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Abstract A non-classical Mindlin plate model is developed using a modified couple stress theory. The equa-
tions of motion and boundary conditions are obtained simultaneously through a variational formulation based
on Hamilton’s principle. The new model contains a material length scale parameter and can capture the size
effect, unlike the classical Mindlin plate theory. In addition, the current model considers both stretching and
bending of the plate, which differs from the classical Mindlin plate model. It is shown that the newly developed
Mindlin plate model recovers the non-classical Timoshenko beam model based on the modified couple stress
theory as a special case. Also, the current non-classical plate model reduces to the Mindlin plate model based
on classical elasticity when the material length scale parameter is set to be zero. To illustrate the new Mindlin
plate model, analytical solutions for the static bending and free vibration problems of a simply supported plate
are obtained by directly applying the general forms of the governing equations and boundary conditions of the
model. The numerical results show that the deflection and rotations predicted by the new model are smaller than
those predicted by the classical Mindlin plate model, while the natural frequency of the plate predicted by the
former is higher than that by the latter. It is further seen that the differences between the two sets of predicted
values are significantly large when the plate thickness is small, but they are diminishing with increasing plate
thickness.

1 Introduction

Microstructure-dependent size effects have been exhibited by many micro- and nano-scale components and
devices (e.g., [1,2]). The classical elasticity theory is not capable of predicting such size effects due to the lack
of a material length scale parameter.

To overcome this deficiency, several higher-order (non-classical) elasticity theories, which incorporate
microstructure-dependent material length scale parameters, have been employed to develop non-classical
plate models. Lazopoulos developed a non-classical von Karman plate model [3] based on a simplified strain
gradient elasticity theory (SSGET) (e.g., [4-6]) and used it to study the buckling of a long rectangular plate on
arigid foundation. This SSGET, which contains only one material length scale parameter, was also applied in
[7,8] to derive non-classical equations of motion for Kirchhoff plates of strain gradient materials. By using a
constitutive relation in non-local elasticity suggested in [9], Lu et al. proposed a Kirchhoff plate model and a
Mindlin plate model [10] without using a variational formulation. Recently, two new Kirchhoff plate models
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were developed in [11] and [12] based on a modified couple stress theory [13,14], and another non-classical
model for Kirchhoff thin plates was provided in [15] by employing a strain gradient elasticity theory that
contains two additional length scale parameters—one related to the bulk strain energy and the other linked to
the surface energy.

In addition to these homogenized analyses, Li [ 16] developed a micromechanics theory for Reissner—-Mind-
lin plates by using a generalized eigen-strain formulation that involves eigen-curvature and eigen-rotation ten-
sors and representing a plate as a Cosserat continuum that includes strain gradient effects, which complemented
his work on Love-Kirchhoff plates [17].

The objective of the present paper is to develop a non-classical Mindlin plate model using the modified
couple stress theory [13,14] and Hamilton’s principle. This modified couple stress theory contains one material
length scale parameter and can explain microstructure-dependent size effects. It has been used in developing
non-classical models for Bernoulli—Euler beams [18], Timoshenko beams [19], Reddy—Levinson beams [20],
and Kirchhoff plates [11,12].

The rest of the paper is organized as follows. In Sect. 2, the modified couple stress theory is first reviewed,
which is followed by the evaluations of the first variations of the strain energy, kinetic energy and work by
external forces in a Mindlin plate based on the reviewed theory. Hamilton’s principle is then applied to derive
the governing equations and boundary conditions for the plate, thereby completing the variational formula-
tion of the Mindlin plate model. To illustrate the newly developed plate model, the static bending and free
vibration problems of a simply supported plate are analytically solved in Sect. 3. The numerical results quan-
titatively show the differences between the current (non-classical) and classical Mindlin plate models. The
paper concludes in Sect.4 with a summary.

2 Formulation

According to the modified couple stress theory [13,14, 18], the strain energy, U, in an isotropic, linearly elastic
material can be written as

Uz/de, (1a)
Q
with
1 1 5 5
w:z(a:e‘—l—m:x)zzk(tre) +u(e:e+lx:x), (1b)

where w = w(e, x) is the strain energy density function, 2 is the domain occupied by the material, dV is
the volume element, o is the Cauchy stress tensor, € is the strain tensor, m is the deviatoric part of the couple
stress tensor, x is the symmetric curvature tensor, A and p are Lamé’s constants in classical elasticity, and
[ is a material length scale parameter measuring the couple stress effect [18,21]. Note that w in Eq. (1b)
contains only the deviatoric part of the couple stress tensor and the symmetric part of the curvature tensor
as an energetically conjugated pair, which is different from the strain energy density function in the classical
couple stress theory that includes the conjugated pair of the couple stress and the curvature tensor [22,23].
The geometrical equations read

1 T
e:E[Vu—i-(Vu) ], (2)

1 T
x=5[vo+wor]. 3)

where u is the displacement vector, and @ is the rotation vector defined by
0= Leun )
= —curlu.
2
The constitutive equations are given by

o = Ar(e)l +2ue, 5)

m = 21*py, (6)
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Fig. 1 Plate configuration and coordinate system

where the Lamé constants A and u are related to Young’s modulus E and Poisson’s ratio v by (e.g., [24]):

Ev E

A= , = . 7
I+wnd—2v "T20+v @
Using Eq. (7) in Eq. (1b) gives w in the following quadratic form:
£ L _(re)te:e+1 ®)
w= re €€ x|
20+ | T—2v A X
It can be shown that the necessary and sufficient conditions for w in Eq. (8) to be positive definite are
E >0, (9a)
-1<v <05, (9b)
> 0. (9¢)

Note that the first two constraints on Young’s modulus £ and Poisson’s ratio v in Eqgs. (9a, 9b) are necessary
and sufficient for the positive definiteness of the strain energy density function in classical elasticity (i.e., the
first two terms in Eq. (8)) (e.g., [25,26]), while the third constraint on the new material length scale parameter /
in Eq. (9c) ensures that the third term in Eq. (8) (accounting for the couple stress effect) is positive definite. The
positive definiteness of the strain energy function is required for the uniqueness of the solution to a boundary
value problem in elasticity (e.g., [26]).

