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Abstract: New models for plane curved rods based on lin-
ear couple stress theory of elasticity have been developed.
2-D theory is developed from general 2-D equations of lin-
ear couple stress elasticity using a special curvilinear sys-
tem of coordinates related to the middle line of the rod
as well as special hypothesis based on assumptions that
take into account the fact that the rod is thin. High or-
der theory is based on the expansion of the equations of
the theory of elasticity into Fourier series in terms of Leg-
endre polynomials. First, stress and strain tensors, vec-
tors of displacements and rotation along with body forces
have been expanded into Fourier series in terms of Leg-
endre polynomials with respect to a thickness coordinate.
Thereby, all equations of elasticity including Hooke’s law
have been transformed to the corresponding equations for
Fourier coefficients. Then, in the same way as in the the-
ory of elasticity, a system of differential equations in terms
of displacements and boundary conditions for Fourier co-
efficients have been obtained. Timoshenko’s and Euler-
Bernoulli theories are based on the classical hypothesis
and the 2-D equations of linear couple stress theory of elas-
ticity in a special curvilinear system. The obtained equa-
tions can be used to calculate stress-strain and to model
thin walled structures in macro, micro and nano scales
when taking into account couple stress and rotation ef-
fects.

Keywords: Curved rod; couple stress; Legendre polyno-
mial; Timoshenko theory; Euler-Bernoulli theory; high or-
der theory

1 Introduction

Classical continuum mechanics consider material con-
tinua as point-continua with points having three degrees
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of freedom, and the response of a material to the displace-
ments of its points is characterized by a symmetric stress
tensor. Such a model is insufficient for the description of
certain physical phenomena especially at micro and nano
scale. In 1843 St Venant remarked already that for the de-
scription of deformations of thin bodies, rotation inde-
pendent of the displacements [1] must also be included.
A further generalization of this idea had been done by
Dugem and Voitgt. They suggested that the interaction of
two parts of the body is transmitted through an area ele-
ment by means not only of the force vector but also by the
moment vector. Thus, besides the force stresses the mo-
ment stresses have been also defined. However, the com-
plete theory of asymmetric elasticity was developed by the
brothers F. and E. Cosserat [1-3].

Since the publication of the landmark book of
Cosserat brothers [4] in literature there are various known
generalizations and applications of the classical or Cauchy
continuum which are summarized in many books [5-19]
and papers [20-37]. Especially we must mention remark-
able books of Eringen [38, 39] and Nowaski [40] and fun-
damental treatise of Truesdell and Toupin [3]. The research
in the field of the generalized of continuous media fo-
cused on generalization of the Cosserat’s model and on
the creation of new simplified models that on one hand
are relatively simple and on the other hand can adequately
take into account the microstructure of a material. One of
such simplified models is so called the Cosserat pseudo-
continuum or couple stress theory. By this name we mean
a continuum for which the asymmetric force stresses and
moment stresses occur, however, the deformation is de-
termined by the displacement vector only. It is interest-
ing to notice that this model was also considered by the
Cosserats who called it the model with the latent trihe-
dron [1, 2]. The couple stress theory was developed in the
sixties mostly by Aero and Kuvshinskii [21, 22], Koiter [27],
Mindlin [29], Mindlin and Tiersten [30] and Toupin [35, 36].
We also have to mention recently published papers [26, 33,
37] where have been proposed modified couple stress the-
ories which use only one additional constant that takes
into account the microstructure of a material at micro and
nano scale. These theories have some differences in a 3-D
case which are analyzed and discussed in [41]. In the 2-D
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case they give the differences disappear, therefore we will
not analyze them here and use the equations presented
in [26, 37] for development of the curved rods theories.

Although micropolar models of shells and rods were
first developed by Cosserat brothers in the book [4] men-
tioned above, only after publication of the paper [42],
where by using the direct approach the Cosserat model
has been extended to construction of the nonlinear me-
chanics of rods and shells, i.e. to 1-D and 2-D media, the
generalized models of shells, plates and roods are exten-
sively discussed in the literature. In most publications the
considered models are based on Euler-Bernoulli and Tim-
oshenko’s hypothesis. Among the many articles on couple
stress theories of beams based on Euler-Bernoulli hypoth-
esis we mention here [43-46] and on Timoshenko’s hy-
pothesis we mention here [46-52], curved rods along with
others have been considered in [4, 16, 42, 53-55], for more
information see the extensive review paper [56].

Micro and nano technology are a subject of current
technological interest and development. The size depen-
dence of deformation behavior in micro and nano scales
have been experimentally observed in metals, polymers
and other technological materials [8, 9, 26, 37, 48, 49, etc.].
The length scales associated with nanotechnology are of-
ten sufficiently small to impugn the applicability of clas-
sical continuum models. Atomic and molecular models,
while certainly conceptually valid for small length scales,
are difficult to formulate accurately and are almost al-
ways computationally intensive. Generalized continuum
models that take into account microstructure of material
represent attempts to extend the continuum approach to
smaller length scales while retaining most of its many ad-
vantages [5, 10-12, 14, 15, 18, 34, 38, 39]. It would appear
that generalized continuum mechanics could potentially
play a useful role in analysis related to nanotechnology
applications [7-9, 13, 16, 57-60]. In micro and nano tech-
nology a problem of current interest is the development of
small sensors actuators in the form of thin walled struc-
tures like beams, roods, plates and shells that exhibiting
elastic response. Hence, new higher-order continuum the-
ories beams, roods, plates and shells which take into ac-
count the size effect in the small scale structures have to
be developed.

