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Abstract. The allotropic forms of carbon as nano tubes and more recently graphene sheet has gained significant
notoriety in the last two decades where its use has been spread in the most diverse areas such as composite
materials, electronics, medicine, fine chemistry, among others. Within this context, the mechanical behavior of
wave propagation at the nanoscale level has received special attention for its relevance in the application of
transport problems of molecules, sensors for detecting gas atoms, resonators for high frequencies, among
others. Recently, classical approaches to nanoscale problems with atomic and hybrid models, more accurate but
with high computational cost, have left some room for approaches that use the principles of continuum mechanics
with the classic (local) and non-local versions. The results observed in the literature on free vibration problems,
obtained with non-local continuous mechanics, have been closer to the results of molecular dynamics than those
obtained with classical or local continuous mechanics. In this work, the authors propose an approach using the
non-local continuum mechanics for the free and forced vibrations problems in graphene sheets using the
approximation spaces obtained with Hermite finite elements (H-FEM) with regularity C*(Q), k = 1,2 together
with the first order plate model “First Shear Deformation Theory” (FSDT). This approach intends to investigate
some aspects of the analyzed problem to improve the proximity of the response to that obtained using molecular
dynamics: provide the regularity requirements of the non-local model equilibrium equations; improve accuracy in
natural modes and frequencies using highly regular approximation spaces; improve the accuracy of the response
of natural modes and frequencies by incorporating the rotational inertia introduced by the kinematic FSDT model.

1 Introduction

The use of carbon allotropic forms such as the nanostructures of fullerene tubular arrangements and graphene
sheets has gained centrality in the development of nano technology due to the superior mechanical properties
shown by the high modulus of elasticity (Y. Nan and L. Vicenzo, [1]) and super thermal and electrical conductivity
(A. Moisala et al., [2]). Within this context, the simulation of the dynamic behavior of nano structures has been a
subject of recent research, in which atomic methods are used, including molecular dynamics (MD) (S.C.
Chowdhury et al., [4]); tight binding molecular dynamic (TBMD) and the density functional theory (DFT), (D.
Sanchez-Portal et al., [5]). The methods are accurate but require a high computational time, which makes their use
limited to a small number of molecules involved in the model. An alternative, with a lower computational cost,
was proposed using the mechanics of the non-local continuum by A. C. Eringen [6] and [7] where the state of
stresses at a point depends on the state of deformations in its neighborhood. In this context, the applications of this
theory in free vibrations have been studied by several authors. R. Ansari et al. [8] studied simple sheets of graphene
using the first order plate model with shear strain (FSDT) and the Generalized Differential Quadrature Method
(GDQM). L. W. Zhang., et al. [9] studied nonlinear vibration problems of nanoplates using classical lamination
theory (CLT) and the k-Rittz method. On the other hand, in problems of propagation and dispersion of mechanical
waves in nanoplates, of fundamental importance in the design of large molecule dispersers and gas sensors, stand
out the studies of B. Arash et al., [10] that simulate nano sensors using thin plate models together with Hermite
finite elements. T. Aksencer and M Aydogdu [11] study the effects of nanoscale coefficients, dimensions, and
boundary conditions on the propagation and dispersion of mechanical waves on thin nano plates using analytical
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solutions. Mohammad R. B. and S. Hossein [12] use Strain Gradient's non-local theory and Galerkin's method to
study the effects of mechanical wave dispersion on resonance in porous material nanoplates in functional gradients
modeled with high-order kinematic theories. In this work, the authors address the problem of free and forced
vibrations in simply supported nanoplates with kinematic theory modeled by FSDT. The elastodynamic equations
at the nanoscale are obtained considering the principles of non-local elasticity of [7]. The approximation space is
built with finite elements of Hermite (R. Mazzochi, [13]) of high regularity and high order, to avoid shear locking
and improve the responses to eigenvalues/eigenvectors problems in the free vibration version. The results for the
first frequency are compared with those obtained by [8] and those for mechanical wave propagation are analyzed
with respect to a reference solution obtained using the bi-harmonics functions for FSDT plates according to J. N.
Reddy, [14].

2 Non-local elastodynamics

In this section, dynamic equilibrium equations are briefly introduced, incorporating non-local elasticity in Mindlin
plates (FSDT) and the semi-discrete formulation for the forced vibration problem.

2.1 Principles of non-local elasticity

One of the limitations of using classical or local continuum mechanics in nanoscale problems is the influence of
the neighborhood that becomes significant in the responses of the state of stresses in a point  of the analyzed
body. The study in [7] established a relation, shown in eq. (1), between the local stress tensor with sub index / and
non-local with sub index nl. This equation can also be described by replacing o, (.’I:) by the constitutive equation
of linear elasticity.

