
Chapter 17
Geometrically Nonlinear Cosserat Elasticity with
Chiral Effects Based upon Granular
Micromechanics

Ivan Giorgio, Anil Misra, and Luca Placidi

Abstract In this short contribution, we exemplify how the Cosserat kinematics,
introduced into classical continuum mechanics at the turn of the 𝑋𝑋 th century,
arises when we consider the granular microstructure inherent in all matter. The
discussed discrete-continuum identification, that follows Piola’s ansatz, is utilized to
develop kinematic measures in the framework of finite deformations. These kinematic
measures are then utilized to express the internal deformation (strain) energy in terms
of both grain-scale and continuum kinematic measures. As a result, we have identified
the macroscopic elastic constants of geometrically nonlinear Cosserat continuum
model in terms of the grain scale parameters.
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17.1 Introduction

All materials are characterized by hierarchies of microstructures, which at some
spatial scale, can be described as composed of discrete sub-bodies or structural
elements [1]-[8]. The relative geometrical arrangements and inter-connectivity (inter-
phases or interfaces) of these discrete elements (grains) forms the microstructure
of the matter irrespective of the spatial scale [9]-[15]. Furthermore, the geometri-
cal/mechanical attributes of the interconnections informs the micromechanics of the
grain motions [16]-[19]. The symbiotic effects produced through interaction of the
microstructure and micromechanics can be termed as micro-mechano-morphology
[20]-[25]. The mathematical description of the material deformation by accounting
for the micro-mechano-morphological effects requires introduction of additional
kinematical descriptors in continuum models [26]-[32]. At the turn of the XXth cen-
tury, the Cosserat brothers developed the continuum model of deformable bodies by
introducing the rotational kinematic degree-of-freedom associated with every contin-
uum material point [33]-[35]. The Cosserat model and its refinements/modifications,
known as the micro-polar continuum theory, have come to play an essential role
in explaining certain size-dependent phenomena exhibited by the so-called “micro-
structured” solids [36]-[43], including materials with granular microstructures [35].
In this sense, the Cosserat or the micro-polar models are considered an important
step in the endeavor to capture in greater details the effect of the microstructure in
continuum models of material deformation [20].

In this paper, we derive a geometrically nonlinear Cosserat continuum theory
on the basis of granular micromechanics by linking the grain-scale deformation to
the continuum kinematic measures [44]-[47]. In this regard, we first employ Piola’s
ansatz to make the discrete-continuum identification [26],[48]-[53] such that the
objective relative motion between grains can be related to the continuum strain
measures. Moreover, we can then define the elastic strain energy at the grain-scale
utilizing the objective relative motion between grains, thus laying the foundation
for the micro-macro identification of the elastic constants for a hemitropic Cosserat
media exhibiting chirality.

17.2 Discrete and Continuous Models for Granular Systems

17.2.1 Identification via Piola’s Ansatz

In the discrete model, the reference configuration of the considered set of 𝑛 grains is
given by their position

{𝑋1, 𝑋2, . . . , 𝑋𝑛} ∈
(
𝐸2

)𝑛
,

where 𝐸2 is the Euclidean two dimensional space and reference angular arrangement,
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{ℜ1 = 𝐼,ℜ2 = 𝐼, . . . ,ℜ𝑛 = 𝐼} ∈ (
Orth+

)𝑛
,

where Orth+ is the space of orthogonal tensor with positive determinant (thus, the
space of rotation). For the sake of simplicity, the reference angular arrangement is
assumed to be constant in space and equal to the identity tensor 𝐼.

They displace, respectively, with the following displacement functions

𝑢1 (𝑋1) = 𝜒1 (𝑋1) − 𝑋1, 𝑢2 (𝑋2) = 𝜒2 (𝑋2) − 𝑋2, . . . , 𝑢𝑛 (𝑋𝑛) = 𝜒𝑛 (𝑋𝑛) − 𝑋𝑛,

and rotate as
{𝑅1, 𝑅2, . . . , 𝑅𝑛} ∈

(
Orth+

)𝑛
,

where 𝜒𝑖 (𝑋𝑖) is the placement of the 𝑖-th grain eventually depending on time 𝑡 and
where Orth+ is the space of orthogonal tensor with positive determinant (thus, the
space of rotation).

In the continuum model, we have a continuous body 𝔅 which, in the reference
configuration, is constituted by infinite particles having position 𝑋 , i.e. 𝑋 ∈ B. Each
particle has displacement 𝑢 (𝑋) = 𝜒 (𝑋) − 𝑋 , where 𝜒 (𝑋) is the placement function
of the continuous body 𝔅 and rotation 𝑅 (𝑋).

In the continuum-discrete models identification, the following Piola’s ansatz will
be assumed

𝑢 (𝑋1) = 𝑢1 (𝑋1) , 𝑢 (𝑋2) = 𝑢2 (𝑋2) , . . . 𝑢 (𝑋𝑛) = 𝑢𝑛 (𝑋𝑛) ,
𝑅 (𝑋1) = 𝑅1 (𝑋1) , 𝑅 (𝑋2) = 𝑅2 (𝑋2) , . . . 𝑅 (𝑋𝑛) = 𝑅𝑛 (𝑋𝑛) ,

which means that the displacements and rotation of the 𝑛 grains correspond to the
displacement 𝑢 (𝑋) and rotation 𝑅 (𝑋) of the continuous body 𝔅 evaluated at the
points 𝑋𝑖 with 𝑖 = 1, ..., 𝑛 where the grains are located in the reference configuration.

17.2.2 Relative Intergranular Displacement and Related
Continuum Deformation Measures

Let us assume that the distance between the particles at 𝑋𝑛 and 𝑋𝑝 is 𝐿 and the unit
vector 𝑐 is defined as follows,

𝑋𝑛 − 𝑋𝑝 = 𝑐𝐿. (17.1)

In the reference configuration, therefore, the vector attached to the position 𝑋𝑛 and
pointing to the position 𝑋𝑝 is 𝑐𝐿 and is given in (17.1).

In the current configuration, the positions of the two particles at 𝑋𝑛 and 𝑋𝑝 are,
respectively, 𝜒 (𝑋𝑛) and 𝜒

(
𝑋𝑝

)
. The vector in (17.1) in the current figuration yields

𝜒 (𝑋𝑛) − 𝜒
(
𝑋𝑝

)
. (17.2)

The difference between the vectors in (17.1) and (17.2) is called the relative displace-
ment 𝛿𝑛𝑝 of the two grains 𝑛 and 𝑝,
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𝛿𝑛𝑝 = 𝜒 (𝑋𝑛) − 𝜒
(
𝑋𝑝

) − (
𝑋𝑛 − 𝑋𝑝

)
= 𝑢𝑛 (𝑋𝑛) −𝑢𝑝

(
𝑋𝑝

)
. (17.3)

In order to define an objective relative displacement (i.e. a relative displacement that
is a measure of the contribution of the 𝑛− 𝑝 pair to the deformation of the granular
assembly), we consider both the deformation gradient

𝐹 = F (
𝑋𝑝

)
= ∇𝜒, (17.4)

as the gradient of the placement function 𝜒 and the rotation

𝑅 = R (
𝑋𝑝

)
. (17.5)

Thus, we define two objective relative displacements, i.e. the objective macro relative
displacement𝑢𝑛𝑝 and the objective micro-macro relative displacement 𝛾𝑛𝑝 as follows,

𝑢𝑛𝑝 = F 𝑇 (
𝑋𝑝

) [
𝜒 (𝑋𝑛) − 𝜒

(
𝑋𝑝

) ] − (
𝑋𝑛 − 𝑋𝑝

)
, (17.6)

𝛾𝑛𝑝 = R𝑇 (
𝑋𝑝

) [
𝜒 (𝑋𝑛) − 𝜒

(
𝑋𝑝

) ] − (
𝑋𝑛 − 𝑋𝑝

)
. (17.7)

In the current configuration, the rotations of the two particles at 𝑋𝑛 and 𝑋𝑝 are,
respectively, R (𝑋𝑛) and R (

