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Abstract

Metamaterials are attracting much attention due to their remarkable mechanical prop-
erties. They can be tailored to fulfill a specific functionality. However, they usually
exhibit size-effects phenomena, indicating that their mechanical behaviors vary when
their size changes. To model them as a homogeneous medium, enriched continua theo-
ries that capture size-effects are the preferred choice. The relaxed micromorphic model
is a generalized continuum that differs from the classical micromorphic theory by using
the Curl of a micro-distortion field instead of the full gradient, however, leading to many
advantages such as the notably reduced number of parameters and well-posedness for
the symmetric force stress case. The most important advantage is the unique behavior
as a macroscopic-microscopic two-scale linear elasticity model, which other generalized
continua do not offer. In this work, we use the relaxed micromorphic continuum to model
metamaterials. First, conforming H'(B) x H(Curl, B) finite elements are presented and
tested in several numerical examples. We systematically investigate the boundary con-
ditions of the micro-distortion field, proving the necessity of the consistent coupling
boundary condition. We identify the microscopic elasticity tensor employing the stiffest
response concept under affine and non-affine boundary conditions. Finally, we develop
an optimization procedure to define all the unknown parameters through direct energy
fitting.

Zusammenfassung

Metamaterialien gewinnen aufgrund ihrer bemerkenswerten mechanischen Eigenschaften
immer mehr an Aufmerksamkeit. Sie konnen auf eine bestimmte Funktionalitat
zugeschnitten werden. Sie weisen jedoch in der Regel Grofleneffekte auf, was bedeutet,
dass sich ihr mechanisches Verhalten andert, wenn sich ihre Grofle andert. Um sie als ho-
mogenisiertes Medium zu modellieren, sind erweiterte Kontinuumstheorien, die Gréfien-
effekte erfassen, die bevorzugte Wahl. Das Relaxed Micromorphic Model ist so ein er-
weiterte Kontinuum, das sich von der klassischen mikromorphen Theorie dadurch un-
terscheidet, dass es der Curl eines Mikroverzerrungsfeldes anstelle des vollen Gradienten
verwendet, was jedoch zu vielen Vorteilen fiihrt, wie z. B. der deutlich reduzierten Anzahl
von Parametern und der Wohlgestelltheit fiir den Fall symmetrischer Kraftspannung.
Der wichtigste Vorteil ist das einzigartige Verhalten als makroskopisch-mikroskopisches
Zwei-Skalen lineares Modell, das keine anderen erweiterte Kontinua bieten. In dieser
Arbeit verwenden wir das Relaxed Micromorphic Model, um Metamaterialien zu mod-
ellieren. Zunéchst werden konforme H'(B) x H(Curl, B) Finite Elemente vorgestellt und
in mehreren numerischen Beispielen getestet. Wir untersuchen systematisch die Randbe-
dingungen des Mikro-Verzerrungsfeldes und beweisen die Notwendigkeit der konsisten-
ten Kopplungsrandbedingung. Wir identifizieren den mikroskopischen Elastizitatstensor
unter Verwendung des Stiffest-Response-Konzepts mit affinen und nicht-affinen Randbe-
dingungen. Schliellich entwickeln wir ein Optimierungsverfahren, um alle unbekannten
Parameter durch direkte Energieanpassung zu bestimmen.
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Introduction and Motivation 1

1 Introduction and Motivation

To deal with various societal challenges, such as the lack of resources, sustainability, cli-
mate change, and the need for substitutes for critical materials like those used in batteries,
new fundamental insights from mechanics and mathematics are required to develop new
materials and efficient computational methods focusing on reducing the computational
cost and the associated energy consumption. In various high-tech fields such as the elec-
tric automotive industry, lightweight aircraft industry, biomedical research and others,
there is an increasing need for new solid materials with specific properties to provide op-
timal solutions. Metamaterials, artificially created structures, are a promising solution.
The Greek term “meta” in metamaterials, meaning “beyond”, symbolizes that metamate-
rials have properties beyond those of traditional bulk materials, FISCHER ET AL. [2020].
They can be tailored to fit a specific functionality, and therefore, they are gaining much
attention in both academia and industry. Figure 1.1 illustrates the number of annual peer-
reviewed articles with the keyword “metamaterial” on Scopus published over the last 20
years, reflecting a rapidly growing interest. The first metamaterials can be tracked back to
electromagnetism, where the direction of the electromagnetic radiation can be controlled,
which enabled the development of many devices such as biosensors, absorbers, antennas,
optical filters, and others (ABDULLAH ET AL. [2021], IYER ET AL. [2020], KUMAR ET AL.
[2022]).
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Figure 1.1: Annual number of peer-reviewed publications with the keyword “metamaterial”
in Scopus (www.scopus.com) in the last 20 years.