(lfuvz)crm(w):al(:c) (1)

2.2 Non-local dynamic equilibrium equations

The non-local dynamic equilibrium equations for the thick plate element, shown in Fig.1 (a), of homogeneous and
isotropic material are described in tensor form of internal forces in equations (3) to (10). In these equations, NV,
M and @ are the normal force tensor, the bending moment tensor and shear force vector respectively. On the
other hand, u, 1/; and % are the acceleration vectors of displacement in the middle plane, the acceleration vector
of the rotations in the x and y directions (see, Fig.1(a)) and the acceleration of the transverse displacement. The
terms [;, j=0, 1,2, are the coefficients of inertia described by

hj2
_ j
I f_h/2z pdz.. )

In equations (3) to (5) I, will be null if the material is homogeneous and isotropic. On the other hand, in equations
(6)to (8), N,, M, and @), are the vectors of normal force, bending moment and shear force on the boundary
with normal n shown in Fig.1 (a).

Dynamic equilibrium equations for points (z, Y, 0) €N

VN = (1-pV?)(L,i + I3)) @)
V.M - Q= (1-pV?)(Lii + L) )
V~Q:(1—w2)(zoﬂ;—q) 5)

Equilibrium equations for a point (a:, y,O) ely:
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N-n=N, (6)
M-n=M, @
Q-n=0Q, ®)
u(xyr)=u'(xy). ¥(xy)e re(07] ©)
i(x,y.)=v"(xy), ¥(xy)eQ re(0,7] (10)

Equations (9) and (10) define the initial conditions where ul = {u, v, w} e ul = {12, 1’),11)} .

Y esential boundary condition
ua(x,0,t)=w(x,0,t)=dx(x,0,t)=0

ualx,b,1)=w(xb,tj=x(x,b,1)=0

vo(0.yy-W(0.y.ty=v(0.y. -0

vo(a.yy=w(a.y ti=ov(a.y =0

bo  g(xyt)

natural boundary condition

Nix(0,y.)=0 Nyy(x,0,)=0

Ll X Mic(0,y. =0 Myy(x,0,)=0
. ao
fhad WY %o Nax(a,y,)=0 Nyy(xb.0=0
1 e R P
i E - { Uo,0) Ma(ayti=0  Myy(x,b,t=0

a T =
| o

Y, v, 8

(a) (b)
Figure 1: a) internal and boundary forces in element plate; b) Simply supported plate with essential and natural boundary
conditions and sectorial load.

2.3 Semi-discrete formulation for the problem of forced vibrations

The semi-discrete formulation is obtained for the theoretical example of homogeneous and isotropic plate
presented by Fig. 1 (b) using the Bubnov-Galerkin method applied on the residue function obtained of the
elastodynamics equilibrium equations.

The problem in question is to determine the vectors wu, (:1:, y,t), P, (:1:, y,t), wy, (z, y,t) € 0, defined in
equations (12) to (14) where:

8, = {w, 0, € H(2)x (0,T] | w, = w4, = P,w, = v, € [, ¥t € (0,T]}. (11)
u | z,y,t
w, (,y,t) = [v"gz 3 t;] = Ny (12)
o\ h
0 (xy,t
'z,ZJh(a:?y?t)—‘e:ELz’t;} = Ny (1) (13)
h
w, (z,y,t) = NPU (1) (14)

In equations (12) to (14), N (m)7 m = 0,1,2 and U(t) are the matrices of shape functions and the vector of
displacement parameters described in equations (15) to (18).
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(0)_ Hz] 0 0o 0 0 .

N _\ 0 H/ 000 - (13)
W _ | 00 Hij 0 0 -

N \ 000 H O (16)
NP =000 0 g -] a7

0" = ) () 0 (0) o

yi

() wi(t) =} i=1ouN,, i=L..(1+k)  (8)

7

In equations (15) to (18) Hij (x, y) are global functions, with regularity C* (Q ), k = 1,2, obtained with Hermite
elements. In eq. (18), N, is the number of nodes in the domain discretization grid and the supra-index j is the
number of global functions per grid node. More details on obtaining the functions in Hermite elements are
presented in [13]. The discrete formulations for the deformations are shown in equations (19) to (22).

™) = By (t), m = o0,1. (19)
B\") = H1a N, (20)
In eq. (18) the operators H , J and 8{ are shown in detail in Garcia and Rossi [15].
2 — By (1) @1
B? = N 4 jo NV 22)

In eq. (22), J is the Jacobian matrix and O, is the gradient operator for a vector both detailed in [15]. Discrete
formulations for acceleration vector gradients , , v, and 1, , used in obtaining the non-local mass matrix, are
shown in equations (23) to (26).

v(fm) = 6" (1). 23)
G\ = ja N"). 24)
Vi, = GHT(1). 25)
G = jo N1 26)

In eq. (23), j;? = 1, and j';Ll = 'JJ,L.