𝑋𝑝
)
. Thus, we define an objective relative tensor,

𝑚𝑛𝑝 = R𝑇 (
𝑋𝑝

)R (𝑋𝑛) − 𝐼 (17.8)

that is called the intergranular micro deformation. Let us now assume that the two
grains 𝑛 and 𝑝 are neighboring grains. Let us restrict the present model to the case
they place and rotate similarly in the present configuration, and therefore the following
Taylor’s series expansions are possible and yield

𝜒 (𝑋𝑛) � 𝜒
(
𝑋𝑝

) + (∇𝜒)𝑋𝑝

(
𝑋𝑛 − 𝑋𝑝

)
= 𝜒

(
𝑋𝑝

) +F (
𝑋𝑝

) (
𝑋𝑛 − 𝑋𝑝

)
. (17.9)

𝑅 (𝑋𝑛) � R (
𝑋𝑝

) + (∇R)𝑋𝑝

(
𝑋𝑛 − 𝑋𝑝

)
. (17.10)

It is notable that this simplification may loose applicability for materials that pos-
sess strong variations and discontinuities of stiffnesses or have highly disordered
geometries, which could be deliberately designed as in pantographic metamaterials
[11, 21, 49], [54]-[68] or in granular (meta)materials [69]. In these cases, Taylor ex-
pansion is not representative and additional kinematic descriptors may be introduced
to accurately describe the response as in Cosserat or micromorphic media [20, 36].

The Green–Saint-Venant tensor 𝐺,

𝐺 =
1
2

(
𝐹𝑇𝐹 − 𝐼

)
, (17.11)

is defined in terms of the deformation gradient 𝐹 as well as a relative micro-macro
Green–Saint-Venant tensor Υ

Υ =
1
2

(
𝑅𝑇𝐹 − 𝐼

)
. (17.12)
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The last four equations (17.9-17.11-17.10-17.12) involve third order tensors and it is
more convenient to show them in index notation

𝜒𝑛
𝑖 = 𝜒𝑝

𝑖 +𝐹 𝑝
𝑖 𝑗𝑐 𝑗𝐿, 𝐺 𝑝

𝑖 𝑗 =
1
2

(
𝐹 𝑝
𝑎𝑖𝐹

𝑝
𝑎 𝑗 − 𝛿𝑖 𝑗

)
,

𝑅𝑛
𝑎 𝑗 = 𝑅𝑝

𝑎 𝑗 +𝑅𝑝
𝑎 𝑗,ℎ𝑐ℎ𝐿, Υ𝑝

𝑖 𝑗 =
1
2

(
𝑅𝑝
𝑎𝑖𝐹

𝑝
𝑎 𝑗 − 𝛿𝑖 𝑗

)
, (17.13)

where superscripts 𝑛 or 𝑝 denote that the functions are evaluated, respectively, at the
points 𝑋𝑛 or 𝑋𝑝 . Thus, the objective relative displacements in (17.6) and (17.7) and
tensor (17.8) are in index form,

𝑢𝑛𝑝𝑖 = 𝐹 𝑝
𝑎𝑖

(
𝜒𝑛
𝑎 − 𝜒𝑝

𝑎

) − (
𝑋𝑛
𝑖 − 𝑋 𝑝

𝑖

)
,

𝛾𝑛𝑝𝑖 = 𝑅𝑝
𝑎𝑖

(
𝜒𝑛
𝑎 − 𝜒𝑝

𝑎

) − (
𝑋𝑛
𝑖 − 𝑋 𝑝

𝑖

)
,

𝑚𝑛𝑝
𝑖 𝑗 = 𝑅𝑝

𝑎𝑖𝑅
𝑛
𝑎 𝑗 − 𝛿𝑖 𝑗 ,

that, from (17.1) and (17.13)1 yields

𝑢𝑛𝑝𝑖 = 𝐹 𝑝
𝑎𝑖

(
𝐹 𝑝
𝑎 𝑗𝑐 𝑗𝐿

)
− 𝑐𝑖𝐿 = 𝐹 𝑝

𝑎𝑖𝐹
𝑝
𝑎 𝑗𝑐 𝑗𝐿− 𝛿𝑖 𝑗𝑐 𝑗𝐿 = 2𝐺 𝑝

𝑖 𝑗𝑐 𝑗𝐿, (17.14)

𝛾𝑛𝑝𝑖 = 𝑅𝑝
𝑎𝑖

(
𝐹 𝑝
𝑎 𝑗𝑐 𝑗𝐿

)
− 𝑐𝑖𝐿 =

[
𝑅𝑝
𝑎𝑖𝐹

𝑝
𝑎 𝑗 − 𝛿𝑖 𝑗

]
𝑐 𝑗𝐿 = 2Υ𝑝

𝑖 𝑗𝑐 𝑗𝐿, (17.15)

𝑚𝑛𝑝
𝑖 𝑗 = 𝑅𝑝

𝑎𝑖𝑅
𝑛
𝑎 𝑗 − 𝛿𝑖 𝑗 = 𝑅𝑝

𝑎𝑖

(
𝑅𝑝
𝑎 𝑗 +𝑅𝑝

𝑎 𝑗,ℎ𝑐ℎ𝐿
)
− 𝛿𝑖 𝑗 = 𝑅𝑝

𝑎𝑖𝑅
𝑝
𝑎 𝑗,ℎ𝑐ℎ𝐿, (17.16)

where 𝛿𝑖 𝑗 is the Kronecker symbol. In absolute notation (17.14), (17.15) and (17.16)
are

𝑢𝑛𝑝 = 2𝐿𝐺𝑐, 𝛾𝑛𝑝 = 2𝐿Υ𝑐, 𝑚𝑛𝑝 = 𝐿𝑅𝑇 (∇𝑅) 𝑐, (17.17)

where all the superscripts 𝑝 have been omitted because all the quantities are locally
evaluated at 𝑋 = 𝑋𝑝 .

17.2.3 On the Objective (Macro and Micro-macro) Displacement
Vectors

The projections of the objective relative displacements on the unit vector 𝑐, de-
fined in (17.1), is the so called normal displacement 𝑢𝜂 , and normal micro relative
displacement that are defined,

𝑢𝜂 =
1
2
𝑢𝑛𝑝 · 𝑐, 𝛾𝜂 =

1
2
𝛾𝑛𝑝 · 𝑐. (17.18)

Insertion of (17.14) and (17.15) into (17.18) provides

𝑢𝜂 = 𝐿𝐺𝑖 𝑗𝑐𝑖𝑐 𝑗 , 𝛾𝜂 = 𝐿Υ𝑖 𝑗𝑐𝑖𝑐 𝑗 . (17.19)
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Their squares are,

𝑢2
𝜂 = 𝐿2𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏𝐺𝑖 𝑗𝐺𝑎𝑏, 𝛾2

𝜂 = 𝐿2𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏Υ𝑖 𝑗Υ𝑎𝑏 . (17.20)

The objective relative displacement vectors 𝑢𝑛𝑝 and 𝛾𝑛𝑝 projected orthogonally
to the unit vector 𝑐, defined in (17.1), are the so called tangent displacements 𝑢𝜏 and
𝛾𝜏 that are vectors and defined as follows,

𝑢𝜏 = 𝑢𝑛𝑝 − (𝑢𝑛𝑝 · 𝑐) 𝑐, 𝛾𝜏 = 𝛾𝑛𝑝 − (𝛾𝑛𝑝 · 𝑐) 𝑐. (17.21)

The only objective quantities derived from 𝑢𝜏 , 𝛾𝜏 and 𝑐 are the squares of both 𝑢𝜏

and 𝛾𝜏 and their scalar product, i.e.