It should be mentioned that the conditions listed in Egs. (9a—9c) for the positive definiteness of the strain
energy (density) function in the modified couple stress theory (with one additional material constant /) are
only a subset of those in the classical couple stress theory (containing two additional material constants) and
are easier to satisfy. In fact, Eq. (9c) is automatically satisfied by all nonzero real values of the material length
scale parameter /. The specific value of / for a given material can be determined from torsion tests of slender
cylinders [27] or bending tests of thin beams [1]. For polymeric materials containing polymer chains with finite
stiffness, [ is directly related to the effective Frank constant, which is a microstructural parameter depending
on the chain stiffness, the strength of chain interactions, and the cross-link density [28].

Consider a plate of uniform thickness 4. By using the Cartesian coordinate system (x, y, z) shown in Fig. 1,
where the xy-plane is coincident with the geometrical mid-plane of the undeformed plate, the displacement
field in a Mindlin plate can be expressed as (e.g., [29,30])

M](.X, Yy, Z’t) = M(X, yat) _Z¢x(xv y7t)’ M2()C, Y.z, t) = U()C, y’t) _Zd)y(-xv Y, t)a
uz(x,y,z,1) = wx, y, 1), (10)

where uy, up and u3 are, respectively, the x-, y- and z-components of the displacement vector u of a point
(x, y, z) in the plate at time 7, u, v and w are, respectively, the components of the displacement vector of the
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corresponding point (x, y, 0) on the plate mid-plane at time ¢, and ¢, and ¢, are, respectively, the rotation
angles of a transverse normal about the y-axis and x-axis (see Fig. 1).
From Egs. (2) and (10), it follows that

1
Exx = U x — Z¢x,)ﬁ Eyy =V y — Z¢y,ya Exy = 5 (”,y - Z¢x,y + Uy — Z¢y,x)a
1 | (11D
=0, &= E(w,x —¢x), &y = E(w,y — ¢y),

where acomma followed by a subscript denotes differentiation with respect to the subscript (e.g., u y = du/dx).
Substituting Eq. (10) into Eq. (4) gives

(U,x - Z¢y,x —uy+ Z¢x,y)- (12)

| =

1 1
Or=swyt+ey), O=-sW.td) 0=

Using Eq. (12) in Eq. (3) then leads to

1 1 1
Xxx = _(w,xy + ¢y,x), Xyy = _E(w,xy + ¢x,y), Xzz = E(_¢y,x + ¢x,y),

2
1 1
Xxy = Z(w,yy + ¢y,y — W xx — ¢x,x)v Xxz = Z (U,xx - Z¢y,xx — U xy + Zﬁbx,xy)’ (13)

1
Xyz = 4 (U,xy — 2hyxy —Uyy + Z‘f’x,yy)'

From Egs. (1a, 1b), the first variation of the total strain energy in the plate on the time interval [0, 7] is

T T T
S/Udt =//Jij58ijdth+//mijS)(ijdth, (14)
0 0 0

Q Q

where €2 is the region occupied by the plate.
Note that the volume integral of a sufficiently smooth function F(x, y, z, t) over the region 2 can be
expressed as

h)2
/F(x,y,z,t)dV:/ / F(x,y,z, 1)dzdA, (15)
Q R —h/2

where £ is the (uniform) plate thickness, and R is the (arbitrary) area occupied by the mid-plane of the plate.
By using Egs. (11) and (15), the first integral on the right-hand side of Eq. (14) can be determined as, with
the help of Green’s theorem,

T
/ / O‘l'j(Sé‘ijdth
0

Q
T
= // [_(Nxx,x + ny,y)au - (Nyy,y + ny,x)fsv - (Nxz,x + Nyz,y)Sw
0 R
+(Myxx + Myy,y — Nxz)px + (Myy,y + Myy x — Nyz)5¢y] dAdt
T
+ / / [(Nyxny 4+ Nyyny)su + (Nyyny + Neyny)dv 4+ (Nyznyg 4+ Nyzny)dw

0 OR
—(Myxny + Myyny)ddy — (Myyny + Mxynx)8¢y] dsdt, (16)
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where dR is the boundary curve enclosing the area R, ds is the differential element of arc length along 9 R,

and

h/2

Nyx = / oxxdz,

—h)2
h)2

Nyy = / oyydz,

—h/2
h/2

/ 0x.dz,

—h/2
h/2

Ny, = / oy dz,

—h/2
h)2

Nyy = / oxydz,

—h2
h)2

M, = / oy x2dz,
—h/2
)2

My, = / oyyzdz,
—h/)2
h)2

/ oxyzdz

—h/2

=
I

My

are the stress resultants through the plate thickness.

(17a)

(17b)

(17¢)

(17d)

(17¢)

(17f)

(17g)

(17h)

Using Egs. (13) and (15) gives the second integral on the right-hand side of Eq. (14) as, with the help of

Green’s theorem,

T
//m,-jSX,-jdth
0

Q
T

1
= E// [—(Yazxy + Yyzyy)0u + Yz xx + Yyz x9)00 + (Yax vy — Yyyxy + Yayyy — Yay xx)ow
0 R

+(Hyz,yy + sz,xy - zz,y+Yyy,y+ny,x)8¢x + (Yzz,x - sz,xx - Hyz,xy - Yxx,x - ny,y)Sd)y]dAdt

T
1 1 1 1 1
+§// [(Esz,xny + Esz,ynx + sz,yny> Su — (sz,xnx + 3 yz,xMy + EYVZ,ynx) Sv
0 OR

1 1
+ |:_§(Yxx - Yyy),xny - E(Yxx - Yyy),ynx - ny,yny + ny,xnx:l Sw

1 1
+ (Yzzny —Yyyny —Yyyn, — Ewany - Esz,ynx - Hyz,yny) o
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1 1
+ (—Yzznx + Yixny + Yoyny + Hyz xny + 7 yzxly + EHyz,y”x) Sy

1 1 1 1
_Esznyéqu — (nyznx + szny) Suy + (EYyZny + sznx) dvx + EYyan(Sv,y

1 1 1
+ |:_(Yxx - Yyy)ny - nynx:| Sw y + |:§(Yxx - Yyy)nx + nyny:l Sw,y + Eszny&ﬁx,x

2
1 1 1
+ EHxan + Hyny ) 8¢x,y — | Hizny + EHyZny Sy —3 v xSy y 1 dsdt, (18)
where
h/2 h/2 h/2 h/2
Yir = / myydz, Yy, = / myydz, Y, = / mgdz, Yyiy = / myydz,
—h/2 —h/2 —h/2 —h/2
/ / / / (19)
h/2 h/2 h/2 h/2
Yy, = / mydz, Yy, = / my.dz, Hy;, = / my.zdz, Hy; = / my;zdz
—h/2 —n/2 —h/2 —h/2

are the couple stress resultants through the plate thickness.
The kinetic energy of the plate can be expressed as (e.g., [19,20])

_1 N PRI
K = 2//0[(%1) + @W2)” + (u3)°1dV, (20)
Q

where p is the mass density of the plate material. In Eq. (20) and throughout this paper, the overhead “-”” and
“..” denote, respectively, the first and second time derivatives (e.g., tt] = du1/0t, ii] = 82u1/8t2).