The weak formulation defined by eq. (28) was obtained by the Galerkin method from the weighting of the residual
function obtained from equations (3) to (8) and from the incorporation of discrete forms defined by equations (12)
to (26) for the plate in Fig. 1(b) with zero natural boundary conditions. At eq. (28), C,, C, and C, are the
matrices corresponding to normal forces and normal deformations, moments and curvatures and shear forces and
shear deformations. The matrices C, and C| are shown in detail in [15], and C| is defined by eq. (27). The

terms A, , A, and A, are the penalty coefficients corresponding to the vectors u, , ¥, and wj, .

c, = —c, @7)

At eq. (28) the terms in parentheses that multiply the parameter vector U (t) represent the stiffness matrix K ,
the terms that multiply the vector of acceleration parameters U (t) represent the mass matrices of classical
elasticity and non-local elasticity.
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[ B 6, 8%+ [BY70,B 0 + [ B0 B0
2 2 2

w w

+ [ANOINClar 4+ [ANUINYar + O NPINCar U () + [ NTgao - [ pviNTae
(0} N

FD FD FD
+| [ 1N Ndo + [L,NINDae 1+ [ 1,8 NEao | (t)
N 0 1]
+| [ 106" 6 "a2 + [ 106" G Va0 + [1,,67V ¢ Pag (T (t) = o (28)
i) n n

Yet in eq. (28) the integrals associated with external forces in the domain constitute the vector F(¢) . In this way
the elastodynamic equation represented by eq. (28) can be shown in matrix form by eq. (29).

(M, + MU (t)+ KU(t) = F(t). (29)

3 Numerical Result

The results of free and forced vibrations are obtained for moderate thick graphene plates with load and boundary
conditions shown in Fig.1 (b). For the two examples analyzed in this section, the plates are constituted of
homogeneous and isotropic material with modulus of elasticity of E = 1TPa , Poisson's ratio of » = 0.16 and
mass density of p = 2250kg / m®. In the study, the penalty coefficients are considered
A, = A, = A, = 1x10". The numerical strategies used are defined in Tab.1.

Table 1. Numeric model

strategy element type grid NDOF
A HFEM C! 10 x 10 2420
B HFEM C? 8 x8 3645

3.1 Free vibrations

In this study the influence on the first natural frequency of the increase of dimensions in the plane (137 y) on a
square plate with thickness & = 0.34nm and the nanoscale coefficient ; = 1,41 ( nm? ) . The results are analyzed
using the nominal values and the relative error of the first natural frequency in relation to the DM (reference values)
defined in eq. (30). The results obtained with the numerical model in the Tab.1 are compared with the Generalized
Differential Quadrature Method (GQDM) cited in [8] and shown in the Figures 2(a) and 2(b).

e, = |wh —wh|/|wh] (30)

In eq. (28), w} and w}, are the results for the first natural frequency obtained by the numerical models in Tab.1
and by the reference values obtained with MD respectively. The Figures (2a) and (2b) show that for
a = b > 10nm the results obtained with the proposed strategies are closer to those obtained by MD than by
GDQM. The results obtained corroborate the principles of non-local elasticity where, with increasing dimensions,
the results tend towards those obtained with classical elasticity.
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Figure 2: a) First natural frequency for u=1,41nm?; b) relative error vs. plate dimensions

3.2 Forced vibrations

In this study, the phenomenon of wave dispersion that occurs with the variation of nano scale coefficients and
plate dimensions is analyzed. The results are analyzed by the propagation of the mechanical wave of the component
w(a/ 2, a/ 2,15) for a simply supported plate shown in Fig. 1(b). The dispersion phenomenon is analyzed by the
amplitude and wavelength for plates with dimensions a = b = {10, 30} (nm) , ratio a/ h =10 and for
coefficients u = {0, 1,2,4}(nm2 ) The excitation force is evenly distributed with rations a/ a, = b/ b =1
according Fig.1(b) and produced by the harmonic signal shown in eq. (28).

F(t) = qsen(QTrwt) (28)

In eq. (20), w = 0.2THze q7 = {O, 0,0,0,10° }Pa . The results are analyzed for the strategies A and B
mentioned in Tab.1 and are compared with a semi-analytical solution of classic elasticity. This solution is obtained
using the semi-discrete formulation of eq. (26) and the bi-harmonic modes used to approach the problem of FSDT
plates as shown in [14]. The results in this study, shown in Fig. 3(a), show the significant influence of mechanical
wave dispersion for the plate with dimensions 10 nm x10 nm when the nanoscale coefficient is increased. On the
other hand, with the plate dimensions increasing to 30 nm x30 nm, the dispersion effect is reduced, as shown in
Fig. 3 (b), the propagation phenomenon being less sensitive to the effects of the variation of the nanoscale
coefficients. In this case, again with the increase in the dimensions of the plate, the dispersion results are not very
sensitive to the variation of the nanoscale coefficients and converge to those obtained with the classic elasticity.

4 Conclusion

The comparative results for the first natural frequency showed results very close to those obtained with molecular
dynamics for the numerical strategies proposed in this work. In the study of the phenomenon of propagation of
mechanical waves the results of the proposed strategies were satisfactory when compared to the classic version of
elastodynamics obtained with © = 0. The wave dispersion phenomena resulting from variations in dimensions
and nanoscale coefficients were adequately represented by the proposed numerical models.
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Figure 3: Wave propagation for the displacement component w (a/2, a/2, t); a) plate of 10 nm x10 nm; b) plate of
30 nm x30 nm.
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