There are several approaches to the development of
the theories of thin-walled structures. One consists in ex-
ploring the classical physical hypothesis and the devel-
opment of theories that are more accurate and take into
account the size effect in the small scale. Another ap-
proach consists in the expansion of the stress-strain field
components into polynomials series in terms of thickness.
Such an approach was proposed by Cauchy and Poisson
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and at that time it was not popular. Significant exten-
sions and developments of that method have been done
by Kil’chevskii [61]. The Legendre’s polynomials have been
used for development of the new high order theories of
plates and shells. For more information see for example
books [62-64] and the extended review [65]. Such an ap-
proach has significant advantages since Legendre’s poly-
nomials are orthogonal and as result the developed equa-
tions are simple.

In our previous publications [66-75] the approach
based on the use of Legendre’s polynomials series ex-
pansion has been applied to the development of high or-
der models of shells, plates and rods. Thermoelastic con-
tact problems of plates and shells when mechanical and
thermal conditions are changed during deformation have
been considered in [66, 67]. Then, the proposed approach
and methodology were further developed and extended
to thermoelasticity of the laminated composite materials
with the possibility of delamination along with mechan-
ical and thermal contact in the temperature field in [68],
the pencil-thin nuclear fuel rods modeling in [69], model-
ing of MEMS and NEMS in [73, 74], the functionally graded
shells in [70, 75] as well as micropolar curved elastic rods
in [55]. Analysis and comparison with classical theory of
elastic and thermoelastic plates and shells has been done
in [71, 72].

In this paper 2-D, high order, Timoshenko’s and Euler-
Bernoulli models of curved rods based on couple stress
theory of elasticity have been developed. In the 2-D model
a special curvilinear system of coordinates related to the
middle line of the rod and special hypothesis based on as-
sumptions that take into account the fact that the rod is
thin have been used. High order model is based on the
expansion of the equations of the 2-D couple stress the-
ory of elasticity into Fourier series in terms of Legendre
polynomials. The Timoshenko’s and Euler-Bernoulli mod-
els are based on the classical hypothesis and 2-D equations
of couple stress theory of elasticity in a special curvilinear
system. The obtained equations can be used to calculate
stress-strain and to model thin walled structures in macro-
, micro- and nano-scales by taking into account couple
stress and rotation effects. The proposed models can be
efficient in MEMS and NEMS modeling as well as in their
computer simulation.
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Figure 1: Curved elastic bar.

2 2-D couple stress elasticity in
orthogonal coordinates

Let’s consider the size dependent material continuum the-
ory and use it to develop an approach based on the ex-
pansion of the equations of couple stress theory of elas-
ticity into Fourier series in terms of Legendre polynomials
and apply it to create high order, Timoshenko’s and Euler-
Bernoulli curved rod theories. Thus, we consider a curved
elastic rod in a 2-D Euclidian space, which occupies the do-
main V = Q x[-h, h] with a smooth boundary oV. Here 2h
is thickness, Q = [-L, L] is the middle line of the rod and
2L is its length, as it is shown in Fig. 1. The boundary of
the rod 0V can be presented in the form oV = SUQ*UQ™,
where Q" and Q™ are the upper and lower sides and S de-
notes lateral sides.

In the couple stress elasticity it is assumed that the
transfer of the interaction occurs between two particles
of the body through a surface element dS with unit nor-
mal vector n; by means of a force vector p!' and a moment
vector uf. Surface forces and couples are then represented
by the generally non-symmetric force-stress o;;(x, t) and
couple-stress u;;(X, t) tensors. The displacement field and
the deformation are fully described by the displacements
u(x, t) and rotation w(x, t) vectors and the asymmetric
strain &;(x, t) and curvature k;(x, t) tensors. The defor-
mations are fully described by the displacements gradient
Vu(x, t), which can be decomposed into symmetric and
skew-symmetric parts

Viu; = ejj + Wi, oy
where
1
e = 7 (Vju,- + Viu]') (2)

1
a)l-]- = E (V]-u,- - V,-u,-) (3)
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The rotation vector w; dual to the rotation tensor w;; is de-
fined by

1 1 1
Wi = 3wy = 5 €k Vi, @ =5Vxu  (4)

Here € is skew symmetric Levi-Civita tensor.
The curvature k;;(X, t) tensor is skew-symmetric and
can be expressed though the rotation vector in the form

1
Kij = j(iji - Viwj) 5)

The curvature vector x; dual to this tensor is defined by

1 1 1
Ki = S €k = 5 €K Vjwp, k=5Vxw  (6)

It also can be expressed as

K= %wa, @
_1 _lowow - Lv2
K—4V><(V><u)— 4V(V u) 4V u
1 1 1 1
K; = Zvivkuk = kavkui = Zvivkuk - szui

All of the relations represented here are valid in the
case of the small deformation theory, which requires the
components of the strain tensor and mean curvature vec-
tor to be infinitesimal. These conditions can be written as

1
e <1, |Gl < T 8)
S

where [ is the smallest characteristic length in the body.

Here, we consider a plane thin curved rod and as-
sume all functions that define a stress-strain state are inde-
pendent of coordinate x3 and correspond to the so-called
plane stress state. As it was shown in [13, 31] the above
mentioned functions have the forms

011 012 O 0 0 i3
0=|01 0pn O, p=|0 0 x|, 9
0 0 0 M31 m32 O
€1 €2 O 0 0 xi3
€=|g1 €2 O, K=|0 0 K2l,
0 0 €33 0 O 0
uq 0
u=(uxl, w=|0
0 w3

These quantities are not independent, they are related
by the equations of linear couple stress theory of elastic-
ity [18, 38, 40]. Taking into account that the couple stress
theory of curved rods will be studied here, the curvilinear
orthogonal system of coordinates will be used for that.

In the orthogonal system of coordinates x = (x1, x3),
the position of an arbitrary point is defined by the radius
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vector R(X) = eqx,. Here unit orthogonal basic vectors and
their derivatives with respect to the coordinates are equal
to

1 oR

ea = 77 ) aea 7
Hy 0xq

o, ~ (10)

=Tgey, a,f=1,2
where Hy are Lamé coefficients and FZ;; are Christoffel
symbols.