From Egs. (10), (15) and (20), the first variation of the kinetic energy, on the time interval [0, T], is
determined to be

T T
S/Kdt = —// (moiidu + moidv + mohdw + mady 8¢y + mad,dpy)dAdt, (21)
0 0 R
where
ph?
= ph = —. 22
mo = ph, my =7 (22)

In reaching Eq. (21), it has been assumed that the initial (+ = 0) and final (+ = T') configurations of the plate
are prescribed so that the virtual displacements vanish at# = O and r = T'. In addition, p is taken to be constant
along the plate thickness and over the time interval [0, 7'] such that mg = 0, my = 0.

From the general expression of the work done by external forces in the modified couple stress theory (e.g.,
[14,18]), the virtual work by the forces applied on the plate on the time interval [0, 7] can be shown to be

T T
1
8/ Wdr = // [fxéu + fydv + frow + 5 [cxé(w,y +¢y) — 8w x + Px)
0 0

R

T
+c.(8vx — Su,y)] ] dAdr +// [fx&t + 1,80 + 18w — M Sy — M 8¢y
0 dR

+ % [m(w,y +y) = 58wy + dy) + 52 (Svx — Suy)] ] dsdr, 23)

where f; and ¢;(i = x,y, z) are, respectively, the components of the body force resultant (force per unit
area) and the body couple resultant (moment per unit area) through the plate thickness acting in the area R
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(i.e., the plate mid-plane), 7;and 5;(i = x, y, z) are, respectively, the components of the Cauchy traction
resultant (force per unit length) and the surface couple resultant (moment per unit length) through the plate
thickness acting on 9 R (i.e., the boundary of R), and M, and M, are, respectively, the applied moments per

unit length about the y-axis and x-axis acting on dR. Note that the positive directions of M, and My are,
respectively, opposite to those of ¢, and ¢y (see Fig. 1). Also, in reaching Eq. (23), use has been made of
Green’s theorem.

According to Hamilton’s principle (e.g., [19,20,29]),
T
8/[K—(U—W)]dt=0. (24)
0

Using Egs. (14), (16), (18), (21) and (23) in Eq. (24) leads to

T
Y, + Y,y . 1
// |:<Nxx,x + ny,y + w — moii + fy + Ecz,y) du
0 R

Y Y 1
XZ,XX ;‘ YL xy m()i). + fy _ Ecz,x> sv

Yxx,xy - Yyy,xy + ny,yy - ny,xx 1 1 )Sw

+ (Nyy,y + ny,x -

+ (Nxz,x + Nyzy — > — mow + f; — zcx,y + Ecy’x

Hy,yw+H;xy—Y,:y+Yy,+7Y " 1

_ (Mxx,x + Mxy,y — N, + Yz, Yy XZ,XY 2zz,y Y,y Xy, x + mogy + Ecy) 8¢y
Y..x— H —H —-Y -Y . 1

— (Myy,y + Mxy,x _ Nyz + 2Z2,X XZ,XX );,xy XX, X xXy,y + m2¢y _ 5cx) 3¢y] dAds

T
1 1 1 _
_5// [(Esz,xny + 3 xz,ylx + Yyz yiy + 2Nyxhy + 2Nyyny + c;ny — 2tx) Su
0 9R

1 1 _
— (sz,xnx + Esz,x"y + Esz,y”x —2Nyyny — 2Nyyny +cony + 2ty) Sv
1 1
+ _E(Yxx = Yyy) xny — E(Yxx = Yyy) ynx — Yyy yniy + Yyy xfix + 2Nxznx + 2Ny, ny
_ 1 1
—CxNy + Cyhy — 2tzi| Sw + (Yzzny —Yyyny — Yyyn, — 7 ez xly — Esz,y”x — Hy; yny
—2Myxny — 2Myyny +2M, + Ey) 8¢y + (—Yoonyg 4 Youny + Yoyny + Hyy iy
1 1 — 1
+§Hyz,xny + EHyz,y”x —2Myyny —2Myyny +2My — 5, | 8¢y — Eszny&t,x
1 _ 1 _ 1
— Esznx + Yyny =5, ) ouy + EYyZny 4+ Yyeny —5;)0vx + EYyanc?v,y
1 _ 1 _
+ E(Yxx = Yyyny — Yyyny +5y | Swy + E(Y” = Yyny + Yiyny — 55 | Swy
1 1 1
+ Eszn}'a(ﬁx,x + Esz”x + Hyz”y 5¢x,y — | Hyny +§Hyz”y 5¢y,x

1
—5 yznxécj)y,y} dsdr = 0. (25)
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Applying the fundamental lemma of the calculus of variations (e.g., [5,31]) to Eq. (25) then gives, with
the arbitrariness of du, v, dw, ¢, and 8¢y,

2Nyxx + 2ny’y + sz,xy + sz,yy +2f + Cry = 2myii, (26a)
2Nyy’y + 2ny,x — Yyzxx — sz,xy + ny — Czx = 2mol, (26b)
2Nxz,x + 2]Vyz,y - Yxx,xy + Yyy,xy - ny,yy + ny,xx +2f - Cx,y T Cyx = 2mow, (26¢)

DMyxx +2Myyy — 2Nag + Hypyy + Hezxy — Yooy + Yoy oy + Yy + ¢y = —2magy,  (26d)
2Myy y +2Mxy x —2Ny; + Yoo x — Hyzox — Hyzxy = Yaxx — Yayy —Cx = —2m2$y (26e)

as the equations of motion of the Mindlin plate for any (x, y) € Rand ¢ € (0, T'), and

T
1 1 1 _
_5// {(Esz’xny + 5 xz,yMx + Yyz yiy +2Nyxny + 2Nyyny +cony — 2tx) Su
0 OR