The term “mechanical metamaterials” is more recent and refers to metamaterials with me-
chanical applications. The advances in additive manufacturing (AM), notably 3D printing,
have revolutionized the production of mechanical metamaterials. These technologies have
allowed the production of complex materials with intricate architectures across various
length scales, see for example JIANG AND L1 [2018], LEI ET AL. [2019], MONTGOMERY
ET AL. [2020], PLOCHER AND PANESAR [2019]. Over the course of human history, the
range of available materials has continued to expand to meet new demands. However,
certain limitations have restricted the mechanical properties of classic bulk materials.
For example, there is a relation between the density and strength of materials, where a
high-strength material also has a high density and vice versa. Mechanical metamaterials
are a new generation of materials that can break the previous limitations. An example
of achieving an extremely high strength-to-density ratio through the engineering of the
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microstructure is the metamaterial shown in SCHAEDLER ET AL. [2011], which consists of
more than 99% air and is made of hollow tubes of nickel. Mechanical metamaterials also
exhibit some unusual mechanical properties inherited from the topology of specifically
designed unit-cells rather than their constituent materials’ mechanical properties. Such
mechanical properties are negative Poisson’s ratio, negative compressibility, negative ther-
mal expansion and ultra-large elastic deformations FISCHER ET AL. [2020], LEE ET AL.
[2012], YU ET AL. [2018]. However, the most crucial aspect of mechanical metamaterials
under static loading is the ability to tailor their mechanical properties, such as having a
relatively large stiffness in some modes of deformation, whereas they could be significantly
compliant in other modes, i.e. programmable stiffness, see for example LU ET AL. [2022].

Mechanical metamaterials can manipulate acoustic and elastic waves, see e.g. ELMADIH
ET AL. [2021], as they exhibit the band-gap property where a certain targeted frequency
range cannot propagate within the metamaterial which can be of great importance in
many fields. The band-gap property of metamaterials can drive innovations in the de-
sign of lightweight vehicles, with the focus on absorbing external shocks and dynamic
loads. Furthermore, buildings and infrastructures built nearby sources of vibrations and
noises, such as tramways, train stations, metro lines, highways, windmills and others,
would benefit from these metamaterials to improve their enjoyment, safety and usability.
Earthquake-proof structures can be designed using metamaterials to withstand earth-
quakes with specific frequency ranges. Many noise- and vibration-damping tools and ap-
plications based on these metamaterials could be easily and cheaply manufactured at a
large scale JIMENEZ ET AL. [2016], MADEO ET AL. [2016b; 2018]. Countless unusual and
novel applications, which we cannot even imagine or think of at this point, could suddenly
come to light as soon as such metamaterials become readily available, especially with new
generations of 3D printers capable of printing traditional metallic materials with high
accuracy. Reviews about the applications of mechanical metamaterials can be found in
BARCHIESI ET AL. [2019], KADIC ET AL. [2019], QI ET AL. [2022], SURJADI ET AL.
[2019], WU ET AL. [2019], ZADPOOR [2016].