The equations of motion have the form

V:-e+b=pii, V-p+0x=0, (11)

Here b is a vector of body forces, p is a density of material,
ii is the acceleration vector, o« is the vector invariant of

force-stress defined by the equation [12]
Ox = (oaﬁea ® eﬁ)x = O4p€a x €g. 12

Divergence of the stress tensor in the curvilinear orthogo-
nal system of coordinates has the form

V6= (Hia ‘2‘;';5 + %F}W + i‘;; rﬁa) e; (13)

The ordered pair e, ® eg is called the dyad, and eq x e is
the cross product of the basis vectors.

By considering the symmetry relations required for an

isotropic linear elastic material the quadratic positive defi-

nite stored energy density can be presented in the form [26]

17
E(e, k) = EAekkekk + pejje;; + 8NKiK; (14)

where A = A/If—’z‘y, A and p are Lameé constants of classical
elasticity, nis additional elastic constant that accounts for
couple stress effects in an isotropic material.

The elastic constants have to satisfy the following re-
strictions for positive definite stored energy

3A+2u>0, u>0, n>0 (15)

Then, the constitutive relations can be written in the
form

Oap) = Aeyy0ap + 2Ue4p,  MPa = —81Ka (16)

Here 5,)4; is asymmetric tensor, called Kronecker’s delta.
Taking into account that in 2-D case kinematic rela-
tions have the form

1
Vplla = Eqp + Wap,  Eqp = E(vﬁ”“ + Vallg), (17)
1
w3 =Wy = §(V2u1 - Viuy)
and
1
K1 =-K3==>Vows, K;=-Ki3=Viwsz (18)

2
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Derivatives in (17) and (18) have the form

Vﬁw3 = ia& (19)

1 duq e
H/g dxﬁ

Vﬁua = Fﬁ“yﬁ)

The constitutive relations can be rewritten in the form

O(ap) = AErrBap + 2UEiqps  Ma = ~4NVWp, (20)
and by considering (17) in the form
U“ﬁ = AVWuWS,Xﬁ +u (V/;ua + Vaup) (21)

-nv? (Vpua = Vaup)

with Laplace operator in the form

1 o (H, o o (Hy o
A= H1H2 <aX1 <H1 aXl) * ax2 (Hz aXZ)) (22)
By substituting the equations for generalized Hooke’s
law (21) and the obtained result into the equations of mo-

tion (11) the differential equations of motion in form of dis-
placements can be represented as the following

(/\ + 2y)VaV/;u/; - T]VZV/; (Vﬁua - V,ﬂlﬁ)

+ba =pi1a

(23)

Let’s simplify the above equation for the development
of approximate theories of the curved rods. For conve-
nience we introduce curvilinear coordinates related to the
middle line of the rod. In this case coordinate x; is associ-
ated with the main curvature k; of the middle line of the
rod and coordinate x; is perpendicular to it. The position
vector R(x) of any point in domain V, occupied by material
points of the rod may be presented as

R(x) = r(x1) + xon(x1) (24)

where r(x1) is the position vector of the points located on
the middle line of the rod, and n(X) is a unit vector normal
to the middle line of the rod.

In this case the 2-D equations of couple stress theory
of elasticity can be simplified by taking into account that
Lameé coefficients and their derivatives have the simpler
form

Hq(x1,x3) = A1(x1)(1 + kix2), Hy =1, (25)
OH, 0A; OH, OH,
Txl = Txl(l + k1X2), sz = klAl, axa = 0

where A1(x1) = %’?) is the coefficient of the first quadratic

form of the middle line.
Taking into account that we consider relatively thin
rods, the following assumptions can be applied

1+kixa~1— Hy = A4, Hiz%=k1z41, (26)
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Therefore Christoffel symbols become [55]

I3, =0, I'f=-kiA, I33=kA;, Ti,=0 (27)

After substitution of the simplified Lameé coeffi-
cients (25) and the Christoffel symbols (27) into equations
of motion (11) they are simplified and take the form

aZ

Vﬂaﬁ1+k1 (0'21+0'12)+b1 =p 6:121 (28)
02

Vpopgy + k1 (022 —011) + b2 =p atuzz

Vﬁ,uﬁ3 + (0'12 - 0'21) =0

where Vp are the differential operators of the form Vv, =
19 _ 0
ETXI aI'ld Vz = TXZ.
From the last equation of equilibrium follows
1
U[aﬁ] = 3 (Va,uﬁ - Vﬁya) (29)
Therefore constitutive equations (20) can be presented in
the form

011 = A (€11 + €22) + 2111, (30)
022 = A(€11 + €22) + 2p€22,
012 = 2ue1r - 2NV w3 021 = 2pEx + 2NV w3
where
;10 (1 0, & d

In the same way kinematic relations simplify and have
the form

1 oug _oup
€11 = A ox, +kiup, €= ok (32)
_1 /1 dup  dup
€12 = 3 (ET&+T& klul)
We e = L[ LOoU _owr
3 21 2 A1 aX1 aXZ B

By substituting these kinematic relations into the con-
stitutive relations (30) we obtain

(33)

1 Juq
+2u (A—la—xl + k1u2> .

B 1 ouy 2 oup
022 /\(A—la—Xl+ku +a—)+ 5
1 auz au1 _
012 y(ETM+TM kl“l)
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_ 1 auz au1 _
O1=H (Ailiaxl + 0%, klul)
2(1owy ouy

Finally the differential equations of motion in the form
of displacements (23) can be represented in the simpler
form.