𝑢2
𝜏 = [𝑢𝑛𝑝 − (𝑢𝑛𝑝 · 𝑐) 𝑐] · [𝑢𝑛𝑝 − (𝑢𝑛𝑝 · 𝑐) 𝑐] = 𝑢𝑛𝑝 ·𝑢𝑛𝑝 − (𝑢𝑛𝑝 · 𝑐)2 , (17.22)

𝛾2
𝜏 = [𝛾𝑛𝑝 − (𝛾𝑛𝑝 · 𝑐) 𝑐] · [𝛾𝑛𝑝 − (𝛾𝑛𝑝 · 𝑐) 𝑐] = 𝛾𝑛𝑝 · 𝛾𝑛𝑝 − (𝛾𝑛𝑝 · 𝑐)2 , (17.23)

𝑢𝜏 · 𝛾𝜏 = [𝑢𝑛𝑝 − (𝑢𝑛𝑝 · 𝑐) 𝑐] · [𝛾𝑛𝑝 − (𝛾𝑛𝑝 · 𝑐) 𝑐]
= 𝑢𝑛𝑝 · 𝛾𝑛𝑝 − (𝑢𝑛𝑝 · 𝑐) (𝛾𝑛𝑝 · 𝑐) , (17.24)

or, in index notation and taking (17.20) into account,

𝑢2
𝜏 =

(
2𝐺𝑖 𝑗𝑐 𝑗𝐿

) (2𝐺𝑖𝑘𝑐𝑘𝐿) −4𝑢2
𝜂 , (17.25)

𝛾2
𝜏 =

(
2Υ𝑖 𝑗𝑐 𝑗𝐿

) (2Υ𝑖𝑘𝑐𝑘𝐿) −4𝛾2
𝜂 , (17.26)

𝑢𝜏 · 𝛾𝜏 =
(
2𝐺𝑖 𝑗𝑐 𝑗𝐿

) (2Υ𝑖𝑘𝑐𝑘𝐿) −4𝑢𝜂𝛾𝜂 , (17.27)

or in a more compact form,

𝑢2
𝜏 = 4𝐿2𝐺𝑖 𝑗𝐺𝑎𝑏

(
𝛿𝑖𝑎𝑐 𝑗𝑐𝑏 − 𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

)
, (17.28)

𝛾2
𝜏 = 4𝐿2Υ𝑖 𝑗Υ𝑎𝑏

(
𝛿𝑖𝑎𝑐 𝑗𝑐𝑏 − 𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

)
, (17.29)

𝑢𝜏 · 𝛾𝜏 = 4𝐿2𝐺𝑖 𝑗Υ𝑎𝑏
(
𝛿𝑖𝑎𝑐 𝑗𝑐𝑏 − 𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

)
. (17.30)

17.2.4 On the Objective Tensor

In the 2D case, the rotation tensor 𝑅 is assumed to be a rotation of an angle 𝜑 around
the third axis orthogonal to the 2D plane. Besides, the unit vector 𝑐 is parameterized
by the anticlockwise angle 𝜃 with respect to the horizontal axis within the 2D plane
and the displacement vector 𝑢 has only two components, i.e. 𝑢3 = 0. Finally, the
deformation gradient 𝐹 is an in-plane tensor. In formulas we have,

𝑅 =
©­­­«

cos𝜑 sin𝜑 0
−sin𝜑 cos𝜑 0

0 0 1

ª®®®¬ , 𝑐 =
©­­­«

cos𝜃
sin𝜃

0

ª®®®¬ ,
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𝑢 =
©­­­«
𝑢1

𝑢2

0

ª®®®¬ , 𝐹 =
©­­­«

1+𝑢1,1 𝑢1,2 0
𝑢2,1 1+𝑢2,2 0
0 0 0

ª®®®¬ . (17.31)

The gradient of the rotation tensor is a third order tensor but its projection along the
unit vector 𝑐 is a second order tensor with the following components

[(∇𝑅) 𝑐]𝑖 𝑗 = (∇𝑅)𝑖 𝑗ℎ 𝑐ℎ = 𝑅𝑖 𝑗 ,ℎ𝑐ℎ . (17.32)

Thus, evaluating component by component the second order tensor defined in (17.32)
we have,

[(∇𝑅) 𝑐]11 = 𝑅11,1𝑐1 +𝑅11,2𝑐2 = −sin𝜑
(
𝜑,1

)
cos𝜃 − sin𝜑

(
𝜑,2

)
sin𝜃,

[(∇𝑅) 𝑐]12 = 𝑅12,1𝑐1 +𝑅12,2𝑐2 = cos𝜑
(
𝜑,1

)
cos𝜃 + cos𝜑

(
𝜑,2

)
sin𝜃,

[(∇𝑅) 𝑐]21 = 𝑅21,1𝑐1 +𝑅21,2𝑐2 = −cos𝜑
(
𝜑,1

)
cos𝜃 − cos𝜑

(
𝜑,2

)
sin𝜃,

[(∇𝑅) 𝑐]22 = 𝑅22,1𝑐1 +𝑅22,2𝑐2 = −sin𝜑
(
𝜑,1

)
cos𝜃 − sin𝜑

(
𝜑,2

)
sin𝜃,

or in a matrix compact form,

(∇𝑅) 𝑐 =
©­­­«
−sin𝜑

(
𝜑,1 cos𝜃 +𝜑,2 sin𝜃

)
cos𝜑

(
𝜑,1 cos𝜃 +𝜑,2 sin𝜃

)
0

−cos𝜑
(
𝜑,1 cos𝜃 +𝜑,2 sin𝜃

) −sin𝜑
(
𝜑,1 cos𝜃 +𝜑,2 sin𝜃

)
0

0 0 0

ª®®®¬ ,
that can be reduced as follows,

(∇𝑅) 𝑐 = ∇𝜑 · 𝑐
©­­­«
−sin𝜑 cos𝜑 0
−cos𝜑 −sin𝜑 0

0 0 0

ª®®®¬
Keeping this in mind, the objective relative tensor in (17.16) is easily represented
from (17.31)1 as follows,

𝑚𝑛𝑝 = 𝐿𝑅𝑇 (∇𝑅) 𝑐 = 𝐿∇𝜑 · 𝑐
©­­­«

cos𝜑 −sin𝜑 0
sin𝜑 cos𝜑 0

0 0 1

ª®®®¬
©­­­«
−sin𝜑 cos𝜑 0
−cos𝜑 −sin𝜑 0

0 0 0

ª®®®¬
= 𝜅

©­­­«
0 1 0
−1 0 0
0 0 1

ª®®®¬ , (17.33)

where,
𝜅 = 𝐿∇𝜑 · 𝑐. (17.34)
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The representation (17.33) of the objective relative tensor in terms of a single scalar
is worth noting.

17.2.5 The Objective Scalar Deformation Measures

Finally, we can list the scalar quantities of the relative deformation measures of the
pairs (17.6), (17.7) and (17.8),

𝑢𝜂 , 𝛾𝜂 , 𝑢
2
𝜏 , 𝛾

2
𝜏 , 𝜅,𝑢𝜏 · 𝛾𝜏 . (17.35)

from (17.18), (17.28), (17.29), (17.30) and (17.34).

17.3 Elastic Energy Function

The elastic energy function 𝑈𝑛𝑝 for a given couple of particles, say the couple 𝑛− 𝑝
considered in Section 17.2.2, is assumed to be, in the discrete and (because of the
Piola’s ansatz) in the continuum models, a quadratic form of normal and tangent
parts components of the objective relative displacements listed in (17.35),

𝑈𝑛𝑝 =
1
2
𝑘𝜂

(
1−𝐷𝜂

)
𝑢2
𝜂 +

1
2
𝑘𝛾𝜂

(
1−𝐷𝛾𝜂

)
𝛾2
𝜂 +

1
2
𝑘𝜏 (1−𝐷𝜏) 𝑢2

𝜏+

+ 1
2
𝑘𝛾𝜏

(
1−𝐷𝛾𝜏

)
𝛾2
𝜏 +

1
2
𝑘𝜅 (1−𝐷𝜅 ) 𝜅2+

+ 𝑘𝑢𝜏𝛾𝜏𝑢𝜏 · 𝛾𝜏 + 𝑘𝑢𝜂𝛾𝜂𝑢𝜂𝛾𝜂 + 𝑘𝑢𝜂𝜅𝑢𝜂𝜅 + 𝑘𝛾𝜂𝜅𝛾𝜂𝜅, (17.36)

where the coefficients of this quadratic form are the stiffness of the grain pair elastic
interaction, that can be divided into the coefficients of the quadratic terms,

𝑘𝜂 , 𝑘𝛾𝜂 , 𝑘𝜏 , 𝑘𝛾𝜏 , 𝑘𝜅 , (17.37)

and that of the coupling terms,

𝑘𝑢𝜏𝛾𝜏 , 𝑘𝑢𝜂𝛾𝜂 , 𝑘𝑢𝜂𝜅 , 𝑘𝛾𝜂𝜅 . (17.38)

For the sake of simplicity, we have assumed that damage affects only the stiffness
listed in (17.37) with the following, and respectively, damage variables

𝐷𝜂 , 𝐷𝛾𝜂 , 𝐷𝜏 , 𝐷𝛾𝜏 , 𝐷𝜅 .