To facilitate the design procedures of new metamaterials, appropriate and effective compu-
tational methods are required to investigate their effective mechanical properties. One ob-
vious option is modeling metamaterials by fully discretizing the underlying complex struc-
ture (full-scale resolution). This is typically infeasible for typical engineering problems due
to the associated substantial computational costs. Homogenization approaches towards
homogeneous continua are a practical choice that could simplify the design process dras-
tically ZOHDI [2004], ZOHDI AND WRIGGERS [2005]. However, mechanical metamateri-
als typically reveal size-effect phenomena, meaning that their effective properties change
when varying the material size for the case when scale-separation does not hold. Gen-
erally, size-effects can indicate both increasing and decreasing stiffness while reducing
the size KIRCHHOF ET AL. [2023], WHEEL ET AL. [2015]. In this work, we consider
only the case that smaller is relatively stiffer. The classical Cauchy-Boltzmann theory
and first-order homogenization methods are incapable of describing materials with size-
effects (or band-gaps) because of the absence of an internal length, which characterizes
the underlying microstructure, from the energy functional and constitutive equations.
Generalized continua are enhanced continua that can model these size-effects as a ho-
mogeneous continuum without accounting for the detailed microstructure. The first pos-
sibility of enhancement is achieved by accounting for higher-grade differential operators
in the energy functional. Gradient elasticity (or strain/stress gradient) theories provide
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extensions of the classical elasticity equations by adding different types of higher-order
spatial derivatives of strains and stresses to account for the size-effects. Moreover, clas-
sical elastic singularities, e.g. due to point loads, dislocation lines and crack tips, can be
eliminated, c.f. AIFANTIS [1992], ALTAN AND AIFANTIS [1992], LAZAR ET AL. [2006],
by these higher-order gradients. The gradient elasticity theory was developed first in the
early 1960s by MINDLIN [1964; 1965], MINDLIN AND ESHEL [1968]. Various formats of
gradient elasticity were developed with different differential operators and different num-
bers of constitutive parameters, e.g. AIFANTIS [2011], ASKES ET AL. [2008], EREMEYEV
ET AL. [2021], ERINGEN [1972; 1983], FISCHER ET AL. [2011], FOREST [2020], FOREST
AND SAB [2012], GODA AND GANGHOFFER [2016], LAZAR [2014], SHEKARCHIZADEH
ET AL. [2022], YANG ET AL. [2021]. A general review of the theories of gradient elasticity
can be found in ALTAN AND AIFANTIS [1997], ASKES AND AIFANTIS [2011]. Gradient
elasticity theories require continuity of the higher-order fields, which seems to be a non-
physical assumption since microstructures often have perturbations that imply possible
discontinuities in the higher-order gradient of the displacement. Moreover, it has been
shown that gradient elasticity theories are inadequate for describing dynamic phenomena
such as band-gap response in metamaterials since the microstructure has its own vibra-
tional modes independently of the unit-cell’s macromotion. Alternatively, it is logical to
introduce a new class of generalized continua by expanding the kinematics to contain ad-
ditional degrees of freedom independent of the classical translational degrees of freedom.
In this regard, we refer to the Cosserat and micromorphic theories. A classification of
generalized continua is available in ALAVI ET AL. [2023], NEFF ET AL. [2014a].

The Cosserat (or micropolar) theory was initially introduced by the brothers Eugen
Cosserat and Francois Cosserat, who defined an elastic continuum with kinematically
independent translational and rotational degrees of freedom COSSERAT AND COSSERAT
[1909]. In the framework of the Cosserat media, each point of the medium can be rep-
resented as an infinitesimal rigid body which moves and rotates ALAVI ET AL. [2022b],
BLESGEN AND NEFF [2023], GHIBA AND NEFF [2023], GHIBA ET AL. [2023], NEFF [2006],
NEFF ET AL. [2010b], SAEM ET AL. [2023], TROVALUSCI AND PAU [2014]. Cosserat theory
can be used to model liquid crystals LEE AND ERINGEN [2003], granular materials Mo-
HAN ET AL. [1999], MUHLHAUS [1986], foam-like structures (like bones) ASCENZI ET AL.
[1994], chiral metamaterials ALAVI ET AL. [2021b], cellular materials ONCK [2002] and
masonry BESDO [1991], GODIO ET AL. [2017]. However, the Cosserat continuum is unable
to model deformable microstructures such as metamaterials. The “full” micromorphic the-
ory is the most general framework for a continuum which assumes a two-scale continuum
model where the kinematics of each material point is expressed by a macroscopic contin-
uous deformation and an independent internal microscopic deformation ERINGEN [1968],
ERINGEN AND SUHUBI [1964], JU ET AL. [2021], NEFF AND FOREST [2007], SUHUBI
AND ERINGEN [1964]. Generally, the energy function is governed by the macroscopic de-
formation gradient and the gradient of a second-order tensor called the micro-distortion.
However, micromorphic models are excessively complex with many undefined constitutive
parameters associated with higher-order tensors (e.g. gradient of the micro-distortion),
making it challenging to convince engineers to consider them seriously.