1 o 1 au1 ou 2
AA—la—Xl (——1 +kiuy + Tz)

1 0 1 au1
+2;4A—1a—x1 (A—la—xl+k1u2)

(34)

1 d%u, o*uy ouy
s (AT xX10x; | 0x _klﬁ)

2 (1 %u;  d’wy , dup
+)1V (Tlaxlaxz aX% klaXZ

1 0u, oup R

+2ukq (A—la—xl + e klul) +b1=p 52
1 o (1ou owm ,
”Al ax1 A1 ax1 aXZ e

o2 (Low  our _, ouy
nV (A1 aX% aX1aX2 klaX1>

2
A 0 (1 aul+k1u2+%)+2ya U2

ox; \ A1 oxy 0x;

ouy
aXZ

+2ulky (

In this section the complete system of linear couple
stress theory of elasticity is considered in detail. These
equations will be used for the development of the approx-
imate theories of the curved rods.

3 1-D formulation of the problem

In order to reduce the 2-D problem for the couple stress the-
ory of elastic curved rods to a 1-D one, we expand the func-
tions that describe the stress-strain state of the rod into the
Legendre polynomials [76] series along the coordinate x,
and present them in the form

Ua (X1, %2) = Y us (1) Pe(@), (35)
k=0
h
ug (xq1) = 21(2; 1 I ua (X1, X2) P (m)dx,,
-h

w3 (x1,x2) = Y wh (x1) Pi(@),
k=0

2k+1 h
T w3 (0, 0) Pu@)d,
-h

wk (x1) =
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Oap (X1,X2) = D _ 0 (1) Pi(@),
Py

2k+1 n
Oap (1) = =5 | 0ap (1. 32) Pr(@)dxz,

Has (X1,%2) = D i3 (1) Pi(@),
k=0

2k+1 h

M3 (1) = 5= | Haa (1, %2) Pu(@)da,

Eap (X1, X2) = Zeﬁﬁ (x1) (@),
k=0

2k+1 h
; J;faﬁ(Xl,Xz)Pk(w)dXz,

exp (1) =
where @ = x,/h € [-1, 1] is a normalized variable.
Generally, all of the functions that are considered here
also depend on time t, but to reduce typing the variable of
time has been omitted.
For derivatives of the considered functions with re-
spect to x; the following relations take place

(36)

2k+1 / aua(xl,xz)P (@) dxs aua(xl)
X1 ’

2k+1 / ows (X1,X2)P (@) dxs = aw3 (xl)
aX1

60’5,,; (x1)
ax1 ’

h
2k+1 [ 004p(x1,X2)

2h aXl
-h

Py (@) dx; =

Derivatives of the displacements and rotation with re-
spect to x, following [62, 63] can be represented in the form

h

2k+1 [ ou
T 6Xa Py () dx; = ua (x1), (37
Zk +1

/ 903 p, (@) dx; = wk (x1)

2k+1/a w3Pk(w)dx2 —a)3

2k+1 00 2k+1 _
/ 2Py (@) dx; = h [022 - (—1)k0a2}
- 054 (1)
where
2k+1
ug () = == (u o) + U )+ G9)
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2k+1 + +

wh () = == (@5 o+ w52 o)+
2k+1 + +

Wh ) = 5= (@8 ) + 082 )+ L)
2k+1

oha ) = S (okd ) + 052 () + )

By multiplying the equations of motion (28) by P; (@)
and integrating with respect to x, from —h to h as well as
taking into account (35)—(38) we obtain 1-D equations of
motion in the form

K\ k k
A, oxs +k1 (021+012) on+bi=p—5 3¢ (39)
1 dok o2uk
A, ax112 +kq (0152 —Ulfl) —Llﬁﬂ'bz P atzz’
where
b (x1) = ba (x1) (40)

+ 2kh+ ! (022 (1) - (<107, (Xl))

In the same way by considering (35)—(38) the 2-D kine-
matic relations (32) can be found in the form

1 ouk
ek, = AL ox, L kub, e, = u’2< (41)
k Kk, 1 oul k
2812 = u A1 a kluly
k 10ul ¢ k
L
w3 = <A1 c)x1 ﬁ lul)

Constitutive relations (generalized Hooke’s law) (30) be-
come

0'11 = (/\. + 2]1)811 + /1822, (42)
05, = (A +2p)es; + Aeky

aZk

o w3 k

012 —2H€12—2’1A2 ox 2 —2r12,
2 k

021 = 2I’l‘ng + zrlAz dx 2 21’[(1}3

The substitution of the kinematic relations (41) into
the generalized Hooke’s law (42) gives us the following
equations

ok =A+2u) ia—ul{+k1uk + Auk (43)
11 A 6X1 2 U2
0’2‘2=(A+2y)u’2‘+/1 iﬂ+k uk
—- Ay 0x1
1 ouk
oty = (kG2 )
1 0% (1 ouk k k
_nA%ax%(Albxl_ - kiuy - nws,
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1 du
012(1:”(“—’1(+A7167f_k1u1{)
102 (1 0uk 4 K k
*",ﬁa)@@m‘“l"‘l“l e

Then, the differential equations of motion for couple
stress theory of elasticity in the form of displacements (34)
are transformed into their 1-D form

k

A+2u o%ul k(A +4p) ouk ou k

7 o m a—X1+Aa—X1+2k1yﬂ (44)

o?uk
- 2kGpus - o5, + b = p atzl’
u Ul pky auz " ouf o o'ub +i‘33u711<
A2 ox2 Ay ox A1 ox1 A% oxt A3 ox3
o’ wk
nki uk  n OY5 2ukg ouk
A3 od A3 od Ay o - 2ukdns + 200
o%uk

—022+b2 P atzz’