1 1 _
_ (sz’xnx + 3 yzxlly + Esz,y”x — 2Nyyny — 2Nyyny + c;ny + 2ty) Sv

1 1
+ I:_E(Yxx - Yyy),xny - E(Yxx - Yyy),ynx — Ixy yNy + ny,xnx + 2Nxznx + 2Nyzny

_ 1 1
—Cyny +cyny — 2tz:| Sw + (Yzzny —Yyyny — Yyyn, — szz,xny — Esz,ynx — Hy; yny

—2Myxny — 2Myyny +2M, + Ey) Sy + (—Yzznx + Yexny + Yeyny + Hyg xny

1 1 — _ 1
+ 5 vz xlly + EHyz,ynx —2Myyny — 2Myyny +2My — sx) 3y — Esz”yau,x

1 _ 1 _ 1
_ (Esz”x + Yyny — sz) du y + (EYyZny + Yy ny — sz) dvx + EYyan(Sv,y
1 _ 1 _
+ E(Yxx —Yyny —Yyyne +5, | dw + E(Yxx = Yyne +Yyyny, =5, | dw,y
1 1 1
+ szznyS(ﬁx,x + Esznx + Hyzny 5¢x,y — | Hyznx +§Hyz”y 8¢y,x

1
- EHyznxaqsy,y] dsdr =0, (26f)

which can be further simplified to obtain the boundary conditions.

Note that the integrand of the line integral in Eq. (26f) is expressed in terms of the Cartesian compo-
nents of the resultants and displacements that are functions of the Cartesian coordinates (x, y, z) with the unit
base vectors {e;, e, ez}. This is convenient for a rectangular plate whose edges are parallel to the x- and
y-axes. However, for a more general case of a plate whose boundary is not aligned with the x- or y-axis, as
shown in Fig. 2, it is more convenient to use a Cartesian coordinate system (n, s, z) with the unit base vectors
{eq, €5, e3}, where e,(= n ey +nyez) and e;(= —nyeq +n,ey) are, respectively, the unit normal and tangent
vectors on the plate boundary 9 R.

It can be shown that the components in the coordinate system (x, y, z) are related to those in the coordinate
system (n, s, z) through the following transformation expressions:

{w, v}" = [Ri] {un, us}", {¢x, ¢y} = [Ril{dn. &5}, {wy, wy} = [Ri]{wy. wy)’,
{Nezo Ny}' =[Ri1{Npz, Nz}, (i, 5} =R {Tn, £} 52, 53} = [R1] (5, 55}
v, &Y =[Ri1{Cn. &), My, My} =[R] (M, M,}",

Vezo Yy} =R (Yo, Yoo} {Hyo, Hyo)' = [Ri] {H,, H)',

Nxx Nxv Nnn an T Yxx Y)C' Ynn Yns T
YU —[R R Y1 =IR R
!ny Ny [ T Ny N [Ty v, TRy BT
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Fig. 2 Two coordinate systems

M Mxy My, My T Uy u Upn Unp,s T
=[R R1], ’ Y1 =[R ’ ’ R{]°,
My M,y [R1] M, M, [R1] vy Uy [R1] Usn  Uss [R1]

d)x,x ¢x,y ] — [Rl] {d’n,n d)n,s ] [Rl]T, [ sz,x sz,y ] — [Rl] [ an,n an,s ] [Rl]T

Gy byy Gsn Ps.s Hy: x Hy.y szn Hszs '
sz,x sz,y —[R Ynz,n Ynz,s R T
Y. Y. —[ ]] Y. Y. [ 1] s
yzi,x yz,y sz,n SZ,8
T T
[YJCX,X’ YXX,y’ ny,)m ny‘y7 Yyy,Xa Yyy,y] = [R3] [Ynn,na Ynn,s» Yns,n’ Yns,s» Yss,n’ Yss,s] ) (27)
where
ny —n
(Ril=4§" ]
y X
nd  —n2n,  —2n’n, 2nxn§ nxni —ni
n%ny nfc —2nxn§ —2n§ny n§ nxni,
2 2 2 2 2 2
(Rs] = nyny —ngny ng(ny — n%,) —ny(ny —ny) —niny  ngny (28)
- 2 2 2 2 2 2 2 ’
nxn§ niny  ny(ny — ny) ny(ny — ny) —ngny  —niny
3 2 2 3 2
neny o —ny 2niny —Zany n; —niny
i ni nxnf, 2nxn§ 2n2n, nZn, n3 ]

with n? —i—n% =1
Using Egs. (27) and (28) in Eq. (26f) gives

T
1 _ Y s -
2Nnn + EYnZ’S — 2tn 8un — —2an + Ynz,n + T + CZ + 2ts (SMS
0 dR

Y, —-Y, _ Y — Y,
+ ( e ) aida + Yns,n + 2an +c5 — 2t3) Sw + (—Yys +Es)8w,n + ( = B - — En) 8w,s

1 - H,
+ (_Ean,s - Yns - 2Mnn + 2Mn + Ss) 8¢n + (an,n + Szz’s — 1zz + Ynn - 2Mns
Vi — Ynz — — Ysz an
+2M; —5, ) 6¢ps + _7 +s; 3un,s + (Ynz - Sz)(sus,n + 78’4s,s + T‘S¢n,s

H
— Hy 8¢5 — Tz&ps,s} dsdr = 0. (29)

Note that on the closed boundary d R, the following identity:

/F(Sggxds = —/F,S(Sgds (30)

dR dR
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holds. The use of Eq. (30) in Eq. (29) results in

T
// (Nnn8un + Nsscsus + NZZSw + 1\7[n8¢n + Ms8¢s + ngw,n + Tsaus,n + Zs6¢s,n)d5dt =0, (31)

0 9R
where

N
N” =
N, =
M, =
M, =
Tz —
T, =
z =

©

With the help of the fundamental lemma of the calculus of variations, Eq. (31) yields

as the boundary conditions for any (x, y) € 0R and ¢

value.

2Nps —

= 2Ivnn + Ynz,s - an - EZ,Sv

YSZ,S

Ynz,n -

—c¢; — 21,

2an + Yss,s — Inn,s + Yns,n + Cs — 2;2 +En,57
- an,s - Yns + 2Mn +§s,

= —2M,,
= —2M,,

= —Ins +§S7

—H,;.