This work adopts the relaxed micromorphic model introduced in GHIBA ET AL.
[2015], NEFF ET AL. [2014a]. Being a micromorphic model, it features the classical trans-
lational degrees of freedom as well as a non-symmetric micro-distortion field. However, it
employs a relaxed curvature, where the Curl of the micro-distortion field is utilized instead
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of the full gradient. Using only the Curl has some decisive advantages. The assumed strain
energy is drastically simplified where the curvature part is only incorporated through the
Curl of the micro-distortion field. As a result, the number of constitutive parameters that
need to be determined is reduced compared to the conventional micromorphic approach.
The Curl of the micro-distortion field remains a second-order tensor, thus circumvent-
ing the need for constitutive relations involving sixth-order tensors that are associated
with the gradient of the micro-distortion in the classical theory. The relaxed micromor-
phic model generates “bounded stiffness” NEFF ET AL. [2010a], R1zz1 ET AL. [2021a;b;c;
2022b] for large values of the characteristic length (arbitrary small samples), in oppo-
sition to all strain gradient, Cosserat-micropolar or classical micromorphic approaches.
As it turns out, the relaxed micromorphic model interpolates between two well-defined
scales: the classical continuum scale of macroscopic elasticity, whose stiffness is given by
a macroscopic elasticity tensor known uniquely from periodic homogenization and a mi-
croscopic scale, whose stiffness is given by a microscopic elasticity tensor. The role of
the characteristic length is then to scale correctly with the size of the specimen and to
describe the interaction between the two scales. The tangential continuity is sufficient as a
regularity condition for the micro-distortion (same as the deformation gradient), and it is
enough to control the tangential projection of the micro-distortion field on the boundary
instead of the full field, GHIBA ET AL. [2021]. As we show later, the consistent coupling
boundary condition enforces that the tangential projections of the gradient of the dis-
placement field and the micro-distortion field on the boundary are the same D’ AGOSTINO
ET AL. [2022b], Rizz1 ET AL. [2021a;b]. The consistent coupling boundary condition
is a necessary component for modeling that allows the relaxed micromorphic model to
reach the intended upper microscopic bound which permits a physical-based identification
of the unknown material parameters associated with the microscopic scale. The relaxed
micromorphic model recovers a symmetric force stress tensor while maintaining the well-
posedness when setting the rotational (Cosserat) couple modulus to zero, which has been
proven using new generalized Korn’s inequality GMEINEDER ET AL. [2023; 2024], LEWIN-
TAN AND NEFF [2021], LEWINTAN ET AL. [2021]. Moreover, the relaxed micromorphic
model has successfully captured the band gaps for many periodic metamaterials, see for
example AIVALIOTIS ET AL. [2020], BARBAGALLO ET AL. [2019], D‘AGOSTINO ET AL.
[2020], DEMORE ET AL. [2022], MADEO ET AL. [2015; 2016a;b; 2017], R1zZz1 ET AL.
[2022a;c;d]. The well-posedness for the static and dynamic problems has been proved in
NEFF ET AL. [2015], OWCZAREK ET AL. [2019]. In KNEES ET AL. [2023; 2024], the global
and local regularities of the relaxed micromorphic model were investigated.