Now, instead of the 2-D system of the differential equa-
tions in displacements (34) we have an infinite system of
1-D differential equations for coefficients of the Legendre’s
polynomial series expansion (44). In order to simplify the
problem an approximate theory has to be developed where
only a finite number of members have to be taken into ac-
count in the expansion of (35) and in all of the above re-
lations. For example, if we consider n-order approximate
shell theory, only n + 1 members in the expansion (35) are
taken into account

ua (1, %2) = > ug (x1) Py(@), (45)

k=0

w3 (x1,%2) = Y wh (x1) P(@),

k=0

n
Oap (X1,X2) = Y 0 (x1) Pi(),
k=0

n
Has (X1, %2) = Y piss (1) Py (@),
k=0

n
Eap (X1,X2) = Y ep (1) P(®),
k=0

n
Ka3 (X1, X2) = > K3 (x1) Py(®@),
k=0
In this case we consider that u’,i =0, w’3‘ =0, o’o‘(ﬁ =0,
uk; =0, and 6 = 0 for k < 0 and for k > n.
Then the 1-D differential equations of couple stress
theory of elasticity in displacements and rotations (44) can

be presented in the matrix form

2

Lu‘u+f=p%lu-u (46)

Couple stress theory of curved rods = 125

where
00 700 on on 0
L7 L35 LT L35 uy
00 00 on on 0
Ly7 Ly -+ Lyp Ly us
Lu = : : PP S E ) u= s ) (47)
no no nn nn n
Ly Ly -+ Ly 12 up
nO 00 nn nn n
Ly Ly L3y 22 u;
BO
1
70
b3
b=|:
n
b1
n
b}

Here I, is the matrix operator that has on the main diago-
nal elements equal to one.

The order of the system of differential equations de-
pends on the assumption regarding thickness distribution
of the stress-strain parameters of the shell. The higher the
order of approximation, the better accuracy of the result
obtained using the proposed theory. The complete system
of linear differential equations for the couple stress theory
of elasticity of any order can be obtained using the equa-
tions presented here. In the next section, we will consider
the first order approximation theory in detail.

4 First order approximation theory

In the case of the first order approximation theory only the
first two terms of the Legendre polynomials series are con-
sidered in the expansion (35). In this case the functions,
which describe the stress-strain state of the rod, can be
presented in the form

Ua (X1, X2) = Ug (X1) Po (@) + ug (1) Py (@), (48)
w3 (x1,X2) = @3 (x1) Po (w) + w5 (x1) P1 ()

Oap (X1, X2) = 095 (x1) Po (@) + 05 (x1) P1 (@) ,

Has (X1, X2) = a3 (x1) Po (@) + Ma3 (x1) P1 (@)

£ap (X1, X2) = €95 (x1) Po () + €85 (x1) P1 (w),

Ka3 (X1, X2) = Ka3 (X1) Po () + K3 (x1) P1 ()

All the equations presented in the previous section

will be significantly simplified. For example in this case we
have

1
Ua(x1) = pua(x1), Ua(t1)=0, (49)
3
L(Z)a(xl) =0, 03,(x1)= EU(z)a (x1)
1

w3 (x1) = 7 w5 (x1),

B~
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©I01)=0, 3= wl-0,

1
3=0

The equations of motion (39) now have the form

Ail aa(fll +ky (0(2)1 + 0?2) +b)=p aatuzl, (50)
Ail aa(j:l)lz +ky (0(2)2 - 0(1)1) + bz P aaztuzz )
008y (oky o) - 2o+ b=,

Ail aa(jiz +kq (0%2 - 0%1) - %0(2)2 + b} = Paatuzz,

Kinematic relations (41) have form

e Ailgi)li(ll) +kiud, €9, = %U%, (51)
269, = Hu% + Ailgi)lf - kgl

w3 = % <Allg§i % a(x1) - k1u1>

ei1 = Ail% ki, €5,=0
2¢el; = A%?Tlf -kui, w3 = (All S)LZ klu%)

The generalized Hooke’s law for couple stress elastic-
ity (42) has the form

091 = (A +2p)ed; +Aeds, (52)

0(2)2 =(A+ 211)5(2)2 + Agcl)l

2

0 1 0 a)3

012=2H€12 2'1 3
axl
2.0

0 0 10 w3

051 = 2UEY +2N—

21 HEZ ”IA% aX%

011 = A+ 2p)e1y +Aedy,

03y = A+ 2p)ey; + Aely

2
1 1 0 0)3
012 = 211512 2’1 ’

ax%

2,1
1 1 10 w3
031 = 2U€E>1 +2N— .
21 HEn UA% ax%

By substituting kinematic relations (51) into equation of
motion (52) we obtain

= (/1+2;1)( 1 ouj +ky u2> +A%u%, (53)

6x1
1 aul
022—(/\+2y) us + 1 P + kqud
Ay

1 1 oud
09, = M <HU% + TTZ klug)

162<16u2 1

Mgaa (Ao Y

DE GRUYTER OPEN

1 1 oul
091 =H (ﬁu% TTZ —klug)
10> (10u) 1, o
el el
1 oul
011 =A+2p) (A—a—l + klu%) ,

Q
iy
N
=

RS
=Y
Q
=
N
N

1 0% (1 oud 1
p=—92 (29 ,
! ) Ta2 o2 (A1 ox, M
SO 0 G-I SEP W S O -1 B
O =M (Al ax1 kluz " rIA% aX% Al ()Xl aty -
By substituting generalized Hooke’s law in the form
of (53) into equations of motion (50) we obtain the 1-D dif-
ferential equations for the couple stress theory of elasticity
in displacements and rotations for the first order theory of
couple stress rods theory in the form (46), where matrices
and vectors (47) become
A
v L3 L3 L% uy
Ly LY Ly Li uj
Ly Ly Ly u

Ly, = (54)