+ an,n + Hvz,s

=Yy — 5,

Z>
s
S

I

- YZZ +Ynn +2M¥ _Env

0 or u, =uy,,
Nss =0 or us;=uy,
sz =0 or w=1w,
1\,)[n =0 or ¢, = 5,,,
My =0 or ¢ =4,
T.=0 or W, =W,,
"I"S =0 or us,=1usn,
Zs =0 or d)s,n = as,n

(32a)
(32b)
(32¢)
(32d)
(32¢)
(32f)
(32¢)
(32h)

(33a)
(33Db)
(33¢)
(33d)
(33e)
(33f)
(33g)
(33h)

€ (0, T), where the overbar represents the prescribed

From Eqgs. (5), (11), and (17a—17h), the stress resultants can be expressed in terms of u, v, w, ¢, and ¢, as

=h[(A + 2/vL)’/t,x + )\U,y],

= h[O 42,y +

= ksh,u(w,x — @),
= ksh:u(w,y - ¢y)a

) = hﬂ(u,y + v,X)s

3

_E[
h3
_E[
h3

)\u,x]»

A+ 2//«)¢x,x + )\¢y,y] s
A+ 2M)¢y,y + )\¢x,x] s

) = _EM (¢x,y + ¢y,x),

(34a)
(34b)
(34¢)
(34d)
(34e)

(34f)

(34g)

(34h)

where k; is a shear correction factor introduced to account for the non-uniformity of the shear strain components
&xz and gy, over the plate thickness (e.g., [32-35]).
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Also, from Egs. (6), (13) and (19), the couple stress resultants can be expressed in terms of u, v, w, ¢, and

¢y as

Yix = hlzﬂ(w‘xy + @y.x), (35a)

Yyy = —hI 1w xy + s y), (35b)

Yoo = hi*p(—y x + bx.y), (35¢)
1

ny = El2ﬂh(w,yy + ¢y,y — W xx — Cbx,x)’ (35d)
1

Y, = Elzﬂh (v,xx - u,xy), (35e)
1

nu=5FMMmy—ww% (35f)

Hy, = 24 2h3 ( Oy xx + Px xy) (35g)
1

Hy: = 120 (=¢y ey + b yy). (35h)

The involvement of Yy, Yyy, Y;7, Yyy, Yz, Yy,, Hy; and Hy, in the current model (see Egs. (26a—26¢))
is a direct result of including the couple stress contribution to the strain energy of the plate. As shown in
Egs. (35a-35h), these couple stress resultants explicitly depend on the material length scale parameter / and
all vanish when [ = 0 (i.e., when the couple stress effect is not considered).

By using Egs. (22), (34a—34h) and (35a-35h) in Eqgs. (26a—26e), the equations of motion of the Mindlin
plate in terms of u, v, w, ¢, and ¢, can be obtained as

1
A+ zﬂ)u,xx + puyy + A+ ,u)v,xy + leﬂ (_u,xxyy — U, yyyy TV xxxy + U,xyyy)

1 ..
(fx ¢z y) = pii, (36a)
1
r+ 2H«)U,yy + UV xx + A+ U«)u,xy + lell« (u,xxxy + U xyyy — VU xxxx — U,xxyy)
1 1 ..
7 Sy — 3Czx | = PV, (36b)
ks (w xx + W yy — Gxx — Py, )) - l (W xxxx + 2w xxyy T W yyyy
1 ..
+ Gx xxx T P xyy T Py xxy + Py, y)y)+ (fz ny+ 2 ) = pw, (36¢)
12k 1t ’u
A+ 21)Px xx + 1y, yy T A+ M)¢} xy t —5— ]’l2 (wx —¢x) + _(_¢x,xxyy - d’x,yyyy
& 6
+¢y,xxxy + ¢y,xyyy) - 7(_w,xxx — W xyy — ¢x,xx 4¢x yy + 34)) xy) = /0¢x, (36d)

12

(A + M)‘px,xy + M¢y,xx + @+ Zﬂ)qsy,yy (w Y ¢y) + T(¢x,xxxy + ¢x,xyyy

3%
_¢y,xxxx - ¢y,xxyy) - h_2 (_w,xxy — W yyy + 3¢x,xy - 4¢y,xx - ¢y,yy) +

hz
Cx

-3 =Py (360)

forany (x,y) € Randt € (0, T).

The differential equations in Egs. (36a—36e), the boundary conditions in Egs. (33a—33h) (along with
Egs. (27), (32a-32h), (34a—34h) and (35a-35h)), and given initial conditions at t = 0 and t = T form a
boundary-initial value problem for determining u, v, w, ¢, and ¢y. It is observed from Egs. (36a—36¢) that
the in-plane displacements u# and v are uncoupled with the out-of-plane displacement w and the rotations ¢,
and ¢, and can therefore be obtained separately from solving Egs. (36a, 36b) subject to prescribed boundary
conditions of the form in Egs. (33a, 33b, 33g) and suitable initial conditions.
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Whenv =0, ¢y =0, u =u(x,1), w = w(x, 1), d» = dx(x,1), fy =0, cx = 0and c; = 0, the Mindlin
plate considered here becomes the Timoshenko beam studied in Ma et al. [19]. For this case, Eqs. (36a—36¢)
reduce to

E(l—vh  8%u 92,
1= 01 —o0) - _’ 37
Axwd—2wax =My 37a)

8¢x 1 2 83¢x w lacy 82w
ks“h(_aﬁﬁ)‘zl“h(aﬁw +§a_+fzzm”a;2’ (37b)

E(l—-v) h3 9%¢, ow 1, 326 3w 1 2¢x
T 313 g Rt G0+ P (55 + 55) - 3 =ma Tl 670

forany x € (0, L) and ¢ € (0, T'), where L is the length of the beam (plate). In reaching Eqs. (37a—37c), use
has been made of Eqgs. (7) and (22). The governing equations in Eqgs. (37a—37c) are identical to those derived
in [19] for the Timoshenko beam with a unit width and a height 4. That is, the current Mindlin plate model
recovers the non-classical Timoshenko beam model based on the same modified couple stress theory.