The total elastic energy density, for a given position 𝑋 , is the some of that of every
pairs or, in the continuum approximation, the integral over all the orientation



17 Geometrically Nonlinear Cosserat Elasticity with Chiral Effects . . . 281

𝑈 =
∫
S1

1
2
𝑘𝜂

(
1−𝐷𝜂

) (
𝐿2𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏𝐺𝑖 𝑗𝐺𝑎𝑏

)
+
∫
S1

1
2
𝑘𝛾𝜂

(
1−𝐷𝛾𝜂

)
𝐿2𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏Υ𝑖 𝑗Υ𝑎𝑏

+
∫
S1

1
2
𝑘𝜏 (1−𝐷𝜏)

(
4𝐿2𝐺𝑖 𝑗𝐺𝑎𝑏

(
𝛿𝑖𝑎𝑐 𝑗𝑐𝑏 − 𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

) )
+
∫
S1

1
2
𝑘𝛾𝜏

(
1−𝐷𝛾𝜏

)
4𝐿2Υ𝑖 𝑗Υ𝑎𝑏

(
𝛿𝑖𝑎𝑐 𝑗𝑐𝑏 − 𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

)
+
∫
S1

1
2
𝑘𝜅 (1−𝐷𝜅 ) 𝐿2𝜑,𝑖𝜑, 𝑗𝑐𝑖𝑐 𝑗

+
∫
S1

𝑘𝑢𝜏𝛾𝜏4𝐿2𝐺𝑖 𝑗Υ𝑎𝑏
(
𝛿𝑖𝑎𝑐 𝑗𝑐𝑏 − 𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

)
+
∫
S1

𝑘𝑢𝜂𝛾𝜂2𝐿𝑐𝑖𝑐 𝑗𝐺𝑖 𝑗2𝐿Υ𝑎𝑏𝑐𝑎𝑐𝑏

+
∫
S1

𝑘𝑢𝜂𝜅2𝐿𝑐𝑖𝑐 𝑗𝑐ℎ𝐺𝑖 𝑗𝜑,ℎ

+
∫
S1

𝑘𝛾𝜂𝜅𝐿Υ𝑖 𝑗𝑐𝑖𝑐 𝑗𝜑,ℎ𝑐ℎ (17.39)

where insertion of (17.18), (17.28), (17.29), (17.30) and (17.34) have been used and
the integral over the unit circle is intended as follows,∫

S1

(•) =
2𝜋∫

0

(•) 𝑑𝜃.

Grouping the terms of (17.39), we have

𝑈 =
∫
S1

1
2
𝐿2 [𝑘𝜂 (1−𝐷𝜂

) (
𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

) ]
𝐺𝑖 𝑗𝐺𝑎𝑏

+
∫
S1

1
2
𝐿2 [𝑘𝜏 (1−𝐷𝜏)

( (
𝛿𝑖𝑎𝑐 𝑗𝑐𝑏 + 𝛿𝑖𝑏𝑐 𝑗𝑐𝑎 + 𝛿 𝑗𝑎𝑐𝑖𝑐𝑏 + 𝛿 𝑗𝑏𝑐𝑖𝑐𝑎

)
−4𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

) ]
𝐺𝑖 𝑗𝐺𝑎𝑏

+
∫
S1

1
2
𝐿2 [𝑘𝛾𝜂 (1−𝐷𝛾𝜂

)
𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

+ 𝑘𝛾𝜏
(
1−𝐷𝛾𝜏

)
4
(
𝛿𝑖𝑎𝑐 𝑗𝑐𝑏 − 𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

) ]
Υ𝑖 𝑗Υ𝑎𝑏
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+
∫
S1

1
2
𝐿2𝑘𝜅 (1−𝐷𝜅 ) 𝑐𝑖𝑐 𝑗𝜑,𝑖𝜑, 𝑗

+
∫
S1

𝐿24
[
𝑘𝑢𝜏𝛾𝜏

(
1
2
(
𝛿𝑖𝑎𝑐 𝑗𝑐𝑏 + 𝛿 𝑗𝑎𝑐𝑖𝑐𝑏

) − 𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

)
+ 𝑘𝑢𝜂𝛾𝜂𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

]
𝐺𝑖 𝑗Υ𝑎𝑏

+
∫
S1

𝑘𝑢𝜂𝜅2𝐿𝑐𝑖𝑐 𝑗𝑐ℎ𝐺𝑖 𝑗𝜑,ℎ

+
∫
S1

𝑘𝛾𝜂𝜅𝐿𝑐𝑖𝑐𝑎𝑐𝑏Υ𝑎𝑏𝜑,𝑖

or, in a compact form, it yields

𝑈 =
1
2
C𝑖 𝑗𝑎𝑏𝐺𝑖 𝑗𝐺𝑎𝑏 + 1

2
C𝛾

𝑖 𝑗𝑎𝑏Υ𝑖 𝑗Υ𝑎𝑏 + 1
2
K𝑖 𝑗𝜑,𝑖𝜑, 𝑗

+K𝑢𝛾
𝑖 𝑗𝑎𝑏𝐺𝑖 𝑗Υ𝑎𝑏 +K𝑢𝜅

𝑖 𝑗ℎ𝐺𝑖 𝑗𝜑,ℎ +K𝜅𝛾
𝑖𝑎𝑏𝜑,𝑖Υ𝑎𝑏, (17.40)

where the elastic stiffness C, C𝛾 , K, K𝑢𝛾 , K𝑢𝜅 , and K𝜅𝛾 are identified in (17.40) as
follows, with the symmetrization induced by the symmetry of the strain tensor 𝐺,

C𝑖 𝑗𝑎𝑏 = 𝐿2
∫
S1

𝑘𝜂
(
1−𝐷𝜂

) (
𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

)
+4𝐿2

∫
S1

𝑘𝜏(1−𝐷𝜏)
(
1
4
(𝛿𝑖𝑎𝑐 𝑗𝑐𝑏 + 𝛿𝑖𝑏𝑐 𝑗𝑐𝑎 + 𝛿 𝑗𝑎𝑐𝑖𝑐𝑏 + 𝛿 𝑗𝑏𝑐𝑖𝑐𝑎)−𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

)
(17.41)

C𝛾
𝑖 𝑗𝑎𝑏 = 𝐿2

∫
S1

𝑘𝛾𝜂
(
1−𝐷𝛾𝜂

) (
𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

)
+4𝐿2

∫
S1

𝑘𝛾𝜏
(
1−𝐷𝛾𝜏

) (
𝛿𝑖𝑎𝑐 𝑗𝑐𝑏 − 𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

)
(17.42)

K𝑖 𝑗 = 𝐿2
∫
S1

𝑘𝜅 (1−𝐷𝜅 ) 𝑐𝑖𝑐 𝑗 (17.43)

K
𝑢𝛾
𝑖 𝑗𝑎𝑏 = 4𝐿2

∫
S1

(
𝑘𝑢𝜂𝛾𝜂𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

)
+4𝐿2

∫
S1

{
𝑘𝑢𝜏𝛾𝜏

[
1
2
(
𝛿𝑖𝑎𝑐 𝑗𝑐𝑏 + 𝛿 𝑗𝑎𝑐𝑖𝑐𝑏

) − 𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

]}
(17.44)

K𝑢𝜅
𝑖 𝑗ℎ = 2𝐿

∫
S1

(
𝑘𝑢𝜂𝜅𝑐𝑖𝑐 𝑗𝑐ℎ

)
(17.45)
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K
𝜅𝛾
𝑖𝑎𝑏 = 𝐿

∫
S1

(
𝑘𝛾𝜂𝜅𝑐𝑖𝑐𝑎𝑐𝑏

)
(17.46)