T
Il
=N

Elements of the matrix operator L, can be represented in
the form

000 _ A+2uo*uf
Lituy = A2 o’ (55)
Jy(A + 4p) ou
le (2)_ 1(A1 H) axi Zk%ﬂu(z),
2uk A oud
L11 1= I;llu%, L11 %— haixi’
00..0 2}1](1 au1 )’lk1 63
Lajuy = 5=
AL x| A3 ox3
00,0 _ M O°u§ pky ouj 20 1 o*ud
Lsui =55 - 5~ — 2ukiuz -
A2 ox2 Ay oxy A% ox*
o1,1_ M Oui n ouj
Lyui = 75+ 3% ,
Alh ax1 A3h aX—i‘
2uk
Lu; = Fh Luy, Lifu? =0,
[10,0 _ _ 3K oud 3Kk o 31 ’ud  3nkq 0%ud
BE2 T Athoxy T h P A3h o3 AZh ox2
[0 A+ o%ul _3pa, 3n o%ul
UELT AT ox2 h2l T AZh2 ox2”

1_ (/\+4]1)k1 aiu%

_ 2.1
Al ax1 2]1](1“2,
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100 34 oud 10.0_ 34k o
Lyjuy = Ahox,’ Rl2=TTw
2uky out  nky oul
Rt ouy , nky 0%u;
21U A, ax1+ A% axi
o%ul  uky ou 3(A+2p)
Llll_l 2_&72_2](21 1
2= 350 T Ay oy MR TR
_ialtul
A% oxf

The equations presented in this section are first order
equations of the couple stress curved rods theory. They
can be used for modeling and stress-strain calculations of
plane curved rods by considering couple stress and rota-
tion effects. If in the above equations it is assumed that
A, = 1 and k; = O the equations for the couple stress
straight beam will be obtained in the form

o%u?  Aoul 0*u?

0 _
A+2u o +ETM+b1_p 52 (56)
yazug . poui o“ud . nouj 50 zpazug,
ox; hox; oxt  h ox3 ot2
0 3,0 2.1 2.1
_3711%_37’16 u2 +A+2 a ul _37’111%.'.37"16 ul
hoxx h ox3 ox? h? h? ox3
1 62u1
*bi=psa
300uf 0%l oMUl 3(A+2w) 4 L 0%ud
T 3y, - - u+by=p ,
h ox; ox? ox? h2 ot2

Analysis of this system of partial differential equations
shows that it splits up into two independent parts. First
and fours and also second and third equations form sep-
arate systems of the partial differential equations that can
be solved independently.

5 Timoshenko’s couple stress
theory of the curved rods

Timoshenko’s theory of the curved rods is based on as-
sumptions concerning the value and distribution of the
parameters that define the stress-strain state of the rods.
In this theory the stress-strain state of the beams is deter-
mined by quantities specified on the middle surface. Thus,
according to static assumptions the stress in the direction
perpendicular to the middle line 0,, = 0 and according
to kinematic assumptions deformations in the same direc-
tion €5, = 0. The stress state is characterized by the normal
nq, and shear n,; forces, as well as the bending m,, and
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rotating m3 moments, which are defined as following

h h
ni1 =/011dX2, niz =/012dX2, (57)
h h
h h
n21 =/021dX2, miy =/011X2dX2,
h h

h
mis =/H13dX2,
-h

Displacements in the Timoshenko’s theory of curved
beans are defined by vectors u (x1, t) with components uq,
a = 1, 2 that correspond to displacements of the middle
line and ~; (x1, t) that is rotation of the centroidal axis
about the x5 axis of the elements perpendicular to the mid-
dle line. These parameters are related to the coefficients
of the displacements expansion in the first order theory in
the following way

ul ~u;,  ug ~yah (58)

Component u} is not taken into account in the Timo-
shenko’s theory of shells.

Deformations in Timoshenko’s theory are determined
by the relations

€11 = €11 + K11X2, €12 =€12, &1 =€, (59)

Roughly speaking, component eq; corresponds to the
tension-compression deformation of the middle surface,
components eq, to the transversal shear deformation and
component k71 to the bending middle line, respectively.
The following formulas give us relations with correspond-
ing quantities in the first order theory

£0p ~ €aps  E11 ~ K11 (60)

Component £J; and €3, are not taken into account in
the Timoshenko’s theory of shells. That follows also from
the kinematic hypothesis.

According to Timoshenko beam theory, the displace-
ment and rotation field can be written as

uq(xy, x2,t) = us(x1, t) = x271(x1, 8), (61)

u2(X1’ X2, t) = uz(xls t)’

w3(x1, X2, ) = w3(xq, )

where uq(xq,t) and u,(xq,t) are axial and transverse
displacements in the x; and x, directions respectively,
w3(x1, t)isrotation of the centroidal axis about the x5 axis.

By substituting expressions for displacements and ro-
tations (61) into 2-D kinematic relations (32) we obtain
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kinematic relations for the couple stress theory of curved
rod in the from

1 ou
ey = A, ox, Likuy, exn=0, (62)
1 auz _ La’)/l
e = (TW kiuq 71) K11—A1 o,
1 ou
W3 =Wy = (A1 axz kquq +’Y1)

Constitutive relations of liners couple stress elasticity
for couple stress Timoshenko’s curved rod theory can be
obtained in the form generalized Hooke’s law

niy = EFeyq, mq1 = EJkq4, (63)
a w3
ny; = 2uFe s
12 = 2ulern - ’IAZ ox2
a w3
ny1 = 2uFeqr +2
21 = 2pler; ’IAZ o2

By substituting kinematic relations (62) to the gener-
alized Hooke’s law (63) we obtain constitutive relations in
the form

1 au1 1 6’71
= EF (Al ox X1 +k1u2> miq —E] Xl’ (64)
1 ou
ni; = uF (Au)xi - kiuy _'Yl)
_NF (1 %u; . o’y +6271
A2 \ A1 ox3 ! ox;  ox2 )’
10
ny1 = uF (A1 auz kquy —71)
nF (10%u, | 'y 0’m
+A2 <A1 ad  hox? * ox?