Also, the current non-classical Mindlin plate model can be reduced to that based on classical elasticity,
as shown below. In the classical Mindlin plate theory for transversely inextensible plates (e.g., [33,36]), the
following constitutive equations are used (e.g., [35]):

E E E
Oxx = m(gxx + V8yy)v Oyy = m(gyy + Vexy), Txy = myxy (38)
Clearly, the plane stress expressions listed in Eq. (38) are different from those given in Eq. (5) based on the
three-dimensional Hooke’s law.
From Egs. (11), (17a, 17b, 17f, 17g) and (38), it follows that

Eh
_—‘)Z(U’y + Vbl’x),

1
Moy = —— B3y v +véys). My = ——— 3y + e ) (39)
XX 12(1 o v2) X, X V. ¥/ yy 12(1 _ U2) V. x,x )

while the expressions of the other Cauchy stress resultants Ny, Ny;, Nyy and My, in Eqgs. (34c-34e, 34h)
remain unchanged.

Afterusing Egs. (39), (34c—34e, 34h) and (22) and the fact that the couple stress resultants in Egs. (35a—35h)
all vanish when [ = 0, Egs. (26a-26¢) become, with c; = ¢y =¢; =0,

fx

Eh
Nyx = m(u,x + Vv,y)a Nyy =
E

1_ V2 (u,xx + Vv,xy) + M(u,yy + v)xy) + — = pﬁ, (403)
f .

Tz o Vi) + Gy 000 + 5 = o, (40b)

kxﬂ(w,xx - ¢x,x + w,yy - (f)y,y) + % = ,Ou'), (40C)
[ E n? .
1211 = (¢x xx T V@yxy) + W(Pryy + Gy xy) | — ksit(wx — Px) = _Ep‘i))n (40d)
[ E 2

- E [m(¢y,yy + V¢x,xy) + M(¢x,xy + d’y,xx)i| - ks#(w,y ¢x) = 12 ¢ (40e)

for any (x,y) € Randt € (0,T). These are the governing equations for the Mindlin plate satisfying the
general kinematic relations in Eq. (10) based on classical elasticity.

For a Timoshenko beam withv =0, ¢y, =0, u = u(x, 1), w = w(x, 1), ¢x = ¢ (x, 1), fy = 0and with
the Poisson effect ignored by setting v = 0, Egs. (40a—40e) reduce to

0%u 0%u
Eha 3 + fx = mom, (41a)
ap, 9w 92w
ksMh(——'i' ax—z)'i‘fz =Moo 7 (41b)
Eh3 92 dw 92
P | kah(—gy + 22y = my L0 (41c)

12 ax? ax or2’
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Fig. 3 Simply supported plate

where use has been made of Eq. (22). The governing equations in Egs. (41a—41¢) are the same as those provided
in [19] for the Timoshenko beam with a unit width and a height / based on classical elasticity.

3 Examples: static bending and free vibration of a simply supported plate

To further illustrate the non-classical Mindlin plate model developed in Sect.?2, the static bending and free
vibration problems of a simply supported rectangular plate (see Fig. 3) are analytically solved here by directly
applying the general forms of the governing equations and boundary conditions of the new model.

In view of Egs. (33a-33h), the boundary conditions of this simply supported plate can be identified as

us =0, ¢s=0, w=0, N,, =0, M,=0, T,=0, T,=0, Z;,=0 (42)

for all (x, y) on the boundaries x = 0, @ and y = 0, b. Also, the following applied traction resultants vanish
on these boundaries:

ESZEZZEZ,-Y:O’ t, =0, MnZO (43)

For the boundaries x = 0 and x = a,ny =0andny = —1 (onx = 0) or ny = 1 (on x = a). With the
help of Egs. (27), (32a-32h) and (43), Eq. (42) becomes

v(0,y) =v(a,y) =0, (44a)
w(0,y) = w(a,y) =0, (44b)
#y(0,y) = ¢y(a,y) =0, (44c)
2Nyx +Yy;y=0o0onx =0 and x =a, (444d)
2Myx + Hyzy + Yoy =0o0onx =0 and x =a, (44e)
Y(y=00onx =0 and x =a, (44f)
Yio=0onx=0 and x =a, (44g)
Hi;,=0onx =0 and x =a. (44h)

Using Eqgs. (34a—34h) and (35a—-35h) in Eqgs. (44d—44h) gives
1,
2 [()L +21)u x + )\U,y] + El I (U,xxy - ”,xyy) =0, (45a)

]’12
— o [0+ 2000 + 28]

1 1
+ ﬁﬂlzhz (—¢y,xxy + ¢x,xyy) + Eulz(w,yy +dyy —Wax —Pxx) =0, (45b)
Wyy + @y y — Wix — P x =0, (45c¢)
Vxx —Uxy =0, (45d)
- ¢y,xx + ¢x,xy =0 (45e)

onx =0and x =a.
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For the boundaries y =0 and y = b, ny =0andny, = —1 (ony = 0) orny = 1 (on y = b). With the
help of Egs. (27), (32a-32h) and (43), Eq. (42) now becomes

u(x,0) =u(x,b) =0, (46a)
w(x,0) =w(x,b) =0, (46b)
$x(x,0) = ¢x(x,0) =0, (46¢)
2Nyy — Yy, x=0ony=0and y =b, (46d)
—2Myy + Hy; x +Yyy =00ony=0and y = b, (46¢e)
Yy =0ony=0and y = b, (46f)
Yy, =0ony=0and y = b, (46g)
Hy,=0ony=0andy =b. (46h)

The use of Egs. (34a—34h) and (35a—35h) in Egs. (46d—46h) yields

[
2 [(A +2Wvy + )Lu,x] — E/Ll (v,xxy — u,xyy) =0, (47a)
: )
Z [)\(px,x + @A+ 2#)¢y,y] ﬁl wh ( d’y,xxy + ¢x,xyy)
1
+ S Wy + By y = Wxx = Brx) =0, (47b)
w,yy + ¢y,y — Wy — Px,x = 0, (47¢c)
Vxy —Uyy =0, (47d)
- ¢y,xy + ¢x,yy =0 (476)
ony=0andy=>b.
3.1 Static bending
For static bending problems, u, v, w, ¢, and ¢, are independent of time 7 such that u = u(x,y), v =

v(x,y), w=w(x,y), ¢x = dx(x,y) and ¢y = ¢,(x, y). As aresult, all of the time derivatives involved in
Eqgs. (36a—36e) vanish.

