um) 2.5
Width of graphene platelets bgp (Um) 1.5
Thickness of graphene platelets tep (nm) 1.5

3.1. Validation of Linear Analysis Results

To verify the accuracy, validity, and precision of the proposed solution method and formulation derived using
modified couple stress theory, the results are compared with previous articles. In this section, the geometric and
mechanical specifications follow Tables 1 and 2. Here, the first three eigenvalues of the fluid-conveying cantilever
microtube, as shown in Figure 2, are studied. The figure shows the imaginary and real parts of the first three
eigenvalues of the microtube. Re(Q) indicates system stability, and when Re(Q2) < 0, the system is stable. The
results obtained in Figure 2 show very good correlation with the results obtained by Ni et al. [49].

3.1. Primary Resonance Response of the Microtube

In this section, the effects of various parameters on the frequency response of the fluid-conveying microtube
reinforced with graphene platelets are examined. Here, the dimensionless values are:

W; = 0.25%(Pattern A),K, = 10,K,; =5,n=C; =0,F =2,X, =0.9,8, = 0.5 (10)
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Figure 2 Validation of the first three eigenvalues of the microtube compared to Ni et al. [49]

In Figure 3, as the GPL volume weight parameter increases, the system's hardening behavior decreases. It is
clearly evident that for a specific value of the detuning parameter and for a lower weight fraction, the response
amplitude has the highest value. The displacement amplitude also experiences a significant decrease with an
increase in the graphene platelet weight fraction parameter. With a decrease in the order of the fractional
viscoelastic derivative and system damping, the maximum amplitude of the microtube increases. The softening
effect of the microtube intensifies with an increase in the order of the fractional viscoelastic derivative.
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Figure 3 Effects of graphene platelet weight, order of fractional viscoelastic derivative, and damping on the

frequency response of the microtube in terms of the detuning parameter

4. Conclusion and Discussion

This study analyzes size-dependent free vibration and steady-state response of fractional viscoelastic
microtubes conveying fluid reinforced with graphene platelets on a nonlinear viscoelastic base, under harmonic
force, within the modified couple stress theory framework. The microtubes consist of an epoxy polymer matrix
with graphene platelet reinforcements that consider the length scale parameter. A nonlinear fractional viscoelastic
model was used to represent the structural viscoelastic effect. Numerical results have shown that:

Higher values of the linear coefficient K L of the foundation increase the range of natural frequencies.

The amplitude of the microtube response predicted by the fractional viscoelastic model is much larger
than the amplitude reported by previous studies using the Kelvin-Voigt viscoelastic model.

Increasing the graphene platelet weight fraction parameter reduces the hardening effect.
Increasing the structural damping parameter and the fractional order reduces the hardening effect.

Mechanics of Advanced and Smart Materials Journal 5(2) (2025) 251 —270
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e Increasing the weight fraction parameter increases the force amplitude.

e  With an increase in damping parameters and the order of the fractional derivative, bifurcation points
shift toward larger force amplitude values.
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