17.4 Identification of the Undamaged Isotropic Case

17.4.1 Characterization of the Undamaged Isotropic Case

In the non-damaged isotropic case, we have both

𝐷𝜂 = 𝐷𝜏 = 𝐷𝛾𝜂 = 𝐷𝛾𝜏 = 𝐷𝜅 = 0,

and constant distribution of stiffnesses with respect to the orientation

𝑘𝜂 = 𝑘̃𝜂 (𝜃) =
𝑘̄𝜂

2𝜋
, 𝑘𝜏 = 𝑘̃𝜏 (𝜃) = 𝑘̄𝜏

2𝜋
,

𝑘𝛾𝜂 = 𝑘̃𝛾𝜂 (𝜃) =
𝑘̄𝛾𝜂

2𝜋
, 𝑘𝛾𝜏 = 𝑘̃𝛾𝜏 (𝜃) =

𝑘̄𝛾𝜏

2𝜋
,

𝑘𝜅 = 𝑘̃𝜅 (𝜃) = 𝑘̄𝜅
2𝜋

,

𝑘𝑢𝜂𝛾𝜂 = 𝑘̃𝑢𝜂𝛾𝜂 (𝜃) =
𝑘̄𝑢𝜂𝛾𝜂

2𝜋
, 𝑘𝑢𝜏𝛾𝜏 = 𝑘̃𝑢𝜏𝛾𝜏 (𝜃) =

𝑘̄𝑢𝜏𝛾𝜏

2𝜋
,

𝑘𝑢𝜂𝜅 = 𝑘̃𝑢𝜂𝜅 (𝜃) =
𝑘̄𝑢𝜂𝜅

2𝜋
, 𝑘𝛾𝜂𝜅 = 𝑘̃𝛾𝜂𝜅 (𝜃) =

𝑘̄𝛾𝜂𝜅

2𝜋

where 𝑘̄𝜂 , 𝑘̄𝜏 𝑘̄𝛾𝜂 , 𝑘̄𝛾𝜏 𝑘̄𝜅 , 𝑘̄𝑢𝜂𝛾𝜂 , 𝑘̄𝑢𝜏𝛾𝜏 , 𝑘̄𝑢𝜂𝜅 and 𝑘̄𝛾𝜂𝜅 are the integrated stiffness
over the set of possible orientations, that are defined in the general anisotropic case
as follows,

𝑘̄𝜂 =

2𝜋∫
0

𝑘̃𝜂 (𝜃) 𝑑𝜃, 𝑘̄𝜏 =

2𝜋∫
0

𝑘̃𝜏 (𝜃) 𝑑𝜃,

𝑘̄𝛾𝜂 =

2𝜋∫
0

𝑘̃𝛾𝜂 (𝜃) 𝑑𝜃, 𝑘̄𝛾𝜏 =

2𝜋∫
0

𝑘̃𝛾𝜏 (𝜃) 𝑑𝜃,

𝑘̄𝜅 =

2𝜋∫
0

𝑘̃𝜅 (𝜃) 𝑑𝜃,

𝑘̄𝑢𝜂𝛾𝜂 =

2𝜋∫
0

𝑘̃𝑢𝜂𝛾𝜂 (𝜃) 𝑑𝜃, 𝑘̄𝑢𝜏𝛾𝜏 =

2𝜋∫
0

𝑘̃𝑢𝜏𝛾𝜏 (𝜃) 𝑑𝜃,
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𝑘̄𝑢𝜂𝜅 =

2𝜋∫
0

𝑘̃𝑢𝜂𝜅 (𝜃) 𝑑𝜃, 𝑘̄𝛾𝜂𝜅 =

2𝜋∫
0

𝑘̃𝛾𝜂𝜅 (𝜃) 𝑑𝜃.

With these hypotheses, stiffness tensors (17.41), (17.42), (17.43), (17.44), and (17.46)
reduce to the following simplified form

C𝑖 𝑗𝑎𝑏 = 2𝐿2 𝑘̄𝜂

𝜋

∫
S1

(
𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

)
+2𝐿2 𝑘̄𝜏

𝜋

∫
S1

[
1
4
(
𝛿𝑖𝑎𝑐 𝑗𝑐𝑏 + 𝛿𝑖𝑏𝑐 𝑗𝑐𝑎 + 𝛿 𝑗𝑎𝑐𝑖𝑐𝑏 + 𝛿 𝑗𝑏𝑐𝑖𝑐𝑎

) − 𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

]
(17.47)

C𝛾
𝑖 𝑗𝑎𝑏 = 2𝐿2 𝑘̄𝛾𝜂

𝜋

∫
S1

(
𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

) +2𝐿2 𝑘̄𝛾𝜏

𝜋

∫
S1

(
𝛿𝑖𝑎𝑐 𝑗𝑐𝑏 − 𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

)
(17.48)

K𝑖 𝑗 =
𝑘̄𝜅
2𝜋

𝐿2
∫
S1

(
𝑐𝑖𝑐 𝑗

)
(17.49)

K
𝑢𝛾
𝑖 𝑗𝑎𝑏 = 2𝐿2 𝑘̄𝑢𝜂𝛾𝜂

𝜋

∫
S1

(
𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

)
+2𝐿2 𝑘̄𝑢𝜏𝛾𝜏

𝜋

∫
S1

[(
1
2
(
𝛿𝑖𝑎𝑐 𝑗𝑐𝑏 + 𝛿 𝑗𝑎𝑐𝑖𝑐𝑏

) − 𝑐𝑖𝑐 𝑗𝑐𝑎𝑐𝑏

)]
(17.50)

K𝑢𝜅
𝑖 𝑗ℎ = 0 (17.51)

K
𝜅𝛾
𝑖𝑎𝑏 = 0. (17.52)

It is worth noting that the coupling tensor

K
𝑢𝛾
𝑖 𝑗 [𝑎𝑏] = 𝐿2 𝑘̄𝑢𝜏𝛾𝜏

𝜋

∫
S1

[
1
2
(
𝛿𝑖𝑎𝑐 𝑗𝑐𝑏 + 𝛿 𝑗𝑎𝑐𝑖𝑐𝑏

) − 1
2
(
𝛿𝑖𝑏𝑐 𝑗𝑐𝑎 + 𝛿 𝑗𝑏𝑐𝑖𝑐𝑎

) ]
is null for the isotropic case,

K
𝑢𝛾
𝑖 𝑗 [𝑎𝑏] = 𝐿2 𝑘̄𝑢𝜏𝛾𝜏

2𝜋
[
𝜋𝛿𝑖𝑎𝛿 𝑗𝑏 + 𝜋𝛿𝑖𝑏𝛿 𝑗𝑎 − 𝜋𝛿𝑖𝑏𝛿 𝑗𝑎 − 𝜋𝛿𝑖𝑎𝛿 𝑗𝑏

]
= 0.

17.4.2 Macroscopic Isotropic Stiffness Matrices

The standard isotropic representation of 2nd and 4th order stiffness tensors, for the
2D case, is given by following expressions (17.53), (17.55), (17.57), and (17.59),
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K𝑖 𝑗 = 𝜅𝛿𝑖 𝑗 (17.53)
𝜅 = K11 (17.54)

C𝑖 𝑗𝑎𝑏 = 𝜇𝛿𝑖𝑎𝛿 𝑗𝑏 + 𝜇𝛿𝑖𝑏𝛿 𝑗𝑎 +𝜆𝛿𝑖 𝑗𝛿𝑎𝑏 (17.55)
C1212 = 𝜇, C1122 = 𝜆, (17.56)

C
𝛾
𝑖 𝑗𝑎𝑏 = 𝜇

𝛾
1 𝛿𝑖𝑎𝛿 𝑗𝑏 + 𝜇

𝛾
2 𝛿𝑖𝑏𝛿 𝑗𝑎 +𝜆𝛾𝛿𝑖 𝑗𝛿𝑎𝑏 (17.57)

C
𝛾
1212 = 𝜇

𝛾
1 , C

𝛾
1221 = 𝜇

𝛾
2 , C

𝛾
1122 = 𝜆𝛾 , (17.58)

K
𝑢𝛾
𝑖 𝑗𝑎𝑏 = 𝜇

𝑢𝛾
1 𝛿𝑖𝑎𝛿 𝑗𝑏 + 𝜇

𝑢𝛾
2 𝛿𝑖𝑏𝛿 𝑗𝑎 +𝜆𝑢𝛾𝛿𝑖 𝑗𝛿𝑎𝑏 (17.59)

K
𝑢𝛾
1212 = 𝜇

𝑢𝛾
1 , K

𝑢𝛾
1221 = 𝜇

𝑢𝛾
2 , K

𝑢𝛾
1122 = 𝜆𝑢𝛾 (17.60)

where identifications of Lamè coefficients in terms of the stiffness matrix components
have also been expressed in (17.54), (17.56), (17.58) and (17.60).