The boundary value problem (BVP) for the static bending of the simply supported plate shown in Fig. 3
is defined by Eqgs. (36a-36¢), (44a—44c), (45a—45e), (46a—46¢c) and (47a-47e), with u = u(x,y), v =
v(x,y), w=wx,y), ¢ = ¢x(x, y)and ¢y = ¢y (x, y). As mentioned in Sect. 2, the in-plane displacements
u and v are uncoupled with w, ¢, and ¢,. They can be obtained from solving the BVP defined by Eqs. (36a,
36b), (44a), (45a, 45d), (46a) and (47a, 47d). For the current case with f;, = f, = 0 and ¢; = 0, the solution
of this BVP gives u = v = 0 for any (x, y) € R.

The out-of-plane displacement w and the rotations ¢, and ¢, can be obtained from solving the BVP defined
by Egs. (36c-36e), (44b, 44c), (45b, 45¢, 45¢), (46b, 46¢) and (47b, 47c, 47¢).

Consider the following Fourier series solutions for w, ¢, and ¢,:

o~ MEX\ . (ATY Oooox MITX\ . (ATY
ZZWmnsm( P )SIH(T) ZZ‘pmnCOS( P )SIH(T)’

m=1n=1 m=1n=1

ii B3sin ("5 cos (M2, s

where Wy, @;;,,, and &;,,, are Fourier coefficients to be determined for each pair of m and n. Clearly, the
expansions in Eq. (48) satisfy the boundary conditions in Eqgs. (44b, 44c), (45b, 45¢, 45¢) at x = 0, a and in
Eqgs. (46b, 46¢), (47b, 47c, 47e) at y = 0, b for any W,,,, @;, and @,{,n.
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The resultant force f,(x, y) can also be expanded in a Fourier series as

o o
Fe3) = 30D Quunsin (o ) sin (22, (49)
m=1n=1
where the Fourier coefficient Q,,, is given by
nw
Omn = —//fz(x y) sm )sm (Ty) dxdy. (50)

In the current case, f:(x,y) = P8(x — %)8(y — ), where 8(-) is the Dirac delta function. Using this
Jfz(x,y) in Eq. (50) then gives

4p mmy\ . (AT
Omn = b sm( > )sm (7) (51)
Substituting Eq. (48) into Egs. (36¢c-36¢) leads to, with ¢y = ¢y, =0,
0 T
[CHWinn. @pyyye Pinnl” = [—$, 0. 0] : (52)

where [C] is a 3-by-3 matrix whose components are

ks

Cii = =55l (@n +0m?) — #lzn“nz(aznz +202m?),
ks kg
Cpp = A'ujrm 'u3bzlzjr3(azn2 +b*m 2) Ciz = ATMJTn — 4;7;)312713(512112 + bzmz),
12k 1
Cyp = —h—;“ - a—rﬂ[()» + 2)b*m? + pa’n?
— = P’r 2[h2 2(azn2 + b2m2) + 12l72(4¢12n2 + bzmz)],
4 2b4h2 (53)
Crz = ——bn 24w+ 1 3b3h2127r2(h2n2a2n2 + h2720’m? + 36a°b?),
12k 1
Cyz=— h;M 7 2[(h + 2pw)a’n® + pub>m?)
4b2h212 m2 [P m?m?* (@®n® + b*m?) + 12a° (a’n® + 4b°m?)],
12 12
Co1 = 5Cp2, C31=-—5C13, Cxp=Cos.

2 2

Solving the linear algebraic equation system in Eq. (52) will yield W,,,,, &;,, and ®;,,. Then, substituting
them into Eq. (48) will give the exact solutions w, ¢,, and ¢, based on the current non-classical model for the
simply supported Mindlin plate subjected to the concentrated force at the center of the plate shown in Fig. 3.

The variations of the plate deflection w and rotation ¢, along the line y = b/2 predicted by the newly
developed Mindlin plate model and by the classical Mindlin plate theory are plotted in Figs. 4 and 5, respec-
tively. For illustration purposes, in the numerical analysis presented in this section, the plate is taken to be made
of epoxy with the following properties: £ = 1.44GPa, v = 0.38,/ = 17.6 um [1,18]. The shear correction
factor kg used is 0.8, which was shown to be the most accurate value for a homogeneous elastic Mindlin plate
[34]. Also, the shape of the plate is fixed by letting a = b = 20h, while the plate thickness is varying.

In Figs. 4 and 5, the numerical results predicted by the current model are obtained from Eqgs. (48), (52)
and (53), while those by the classical model are computed using Eqs. (48), (52) and (53) with / = 0. The
number of terms included in each of the three expansions in Eq. (48) is controlled by adjusting m and n.
The numerical results obtained with m = 20 and n = 20 are found to be the same as those computed with
larger m and n values (up to m = 70, n = 70) to the third decimal place for w, ¢, and ¢,, indicating that
using m = 20, n = 20 in the expansions is sufficient for the convergent numerical solutions of w, ¢, and ¢,
displayed in Figs. 4 and 5. Note that the values of ¢, along the line x = a/2 are the same as those of ¢, along
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8 —=—h = [ (present)
P=0.1N,a=b=20h --m-- hp = [ (classical)

= 71 o’ - ‘. —*—h = 2 (present)
E 6 ,."' “'.\ ---x--- b = 2] (classical)
& - ’ \".‘ —e—) = 5] (present)
w2 .
2 51 - = |---e-h =51 (classical)
Q4] . .
5
=
Q
=
Q
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Fig. 4 Deflection of the simply supported Mindlin plate on y = b/2

1|P=0.IN, a=b=20h

—

0.8 i S —&— h=[(present) --®- h=[(classical)
¥ L
s L " —=— h= 2l (present) = f = 2 (classical)
'E 0.6 o «— h= 5 (present) = h = 5/ (classical)
— 0.4 L
n
-§-: o2t te e, _
g i | --—:——«_—,_.:_-?;;-_.¥_ : 12 14 16 18 20
s 2 4 6 g 10w T e T e
m(:: 0.2 1 i.---‘ ..... ii—i—:— ..... 1
n
-0.4 1
n
-0.6 1 “m.
0 8 § s .- -
-0. L St S——
1 Length/thickness, x/h

Fig. 5 Rotation of the simply supported Mindlin plate on y = b/2

the line y = b/2 due to the loading and geometrical symmetry of the square plate under consideration. Hence,
¢y is not plotted here.