Identifying the material parameters of generalized continua models poses an active open
research topic and generally remains unsolved. In this regard, we refer to the discussions
and challenges listed in SARHIL ET AL. [2023b;c; 2024]. Different schemes were intro-
duced for the homogenization of heterogeneous fully discretized microstructures into the
Cosserat continuum in ALAVI ET AL. [2022b], FOREST AND SAB [1998], HUTTER [2019],
REDA ET AL. [2021], different variants of the gradient elasticity continuum in ABALI
AND BARCHIESI [2021], ABALI ET AL. [2019], BACIGALUPO ET AL. [2018], KHAKALO
AND NIIRANEN [2020], LAHBAZI ET AL. [2022], SARAR ET AL. [2023], SCHMIDT ET AL.
[2022], SKRZAT AND EREMEYEV [2020], WEEGER [2021], YANG AND MULLER [2021],
YANG ET AL. [2020; 2022] and the classical Eringen-Mindlin micromorphic continuum
(curvature based on full-gradient) in ALAVI ET AL. [2021a], BiIswAs AND Pon [2017],
FOREST [2002], HUTTER [2017], ROKOS ET AL. [2019; 2020a;b], ZHI ET AL. [2022]. How-
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ever, too many major questions remain unanswered, and each researcher tailors its own
approach without reaching a universally accepted solution. Two approaches are widely
utilized in the scientific community to determine material parameters associated with the
higher-order homogenized properties, which are asymptotic expansion methods, see e. g.
BACIGALUPO AND GAMBAROTTA [2010a|, BOUTIN [1996] (can be combined with fast
Fourier transform methods, see L1 AND ZHANG [2013], TRAN ET AL. [2012]) and heuris-
tic approaches based on customized definitions of higher-order modified non-homogeneous
Dirichlet boundary conditions (up to quartic) on the unit-cell BERKACHE ET AL. [2017],
FOREST AND TRINH [2011], GODA AND GANGHOFFER [2016]. Among the heuristic ap-
proaches, quadratic boundary conditions have been investigated widely, see e.g. AUF-
FRAY ET AL. [2010], FOREST [2002; 2016, FOREST AND TRINH [2011], KOUZNETSOVA
ET AL. [2002; 2004], TRINH ET AL. [2012], in the field of homogenization into second
gradient continua and classical full micromorphic continua. However, several challenging
issues are described in the literature for this option. First, this approach does not yield
vanishing effective higher-order moduli when a homogeneous material is tested. Second,
when scale-separation holds (many unit-cells), and the classical first-order homogeniza-
tion theory is applicable, Cauchy theory with the known macroscopic elasticity tensor is
also not automatically regenerated, cf. ALAVI ET AL. [2021a]. Alternatively, additional
body forces have been added to the microstructure with higher-order Dirichlet bound-
ary conditions MONCHIET ET AL. [2020], YVONNET ET AL. [2020]. The obtained results
agree well with the ones from asymptotic homogenization, but there remain artifacts for
the specific case of a unit-cell made of soft inclusions and hard matrix, for which the
higher-order moduli differ. A novel procedure has been introduced in HUTTER [2019] by
averaging only over micro-heterogeneities. TRINH ET AL. [2012] shows that fourth-order
kinematic boundary conditions should be used to fully determine the higher-order moduli
in a micromorphic theory. In HUTTER [2022], a harmonic decomposition of a micromor-
phic theory is introduced to the governing equations and employed to porous materials.
A variational approach is introduced for the homogenization from a Cauchy continuum
on the micro-scale towards a second gradient or micromorphic continuum on the macro
level in GANGHOFFER AND REDA [2021] and ALAVI ET AL. [2021a], respectively, where
the microscopic displacement is decomposed into a homogeneous and a fluctuation part,
as in classical first-order homogenization theory, but the homogeneous part of the de-
formation arises here from a variational approach. Based on the Hill-Mandel condition,
WEEGER [2021] introduced a homogenization approach for periodic lattice structures and
metamaterials into a second gradient linear elastic model on the macro-scale. Similar to
FOREST AND TRINH [2011], zero energy modes are noticed for some of the higher-order
moduli. In SCHMIDT ET AL. [2022], a homogenization scheme for higher-order continua
is demonstrated based on Isogeometric Analysis. Further developments in the context of
multiphysical applications are discussed by WASEEM ET AL. [2020]. In the field of asymp-
totic expansion homogenization, metamaterials are investigated in ABALI AND BARCHIESI
[2021], ABALI ET AL. [2022], YANG AND MULLER [2021] with a focus on size-effects. A
direct computational scheme is shown by ABALI ET AL. [2019] for determining the effec-
tive moduli through comparison with microstructure simulations for selected higher-order
modes. The crucial rules of the wedge and double traction forces are analyzed in YANG
ET AL. [2021].