17.4.3 Identification of the Macroscopic Isotropic Stiffness Matrices

In the 2D case, a standard representation of the unit vector 𝑐 is

𝑐1 = cos𝜃, 𝑐2 = sin𝜃, (17.61)

where 𝜃 is the anti-clockwise angle from the first unit vector 𝑒1 of the frame of
reference to 𝑐. Besides, trivial analytical results are as follows

2𝜋∫
0

(
sin2 𝜃

)
𝑑𝜃 =

2𝜋∫
0

(
cos2 𝜃

)
𝑑𝜃 = 𝜋, (17.62)

2𝜋∫
0

(
sin2 𝜃 cos2 𝜃

)
𝑑𝜃 =

1
4
𝜋, (17.63)

2𝜋∫
0

sin4 𝜃𝑑𝜃 =

2𝜋∫
0

cos4 𝜃𝑑𝜃 =
3
4
𝜋. (17.64)

From (17.54), (17.49) and (17.62)

𝜅 = K11 =
𝑘̄𝜅
2𝜋

𝐿2
2𝜋∫

0

(
cos2 𝜃

)
=
𝑘̄𝜅
2
𝐿2. (17.65)
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From (17.56)1, (17.47) and (17.63)

𝜇 = C1212 = 2𝐿2 𝑘̄𝜂

𝜋

2𝜋∫
0

(
sin2 𝜃 cos2 𝜃

)
+2𝐿2 𝑘̄𝜏

𝜋

2𝜋∫
0

[
1
4
− sin2 𝜃 cos2 𝜃

]
=

1
2
𝐿2 (𝑘̄𝜂 + 𝑘̄𝜏 ) . (17.66)

From (17.56)2, (17.47) and (17.63)

𝜆 = C1122 = 2𝐿2 𝑘̄𝜂

𝜋

2𝜋∫
0

(
sin2 𝜃 cos2 𝜃

)
+2𝐿2 𝑘̄𝜏

𝜋

2𝜋∫
0

[−sin2 𝜃 cos2 𝜃
]
=

1
2
𝐿2 (𝑘̄𝜂 − 𝑘̄𝜏

)
. (17.67)

From (17.58)1, (17.57), (17.64) and (17.63)

𝜇
𝛾
1 = C𝛾

1212 = C
𝛾
2121 = 2𝐿2 𝑘̄𝛾𝜂

𝜋

2𝜋∫
0

(
sin2 𝜃 cos2 𝜃

)
+2𝐿2 𝑘̄𝛾𝜏

𝜋

2𝜋∫
0

[
sin2 𝜃 − sin2 𝜃 cos2 𝜃

]
=

1
2
𝐿2 (𝑘̄𝛾𝜂 +3𝑘̄𝛾𝜏

)
. (17.68)

From (17.58)2, (17.57) and (17.63)

𝜇
𝛾
2 = C𝛾

1221 = 2𝐿2 𝑘̄𝛾𝜂

𝜋

2𝜋∫
0

(
sin2 𝜃 cos2 𝜃

)
+2𝐿2 𝑘̄𝛾𝜏

𝜋

2𝜋∫
0

[−sin2 𝜃 cos2 𝜃
]
=

1
2
𝐿2 (𝑘̄𝛾𝜂 − 𝑘̄𝛾𝜏

)
. (17.69)

From (17.58)3, (17.57) and (17.63)

𝜆𝛾 = C𝛾
1122 = 2𝐿2 𝑘̄𝛾𝜂

𝜋

2𝜋∫
0

(
sin2 𝜃 cos2 𝜃

)
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+2𝐿2 𝑘̄𝛾𝜏

𝜋

2𝜋∫
0

[−sin2 𝜃 cos2 𝜃
]
=

1
2
𝐿2 (𝑘̄𝛾𝜂 − 𝑘̄𝛾𝜏

)
. (17.70)

From (17.60)1, (17.50), (17.64) and (17.63)

𝜇
𝑢𝛾
1 = K𝑢𝛾

1212 = 2𝐿2 𝑘̄𝑢𝜂𝛾𝜂

𝜋

2𝜋∫
0

(
sin2 𝜃 cos2 𝜃

)
+

+2𝐿2 𝑘̄𝑢𝜏𝛾𝜏

𝜋

2𝜋∫
0

[
sin2 𝜃 − sin2 𝜃 cos2 𝜃

]
=

1
2
𝐿2 (𝑘̄𝑢𝜂𝛾𝜂 +3𝑘̄𝑢𝜏𝛾𝜏

)
. (17.71)

From (17.60)2, (17.50), (17.64) and (17.63)

𝜇
𝑢𝛾
2 = K𝑢𝛾

1221 = 2𝐿2 𝑘̄𝑢𝜂𝛾𝜂

𝜋

2𝜋∫
0

(
sin2 𝜃 cos2 𝜃

)
+

+2𝐿2 𝑘̄𝑢𝜏𝛾

𝜋

2𝜋∫
0

[−sin2 𝜃 cos2 𝜃
]
=

1
2
𝐿2 (𝑘̄𝑢𝜂𝛾𝜂 − 𝑘̄𝑢𝜏𝛾𝜏

)
. (17.72)

From (17.60)2, (17.50), (17.64) and (17.63)

𝜆𝑢𝛾 = K𝑢𝛾
1122 = 2𝐿2 𝑘̄𝑢𝜂𝛾𝜂

𝜋

2𝜋∫
0

(
sin2 𝜃 cos2 𝜃

)
+

2𝐿2 𝑘̄𝑢𝜏𝛾𝜏

𝜋

2𝜋∫
0

[−sin2 𝜃 cos2 𝜃
]
=

1
2
𝐿2 (𝑘̄𝑢𝜂𝛾𝜂 − 𝑘̄𝑢𝜏𝛾𝜏

)
. (17.73)

17.5 Conclusion

The primary result of the presented work is the deduction of a set of elastic material
constants for a isotropic Cosserat media derived by exploiting micro-macro identifi-
cation of granular micro-mechano-morphology. To this end, we have utilized Piola’s
ansatz to make the identification of a discrete granular system with a continuum body
to develop relationships between grain-scale and continuum kinematic measures in
the framework of finite deformations. The internal deformation (strain) energy is then
expressed in terms of these kinematic measures leading to the mentioned Cosserat
model.



288 Ivan Giorgio, Anil Misra, and Luca Placidi

References

[1] Chen J, Ouyang L, Rulis P, Misra A, Ching WY (2005) Complex nonlinear
deformation ofnanometer intergranularglassy films in 𝛽-Si3N4,PhysicalReview
Letters 95(25):256,103

[2] Eremeyev VA (2018) On the material symmetry group for micromorphic media
with applications to granular materials, Mechanics Research Communications
94:8-12.

[3] Jia H, Misra A, Poorsolhjouy P, Liu C (2017) Optimal structural topology of
materials with micro-scale tension-compression asymmetry simulated using
granular micromechanics, Materials & Design 115:422-432.

[4] Misra A, Jiang H (1997) Measured kinematic fields in the biaxial shear of
granular materials, Computers and Geotechnics 20(3-4):267-285.

[5] Misra A, Poorsolhjouy P (2015) Granular micromechanics model for damage
and plasticity of cementitious materials based upon thermomechanics, Mathe-
matics and Mechanics of Solids 25(10):1778-1803.