It is clearly shown in Figs. 4 and 5 that both the deflection and rotation predicted by the current model
are smaller than those predicted by the classical Mindlin plate model in all cases considered. It is also seen
that the differences in the deflection and rotation values predicted by the current model and those predicted by
the classical model are very large when the thickness of the plate, &, is small (with 2 = [ = 17.6 um here),
but they are diminishing as the thickness of the plate becomes large. This indicates that the size effect is only
significant when the plate thickness is at the micron scale, which agrees with the general trends observed in
experiments.

3.2 Free vibration

The free vibration of the simply supported plate shown in Fig. 3 is governed by Egs. (36a-36e), with all
external forces vanished (ie., fx =0, f, =0, f; =0, ¢cx =0, ¢y =0, ¢; = 0), subject to the boundary
conditions listed in Eqs. (44a—44c), (45a—45¢), (46a—46c) and (47a—47e).

Since fy = fy = 0 and ¢; = 0, Egs. (36a, 36b), (44a), (45a, 45d), (46a) and (47a, 47d) give u =
ux,y,t) =0, v=v(x,y,t) =0forany (x,y) € Randt € [0, T]. Forw = w(x, y,1), ¢ = ¢ (x,y,1),
and ¢y = ¢y (x, y, t), consider the following Fourier series expansions:

w(x,y,t) = ZZWV sin( nx)sin (MTy) eiont.

m=1n=1
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Gr(x,y,1) = Z Z oxV cos ( x) sin (nnTy) elont (54)

m=1n=1

Py(x,y,1) = Z Z PAN sm( x) cos (nJTTy) glont

where w,, is the nth natural frequency of vibration of the plate, W,xn, Do Y and (b,fm are constant Fourier
coefficients, and i is the usual imaginary number satisfying i> = —1. It can be shown that the expansions in
Eq. (54) satisfy the boundary conditions in Eqs. (44b, 44c), (45b, 45c, 45e), (46b, 46¢) and (47b, 47c, 47¢e).

Using Eq. (54) in Eqgs. (36c—36e) yields
(IC1+ p2[IDIWY, &Y @) 1T =10, 0, 017, (55)

where [C] is the 3-by-3 matrix whose components are defined in Eq. (53), and [/] is the 3-by-3 identity

matrix. For an non-trivial solution of W,,‘,/” #0, ben’nv #0 and @;X;nv #0, it is required that the determinant of the

coefficient matrix of Eq. (55) vanish. That is,
| [C1+ pwllI]| =0, (56)

which can be expanded to obtain

(0603)3 + Ic (poy ) + ¢ (pwl) + e =0, (57)
where

Ic = Cij = C11 + Cop + C33,
1
Illc = 3 (CiiCjj — CijCji) = C11Cxn 4 CnC33 4+ C33C — C12Ca1 — C23C3 — C13C3y,

Hlc = i Ci1CjaCr3 = C11C2C33 — C11C23C3 — C12C21C33 + C12C23C31
+ C13C21C32 — C13C31Cp2 (58)

are the three invariants of the [C] matrix whose components C;; are given in Eq. (53).

Equation (57) is a cubic equation in a) , the smallest (positive) root of which gives the nth natural frequency,
wy,, for the free vibration of the plate.

With o, determined from Eq. (57), W,/ n, <15,’§mv and ¢,;V1’,,V (with two being independent) can then be obtained
from solving Eq. (55), which will then lead to the determination of w(x, y, ), ¢x(x,y, 1) and ¢y(x, y, 1)
through Eq. (54), and thereby completing the solution.

Figure 6 displays the variation of the first natural frequency (with m = 1, n = 1 for the constants C;; in
Eq. (53)), w1, with the plate thickness predicted by the current model and by the classical Mindlin plate model.
The results for the current non-classical Mindlin plate model shown in Fig. 6 are obtained from Eq. (57) along
with Eqgs. (58) and (53), while those for the classical Mindlin plate model are computed from Eqgs. (57), (58),
and (53) with / = 0. The material constants and geometry for the epoxy plate used here are the same as those
employed earlier to obtain the numerical results displayed in Figs. 4 and 5. In addition, the density for the
epoxy plate is taken to be p = 1.22 x 10> kg/m? [37], which is needed to compute mq and m, from Eq. (22).

It is seen from Fig. 6 that the natural frequency predicted by the current model is always higher than that
predicted by the classical model. Figure 6 also illustrates that the difference between the predictions by the
current model and those by the classical plate model is significant only when the plate thickness is very small
(with b < 21 = 35.2 um here). This shows that the size effect on the natural frequency is important only for
very thin plates whose thickness is at the micron scale, which is a general trend observed in experiments.

It should be pointed out that the example problems of static bending and free vibration of a simply supported
rectangular plate are analytically solved here for illustration purposes. Other problems involving a rectangular
plate with different boundary conditions or a circular plate with various loading and support conditions may
also be exactly solved by using the newly developed Mindlin plate model. However, such problems will need
to be individually studied, considering that solutions for Mindlin plate problems tend to be long even in the
context of classical elasticity (e.g., [38—41]).
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Fig. 6 Natural frequency varying with the plate thickness

4 Summary

A microstructure-dependent non-classical Mindlin plate model is developed using a modified couple stress
theory. The equations of motion and boundary conditions for a Mindlin plate of arbitrary shape are obtained
simultaneously via a variational formulation based on Hamilton’s principle. The new model contains one mate-
rial length scale parameter and can capture the size effect, unlike the classical Mindlin plate theory. Moreover,
both bending and stretching deformations are considered, which differs from the classical Mindlin plate theory.

The current non-classical Mindlin plate model recovers the Timoshenko beam model based on the mod-
ified couple stress theory when the kinematic relations are specified to be those of the Timoshenko beam.
Furthermore, the new Mindlin plate model developed here reduces to the classical Mindlin plate model when
the material length scale parameter is set to be zero.

The static bending and free vibration problems of a simply supported plate are solved by directly applying
the newly developed non-classical Mindlin plate model. The numerical results for the static bending problem
reveal that both the deflection and rotations of the simply supported plate predicted by the new model are
smaller than those predicted by the classical Mindlin plate model. Also, the differences in both the deflec-
tion and rotations predicted by the two models are very large when the plate thickness is small, but they are
diminishing with the increase of the plate thickness. Similar trends are observed for the free vibration problem,
where it is shown that the natural frequency predicted by the new model is higher than that by the classical
model, with the difference between them being significantly large only for very thin plates. These predicted
size effects in the plate bending at the micron scale agree with the general trend observed experimentally.
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