The main goal of this work is to bridge the gap between the mathematical theory of
the relaxed micromorphic model and its practical application in the engineering context.



6 Introduction and Motivation

The relaxed micromorphic model offers many potentials for modeling materials with size-
effects, specifically metamaterials. Moreover, we are not interested in band-gap phenomena
and therefore no dynamic effects are considered.

The finite element implementation and the numerical examples in this work are performed
within AceGen and AceFEM programs, which are developed and maintained by Joze
Korelc (University of Ljubljana). The interested reader is referred to KORELC [1997],
KORELC AND WRIGGERS [2016].

1.1 Outline

In Chapter 2, we delve into the fundamental aspects of continuum mechanics, including
kinematics, stress concept, and balance equations. We broaden the framework to incor-
porate enriched continua in general. Then, we narrow it down to the specific cases of the
Cosserat, the Mindlin-Eringen micromorphic, and the relaxed micromorphic theories. Af-
ter that, we demonstrate the connections between the kinematics and energy functionals
of most known generalized continua.

Chapter 3 presents the relaxed micromorphic model, starting with the relevant Hilbert
spaces and associated norms. We derive the variational formulation that leads to the strong
and weak forms with the related boundary conditions. Then, we discuss the limiting cases
when the characteristic length parameter approaches zero and infinity, which results in
the unique behavior of the relaxed micromorphic model as a two-scale linear elasticity
model.

In Chapter 4, we introduce the basics of the finite element method, focusing on con-
forming approximation spaces for the relaxed micromorphic model. We then demonstrate
the unique properties of the implemented finite elements and the distinct behavior of the
relaxed micromorphic model components including the different stress measures through
numerical examples for a varying characteristic length parameter.

In Chapter 5, we model metamaterial beams subjected to bending with the relaxed
micromorphic continuum. After obtaining the solution of fully resolved beams, we iden-
tify the material parameters of the relaxed micromorphic continuum. To obtain the mi-
croscopic elasticity tensor, we introduce two approaches based on affine and non-affine
boundary conditions. We investigate the boundary conditions of the micro-distortion field
for both symmetric and non-symmetric force stress cases. Finally, we calibrate the char-
acteristic length parameter to fit the results of fully resolved beams.

In Chapter 6, we determine the material parameters in the relaxed micromorphic model
for a given periodic microstructure through a least squares fitting of the total energy
of the relaxed micromorphic homogeneous continuum to the total energy of the fully
resolved heterogeneous microstructure. We check the consistency of our approach for
linear elasticity subjected to periodic and affine Dirichlet boundary conditions. Then, we
expand the approach to the relaxed micromorphic model, which involves considering an
adequate number of quadratic deformation modes and different specimen sizes. Finally, we
compare the least squares fitting results of the relaxed micromorphic model, the Cosserat-
micropolar model, and the classical micromorphic model with two different curvature
formulations.

Chapter 7 concludes the dissertation and gives an outlook to possible future investiga-
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tions on homogenization into the relaxed micromorphic model.

1.2 Publications

During writing this dissertation, the following articles were published. Contents from these
publications are used in this work. Drafts were uploaded on arXiv.

J. Schroder, M. Sarhil, L. Scheunemann and P. Neff. Lagrange and H'(B) x H(curl, B)
based finite element formulations for the relaxed micromorphic model. Computational
Mechanics, 70, 1309-1333, 2022. doi:10.1007/500466-022-02198-3

M. Sarhil, L. Scheunemann, J. Schroder and P. Neff. On a tangential-conforming finite
element formulation for the relaxed micromorphic model in 2D. Proceedings in Applied
Mathematics and Mechanics, 21, €202100187, 2021. doi:10.1002/pamm.202100187

M. Sarhil, L. Scheunemann, J. Schroder and P. Neff. Size-effects of metamaterial
beams subjected to pure bending: on boundary conditions and parameter identifica-
tion in the relaxed micromorphic model. Computational Mechanics, 72, 1091-1113, 2023.
doi:10.1007/s00466-023-02332-9.