By integrating differential equations of motion (28)
with respect to x, from —-h to h we first obtain the equa-
tions of motion presented in (65). And by multiplying the
first equation of motion (28) by x, and integrating it with
respect to x, from —h to h we obtain the last equation of
motion for Timoshenko’s couple stress curved rod theory.
The complete system of the equations of motion has the
from

1 Jnyy o%u,

A7 ox + (a1 + n12) kg + by = pF—* FYO (65)
1 an12 a

AL ox1 ~nnki+by =pF=—22 atz ,

1 omy; 0%y

A, ox, np1 + 13 —P] at2 ,

By substituting constitutive relations in the form (64)
into the equations of motion (65) we obtain the 1-D differ-
ential equations of couple stress theory of elasticity in the
form of displacements for Timoshenko’s couple stress rods
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theory of curved rods in the form (46), where matrices and
vectors (47) become

Ly, L Llyl U 1:71
Ly=|LY% L% L}|, u=|u1|, b=|by|, (66)
Ly, L%, L3, g my

Elements of the matrix operator Ly, can be represented in
the form

u EFa uq
- 2uFik3 s 6
11U = A% ox2 MEKTUq (67)
ou
LYu, = (E+ Zy)Fkla—Xj,

Llim = -2uFkym,

Lu U1 = _(E+},l)Fk1 au1 )’lel 63!11
2141 141 axl A3 aX3 ’
F o%u, rlFa U
Lu, = B> - EFkiu; - 5 ,
AZ ox2 At oxt
Fo Fo?
L’Y _ "l ’71 L ’Yl,
2T TA 0%y A7 oxd
Fky 0%u
LY uy = pFkquy - L1911
31U1 = prkiuy A% ax%
8y, = _HFous  nF o%us
PR A o A3 o
EJ 0’y nF 0%,
LY = =2 L
31T 42752 1A ox

The equations presented in this section are equations
of the Timoshenko’s couple stress curved rods theory. They
can be used for modeling and stress-strain calculations of
plane curved rods by considering couple stress and rota-
tion effects. If in the above equations it is assumed that

Ay = 1 and k; = O the equations for the couple stress
straight beam will be obtained in the form
62u1 T 62u1
EF T bi=p—5 (68)
azuz (34112 a’yl T azuz
ox3 ~nF ox? —yFaxl r]F +ha=pe
—]1F(3—+;1F71+11Fa +E]a 71+r1FaaWz1 + M3
1
_
~Poe

Analysis of this system of partial differential equations
shows that it splits up into two separate parts. First equa-
tion and system of the rest two equations can be solved
independently. We have to mention that system (68) coin-
cide with the one presented in [47, 50, 51] up to notation.
Therefore analysis and verification presented in [47, 50]
take place in considered here case.
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6 Euler-Bernoulli couple stress
theory of the curved rods

Euler-Bernoulli theory of beams is based on assumptions
concerning the value and distribution of the parameters
that define the stress-strain state of the rods. Thus, accord-
ing to static assumptions 0,, = 0 and according to kine-
matic assumptions €;, = 0. In this theory the stress-strain
state of beams is determined by quantities specified on the
middle surface. The stress state is characterized by the nor-
mal nq; and shear n,; forces, as well as the bending m,,
and rotating m;3 moments. They are defined as the follow-
ing
h h
Ny = /011dX2, Ny = /GldeZy (69)
-h -h
h h
ny1 = / 021dx2, Mg = / 011X2dx2,
-h ~h
h
mi3 = /HBdXz,
-h

Displacements in the Euler-Bernoulli theory of curved
rods are defined by vectors u(xp,t) with components
Uq,a = 1, 2 that correspond to displacements of the mid-
dle line and v (x1, t) that is the rotation of the centroidal
axis about the x3 axis of the elements perpendicular to the
middle line.

Unlike the Timoshenko’s theory, in the Euler-Bernoulli
theory of beams the rotation of the centroidal axis is not
independent. It is represented through displacements by
the equation

1 ou 2
m= A1 aXl

Deformations in Euler-Bernoulli theory are deter-
mined by the relations

- kiuy (70)

€11 =e11 +Ki1X2, Ep2=e1, &n=¢€y, (71)

Roughly speaking component e;; corresponds to the
tension-compression deformation of the middle surface,
components e, to the transversal shear deformation and
component k;1 to the bending middle line, respectively.
The following formulas give us relations with correspond-
ing quantities in the first order theory

Eqp ~ €aps €11 ~ K11 (72)

Component £9; and €35 are not taken into account in
the Euler-Bernoulli theory of rods. That also follows from
the kinematic hypothesis.
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According to Euler-Bernoulli beam theory, the dis-
placement and rotation field can be written in the follow-
ing form

1 ou

u1(x1,x2,6) = ui(xq, ) = x2 (ETXi - k1u1> , (73

Ur(x1,x2,6) = up(x1,1), w3lx1,x2,t) =ws3lx1, )

where uq(x1,t) and uy(xq,t) are axial and transverse
displacements in the x; and x, directions respectively,
w3(x1, t) rotation of the centroidal axis about the x5 axis.