[6] Misra A, Singh V (2015) Thermomechanics-based nonlinear rate-dependent
coupled damage-plasticity granular micromechanics model, Continuum Me-
chanics and Thermodynamics 27(4-5):787-817.

[7] Turco E, dell’Isola F, Misra A (2019) A nonlinear lagrangian particle model
for grains assemblies including grain relative rotations, International Journal
for Numerical and Analytical Methods in Geomechanics 43(5):1051-1079.

[8] Massoumi S, La Valle G (2022) Static analysis of 2d micropolar model for
describing granularmedia by considering relative rotations,Mechanics Research
Communications 119:103,812.

[9] Spagnuolo M, Franciosi P, dell’Isola F (2020) A Green operator-based elastic
modeling for two-phase pantographic-inspired bi-continuous materials, Inter-
national Journal of Solids and Structures 188:282-308.

[10] Berezovski A, Yildizdag ME, Scerrato D (2020) On the wave dispersion in
microstructured solids, Continuum Mechanics and Thermodynamics 32(3):569-
588.

[11] dell’Isola F, Madeo A, Seppecher P (2009) Boundary conditions at fluid-
permeable interfaces in porous media: A variational approach, International
Journal of Solids and Structures 46(17):3150-3164.

[12] Valmalle M, Vintache A, Smaniotto B, Gutmann F, Spagnuolo M, Ciallella
A, Hild F (2022) Local-global DVC analyses confirm theoretical predictions
for deformation and damage onset in torsion of pantographic metamaterial,
Mechanics of Materials 172:194379.

[13] Casalotti A, D’Annibale F, Rosi G (2020) Multi-scale design of an architected
composite structure with optimized graded properties, Composite Structures
252:112,608.

[14] Dell’Erba R (2022) Rules governing swarm robot in continuum mechanics,
Mathematics and Mechanics of Solids 27(10):1930-1949.

[15] Amar M, Andreucci D, Bisegna P, Gianni R (2010) Homogenization limit and
asymptotic decay for electrical conduction in biological tissues in the high



17 Geometrically Nonlinear Cosserat Elasticity with Chiral Effects . . . 289

radiofrequency range, Communications on Pure & Applied Analysis 9(5):1131-
1160.

[16] dell’Isola F,Madeo A,SeppecherP (2016) Cauchy tetrahedron argument applied
to higher contact interactions, Archive for Rational Mechanics and Analysis
219(3):1305-1341.

[17] Ivanova EA (2018) On the use of the continuum mechanics method for describ-
ing interactions in discrete systems with rotational degrees of freedom, Journal
of Elasticity 133(2):155-199.

[18] Seppecher P, Alibert JJ, dell’Isola F (2011) Linear elastic trusses leading to
continua with exotic mechanical interactions, In: Journal of Physics: Conference
Series, IOP Publishing, vol. 319.

[19] Dimitri R, Rinaldi M, Trullo M, Tornabene F (2022) Theoretical and com-
putational investigation of the fracturing behavior of anisotropic geomaterials,
Continuum Mechanics and Thermodynamics. DOI 10.1007/s00161-022-01141-
4

[20] Nejadsadeghi N, Misra A (2020) Extended granular micromechanics approach:
a micromorphic theory of degree n, Mathematics and Mechanics of Solids
25(2):407-429.

[21] Abali B, Müller W, dell’Isola F (2017) Theory and computation of higher
gradient elasticity theories based on action principles, Archive of Applied
Mechanics 87(9):1495–1510.

[22] Barchiesi E, Eugster SR, Dell’isola F, Hild F (2020) Large in-plane elastic
deformations of bi-pantographic fabrics: asymptotic homogenization and ex-
perimental validation, Mathematics and Mechanics of Solids 25(3):739-767.

[23] Barchiesi E, dell’Isola F, Hild F, Seppecher P (2020) Two-dimensional continua
capable of large elastic extension in two independent directions: asymptotic
homogenization, numerical simulations and experimental evidence, Mechanics
Research Communications 103:103466.

[24] La Valle G, Ciallella A, Falsone G (2022) The effect of local random defects
on the response of pantographic sheets, Mathematics and Mechanics of Solids
27(10):2147-2169.

[25] Stilz M, Plappert D, Gutmann F, Hiermaier S (2022) A 3d extension of panto-
graphic geometries to obtain metamaterial with semi-auxetic properties, Ma-
thematics and Mechanics of Solids 27(4):673-686.

[26] dell’Isola F, Andreaus U, Placidi L (2015) At the origins and in the vanguard
of peridynamics, non-local and higher-gradient continuum mechanics: An un-
derestimated and still topical contribution of Gabrio Piola, Mathematics and
Mechanics of Solids 20(8):887-928.

[27] Turco E (2018) Discrete is it enough? The revival of Piola–Hencky keynotes to
analyze three-dimensional Elastica, Continuum Mechanics and Thermodynam-
ics 30(5):1039-1057.

[28] Auffray N, dell’Isola F, Eremeyev V, Madeo A, Rosi G (2015) Analytical
continuum mechanics à la Hamilton-Piola least action principle for second
gradient continua and capillary fluids, Mathematics and Mechanics of Solids
20(4):375-417.



290 Ivan Giorgio, Anil Misra, and Luca Placidi

[29] Eremeyev VA, Lazar M (2022) Strong ellipticity within the Toupin–Mindlin
first strain gradient elasticity theory, Mechanics Research Communications
124:103,944.

[30] Aydin G, Sarar BC, Yildizdag ME, Abali BE (2022) Investigating infill density
and pattern effects in additive manufacturing by characterizing metamateri-
als along the strain-gradient theory, Mathematics and Mechanics of Solids
27(10):2002-2016.

[31] Barchiesi E, dell’Isola F, Bersani AM, Turco E (2021) Equilibria determina-
tion of elastic articulated duoskelion beams in 2D via a Riks-type algorithm,
International Journal of Non-Linear Mechanics 128:103,628.

[32] Eremeyev VA, Ganghoffer JF, Konopińska-Zmysłowska V, Uglov NS (2020)
Flexoelectricity and apparent piezoelectricity of a pantographic micro-bar, In-
ternational Journal of Engineering Science 149:103,213.

[33] Cosserat E, Cosserat F (1909) Théorie des corps déformables, Hermann et Fils
(reprint 2009), Paris.

[34] Shirani M, Luo C, Steigmann DJ (2019) Cosserat elasticity of lattice shells
with kinematically independent flexure and twist, Continuum Mechanics and
Thermodynamics 31(4):1087-1097.

[35] Vardoulakis I (2019) Cosserat Continuum Mechanics With Applications to
Granular Media, Lecture Notes in Applied and Computational Mechanics (Ed
by P Wriggers, P Eberhard) , Vol 87, Springer, Cham.

[36] Giorgio I, De Angelo M, Turco E, Misra A (2019) A Biot–Cosserat two-
dimensional elastic nonlinear model for a micromorphic medium, Continuum
Mechanics and Thermodynamics 32(5):1357–1369.

[37] Shirani M, Steigmann DJ (2020) A Cosserat model of elastic solids reinforced
by a family of curved and twisted fibers, Symmetry 12(7):1133.

[38] Altenbach J, Altenbach H, Eremeyev VA (2010) On generalized Cosserat-type
theories of plates and shells: a short review and bibliography,Archive of Applied
Mechanics 80(1):73-92.

[39] de Felice G, Rizzi N (1999) Macroscopic modelling of Cosserat media. Trends
and applications of Mathematics to Mechanics, Monographs and Surveys in
Pure and Applied Mathematics 106:58-65.

[40] La Valle G, Massoumi S (2022) A new deformation measure for micropolar
plates subjected to in-plane loads, Continuum Mechanics and Thermodynamics
34(1):243-257.

[41] La Valle G (2022) A new deformation measure for the nonlinear micropolar
continuum. Zeitschrift für angewandte Mathematik und Physik 73(2):1–26

[42] Fedele R (2022) Deformation-induced coupling of the generalized external
actions in third-gradient materials, Zeitschrift für angewandte Mathematik und
Physik 73(5):1-29.