By substituting expressions for displacements and ro-
tations (73) into 2-D kinematic relations (32) we obtain
kinematic relations for the couple stress theory of curved
rod in the from

1 ouy

ey = AL ox, +kiuy, ey =0, (74)
_ 1 azuz ](1 au1
e12=0, ¥ = A2 ox? AL ox1’
w3 =w 1 ouz _ kiu
3 21 4 5% 1U1

Constitutive relations of liner couple stress elasticity
for couple stress Euler-Bernoulli curved rod theory can be
obtained in the form generalized Hooke’s law

nyy = EFeyy, myy = EJxqy, (75)
F 0%w; F o’w;
Y —opnt
T2 3x2 1= M2 552

By substituting kinematic relations (74) to the gener-
alized Hooke’s law (75) we obtain constitutive relations in
the form

(76)

k1 au1
Al 6x1

F 62 1 6u2

A2oxd (AiaTl"‘l“l)
27’1Fk1 azul
ox3’

_2nF a3u2 .
A3 a3 A?
F 0% (1 0u kiu
A2ox2 \Ajox; M
_2nF ’u;  2nFky 0%uy
A3 a3 A2 ox?

21 =21

Taking into account that in Euler-Bernoulli beam the-
ory rotational inertial is neglected and therefore aa 7 =0,
the equations of motion for Euler-Bernoulli curved rod can

be presented in the form

1 onyy
Al aXl

a 251
ot2”’

+ (T’l21 + nlz) k1 + 131 pF (77)
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1 onp - 0%up
A, oxs niiki + by _pFTtZ ,
1 am11 N

/T1 ax1 np1 +ms =0,

From the last equation of motion (77) we have

1 am11 ~
Ny = +— - ms,

A 1 aX1 (78)

By substituting kinematic relations in the form (76) in
the equations of motion (77) by considering (78) and gen-
eralized Hooke’s law (77) we obtain a differential equa-
tion of motion in the form of displacements for the Euler-
Bernoulli couple stress curved rod theory in the form

EF 0%u; | EFky ouy | ;  0°uy
Ko A o TP ae #9)
EJky 0*uy  2nFky 0°u; EFky ou;  EJ - 2nF o%u,
T2 o2 T A o AL oxt 5 4
1 9% 1 9% 10X A7 oxg
- d?
—EFk%u2+b2=pTuzz,
where
= 2k +1 _
by (x1) = by (x1) + h+ (052(X1)—(—1)k022 (Xl))
(80)
drits
Txl(xl)

These can be easy converted to the form (46) with ma-
trix operators and vectors (47) in the form

L, = L,ill ’ilZ _
u - u u > u= ’ (81)
21 22

Elements of the matrix operator L, can be represented
in the form

u . _EF*uy ., EFkiou,
Liju; = I%TX%’ 12Uz = A, er, (82)
u E]kl 62u1 2)’1Fk1 63u1 EFk1 ()Lll
wn=-—m 5ot 37 A, oxy’

1 oxg A7 ox3 10Xy

EJ - 2nF o*u, 2

Luy = +=——5 - EFkiu,,
2242 Ai‘ 6X‘1‘ 142

The equations presented in this section are for Euler-
Bernoulli couple stress curved rods theory. They can be
used for modeling and stress-strain calculations of plane
curved rods by considering couple stress and rotation ef-
fects. If in the above equations assume A; = 1and k; =0
the equations for the couple stress straight beam theory
will be obtained in the form

2
0 uq
2
0X7

62u1

EF
ot2”’

+l~71 =p (83)
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(EJ - 2nF)

04u2
ox?

Analysis of this system of partial differential equations
shows that it splits up into three separate parts. Each equa-
tion can be solved independently. We have to mention that
system (83) coincide with the one presented in [43-45] up
to notation. Therefore analysis and verification presented
there take place in considered here case.

7 Conclusions

In this paper new theories for couple stress theory of the
plane curved rods have been developed. 2-D theory is de-
veloped from general 2-D equations of linear couple stress
theory of elasticity using a special curvilinear system of co-
ordinates related to the middle line of the rod and a spe-
cial assumption based on assumptions that take into ac-
count the fact that the rod is thin. High order theory is
based on the expansion of the equations of theory of elas-
ticity into Fourier series in terms of Legendre polynomi-
als in a thickness coordinate. All the functions that define
the stress-strain state of the rod including stress and strain
tensors, vectors of displacements and rotation and body
forces have been expanded into Fourier series in terms of
Legendre polynomials with respect to a thickness coordi-
nate. Thereby, all equations of elasticity including Hooke’s
law have been transformed to the corresponding equa-
tions for Fourier coefficients of the Legendre polynomials
expansion. Then, for Fourier coefficients the system of dif-
ferential equations of motion in terms of displacements
and rotations has been obtained in the same way as in the
theory of elasticity. The Timoshenko’s and Euler-Bernoulli
theories have been developed based on the classical hy-
pothesis and 2-D equations of linear couple stress theory of
elasticity in a special curvilinear system of coordinates. In
the same way, the system of differential equations of mo-
tion in term of displacements and rotations has been de-
veloped for all the cases that have been considered here.
The equations for couple stress theory of the straight beam
can be derived from the equations presented here as spe-
cial case. The obtained equations can be used to calcu-
late the stress-strain as well as to model thin structures in
macro, micro and nano scales by taking into account cou-
ple stress and rotation effects. In particular, the proposed
models can be efficient in modeling, as well as in computer
simulation of the MEMS and NEMS.

Analysis of the systems of partial differential equa-
tions (54), (55) for first order theory, (66), (67) for Timo-
shenko’s theory and (81), (82) for Euler-Bernoulli theory
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show that all of them are coupled and related longitudinal,
flexural and rotational deformation modes. The first order
approximation theory is more complete and all quantities
are approximated by linear functions. The theory based
on Timoshenko’s hypothesis is less accurate, but id it sim-
pler and take into account shear deformation, which is im-
portant for dynamic analysis. The theory based on Euler-
Bernoulli hypothesis is less accurate compared with the
previous ones, but it is the simplest one and couple all the
deformation modes. It is free of inconsistencies and can
be used for modeling and analysis of the curved rod with
considering micropolar couple stress effects.
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