[43] Eugster S, dell’Isola F, Steigmann D (2019) Continuum theory for mechanical
metamaterials with a cubic lattice substructure, Mathematics and Mechanics of
Complex Systems 7(1):75-98.

[44] Cazzani A,Stochino F,Turco E (2016) An analytical assessment of finite element
and isogeometric analysis of the whole spectrum of Timoshenko beams,ZAMM-



17 Geometrically Nonlinear Cosserat Elasticity with Chiral Effects . . . 291

Journal of Applied Mathematics and Mechanics/Zeitschrift für Angewandte
Mathematik und Mechanik 96(10):1220-1244.

[45] dell’Isola F, Seppecher P, Alibert JJ, Lekszycki T, Grygoruk R, Pawlikowski
M, Steigmann D, Giorgio I, Andreaus U, Turco E, Golaszewski M, Rizzi N,
Boutin C, Eremeyev VA, Misra A, Placidi L, Barchiesi E, Greco L, Cuomo
M, Cazzani A, Corte AD, Battista A, Scerrato D, Zhurba-Eremeeva I, Rahali
Y, Ganghoffer JF, Mueller W, Ganzosch G, Spagnuolo M, Pfaff A, Barcz K,
Hoschke K, Neggers J, Hild F (2018) Pantographic metamaterials: an example
of mathematically driven design and of its technological challenges, Continuum
Mechanics and Thermodynamics 31(4):851-884.

[46] Spagnuolo M, Yildizdag ME, Andreaus U, Cazzani AM (2021) Are higher-
gradient models also capable of predicting mechanical behavior in the case
of wide-knit pantographic structures? Mathematics and Mechanics of Solids
26(1):18-29.

[47] Turco E, dell’Isola F, Cazzani A, Rizzi NL (2016) Hencky-type discrete model
for pantographic structures: numerical comparison with second gradient con-
tinuum models, Zeitschrift für angewandte Mathematik und Physik 67(4):1-28.

[48] dell’Isola F, Maier G, Perego U, Andreaus U, Esposito R, Forest S (2014) The
complete works of Gabrio Piola: Volume I Commented English Translation -
English and Italian Edition, Advanced Structured Materials (Ed by A Öchsner,
LFM da Silva, H Altenbach) Vol 38, Springer, Cham.

[49] dell’Isola F, Giorgio I, Pawlikowski M, Rizzi N (2016) Large deformations
of planar extensible beams and pantographic lattices: heuristic homogeniza-
tion, experimental and numerical examples of equilibrium, Proc R Soc A
472(2185):20150790.

[50] Alibert JJ, Seppecher P, dell’Isola F (2003) Truss modular beams with defor-
mation energy depending on higher displacement gradients, Mathematics and
Mechanics of Solids 8(1):51-73.

[51] Turco E, Misra A, Pawlikowski M, dell’Isola F, Hild F (2018) Enhanced Piola–
Hencky discrete models for pantographic sheets with pivots without deformation
energy: numerics and experiments, International Journal ofSolids andStructures
147:94-109.

[52] dell’Isola F,EugsterSR,Fedele R,SeppecherP (2022) Second-gradient continua:
From Lagrangian to Eulerian and back, Mathematics and Mechanics of Solids
27(12):2715-2750.

[53] Eugster SR, dell’Isola F, Fedele R, Seppecher P (2022) Piola transformations in
second-gradient continua, Mechanics Research Communications 120:103,836

[54] Eugster SR (2022) Numerical analysis of nonlinear wave propagation in a
pantographic sheet, Mathematics and Mechanics of Complex Systems 9(3):293-
310.

[55] Andreaus U, dell’Isola F, Giorgio I, Placidi L, Lekszycki T, Rizzi N (2016)
Numerical simulations of classical problems in two-dimensional (non) linear
second gradient elasticity, International Journal of Engineering Science 108:34-
50.



292 Ivan Giorgio, Anil Misra, and Luca Placidi

[56] Cuomo M, dell’Isola F, Greco L, Rizzi N (2016) First versus second gradient
energies for planar sheets with two families of inextensible fibres: Investigation
on deformation boundary layers, discontinuities and geometrical instabilities,
Composites Part B: Engineering 115:423-448.

[57] Cuomo M, dell’Isola F, Greco L (2016) Simplified analysis of a generalized
bias test for fabrics with two families of inextensible fibres, Zeitschrift für
angewandte Mathematik und Physik 67(3):1-23.

[58] dell’Isola F, Lekszycki T, Pawlikowski M, Grygoruk R, Greco L (2015) De-
signing a light fabric metamaterial being highly macroscopically tough under
directional extension: first experimental evidence, Zeitschrift für angewandte
Mathematik und Physik 66:3473-3498.

[59] Ciallella A, Giorgio I, Eugster SR, Rizzi NL, dell’Isola F (2022) Generalized
beam model for the analysis of wave propagation with a symmetric pattern of
deformation in planar pantographic sheets, Wave Motion 113:102,986.

[60] Eremeyev VA, dell’Isola F, Boutin C, Steigmann D (2017) Linear panto-
graphic sheets: existence and uniqueness of weak solutions, Journal of Elasticity
132(2):175-196.

[61] Ganzosch G, dell’Isola F, Turco e, Lekszycki T, Müller W (2016) Shearing tests
applied to pantographic structures, Acta Polytechnica CTU Proceedings 7:1-6.

[62] Turco E, Barchiesi E, Ciallella A, dell’Isola F (2022) Nonlinear waves in
pantographic beams induced by transverse impulses, Wave Motion 115:103064.

[63] Ciallella A, Steigmann DJ (2022) Unusual deformation patterns in a second-
gradient cylindrical lattice shell: Numerical experiments, Mathematics and
Mechanics of Solids DOI 10.1177/10812865221101

[64] Sciarra G, dell’Isola F, Coussy O (2007) Second gradient poromechanics, In-
ternational Journal of Solids and Structures 44(20):6607-6629.

[65] Spagnuolo M, Barcz K, Pfaff A, dell’Isola F, Franciosi P (2017) Qualitative
pivot damage analysis in aluminum printed pantographic sheets: numerics and
experiments, Mechanics Research Communications 83:47-52.

[66] Steigmann D, dell’Isola F (2015) Mechanical response of fabric sheets to
three-dimensional bending, twisting, and stretching, Acta Mechanica Sinica
31(3):373-382.

[67] Turco E, dell’Isola F, Rizzi N, Grygoruk R, Müller W, Liebold C (2016) Fiber
rupture in sheared planar pantographic sheets: Numerical and experimental
evidence, Mechanics Research Communications 76:86-90.

[68] De Angelo M, Spagnuolo M, D’Annibale F, Pfaff A, Hoschke K, Misra A, Dupuy
C, Peyre P, Dirrenberger J, Pawlikowski M (2019) The macroscopic behavior
of pantographic sheets depends mainly on their microstructure: experimental
evidence and qualitative analysis of damage in metallic specimens, Continuum
Mechanics and Thermodynamics 31(4):1181-1203.

[69] Misra A, Nejadsadeghi N, De Angelo M, Placidi L (2020) Chiral metamaterial
predicted by granular micromechanics: verified with 1d example synthesized
using additive manufacturing, Continuum Mechanics and Thermodynamics
32(5):1497-1513.


	Chapter 17 Geometrically Nonlinear Cosserat Elasticity with Chiral Effects Based upon Granular Micromechanics
	17.1 Introduction
	17.2 Discrete and Continuous Models for Granular Systems
	17.2.1 Identification via Piola’s Ansatz
	17.2.2 Relative Intergranular Displacement and Related Continuum Deformation Measures
	17.2.3 On the Objective (Macro and Micro-macro) Displacement Vectors
	17.2.4 On the Objective Tensor
	17.2.5 The Objective Scalar Deformation Measures

	17.3 Elastic Energy Function
	17.4 Identification of the Undamaged Isotropic Case
	17.4.1 Characterization of the Undamaged Isotropic Case
	17.4.2 Macroscopic Isotropic Stiffness Matrices
	17.4.3 Identification of the Macroscopic Isotropic Stiffness Matrices

	17.5 Conclusion
	References