M. Sarhil, L. Scheunemann, J. Schréder and P. Neff. On the identification of material
parameters in the relaxed micromorphic continuum. Proceedings in Applied Mathematics
and Mechanics, 23, €202300056, 2023. doi:10.1002/pamm.202300056.

M. Sarhil, L. Scheunemann, J. Schroder and P. Neff, Modeling the size-effect of metamate-
rial beams under bending via the relaxed micromorphic continuum. Proceedings in Applied
Mathematics and Mechanics, 22, 202200033, 2023. doi:10.1002/pamm.202200033.

M. Sarhil, L. Scheunemann, P. Lewintan, J. Schréder, and P. Neff. A computa-
tional approach to identify the material parameters of the relaxed micromorphic
model. Computer Methods in Applied Mechanics and Engineering, 425, 116944, 2024.
d0i:10.1016/j.cma.2024.116944
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2 Fundamentals of continuum mechanics and enriched continua

All matter is discontinuous, as it is composed of molecules, which, in turn, comprise
atoms consisting of nuclei and electrons. Most engineering applications involve materials
at large length and time scales. This is the case when the considered material is at a
length scale much larger than the atomic spacing, and the studied phenomenon is acting
on a time scale longer than the atomic vibration period. Therefore, it is possible to ignore
the discrete nature of the matter without making significant errors.

In this Chapter, we introduce an overview of the fundamental concepts of continuum
mechanics of solids presented in ERINGEN [1967], SCHRODER ET AL. [2013], TRUES-
DELL AND NOLL [1965], TRUESDELL AND TOUPIN [1960a], and used in BALZANI [2006],
BrANDS [2012], BRINKHUES [2012], HOEGEN [2019], IGELBUSCHER [2021], KEIP [2012],
LABUSCH [2018], SCHEUNEMANN [2017], VIEBAHN [2019]. The origins of the classical
theory of continuum mechanics can be traced back to the pioneering works of the French
scientist Augustin-Louis Cauchy. Therefore, this theory is commonly referred to as the
Cauchy continuum DRAPACA AND SIVALOGANATHAN [2019], TRUESDELL [1992]. We
then extend the framework to include more sophisticated enriched continua.

2.1 Kinematics, deformation measures and time derivatives

In continuum mechanics, the body under focus is analyzed as a continuous matter, and the
underlying microscopic structure is not explicitly considered. The microstructure role is
taken into account in the material’s laws (constitutive relations). We assume a body that
consists of a continuous set of material points in the three-dimensional Euclidean space
R3. To analyze deformations, we introduce two distinct states of the body. We consider
an undeformed reference configuration B, at time t = ty, known as well as the material,
initial or Lagrangian configuration, where the position of each material point is defined by
a material position vector X . The body undergoes a deformation to the deformed current
configuration B at time ¢ > ¢y, known as well as actual, spatial or Eulerian configuration,
which is characterized by a spatial position vector . The position vectors X and @ are
defined by the orthonormal (cartesian) basis vectors {E;} and {e;} in the reference and
actual configurations, respectively, as

X =X"E;, and x=2za'e;, with i,/ =1,2,3. (2.1)

The motion (deformation) of the body from the reference configuration By to the current
configuration B is defined by a continuous unique one-to-one mapping function, depicted
in Figure 2.1,

p(X,t): By — B, (2.2)

where each material point in the reference configuration is mapped to precisely one point
in the current configuration. The deformation mapping is an injective one-to-one function.
Therefore it excludes any deformations that involve tearing and interpenetration of the
body’s matter. As a result, the inverse of deformation mapping must exist and is well
defined

x=p(X,1t) and X = ¢ Hx,1). (2.3)

We define the displacement as the difference between the position in the reference and
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p(X, 1)

det FdV
> dv@
da B

cof F-dA S
F-dX _E’%e
> oB

€2

E, el
E3 es

Figure 2.1: The body in reference (material) configuration on the left and current (spatial)
configuration on the right.

current configuration
u(X,t)=pX,t) - X=x—-X. (2.4)

The deformation gradient F'is a fundamental kinematic quantity on which every defor-
mation and strain measure is based since it provides information on the alteration of the
relative positions of the material points. It serves as a primary measure of deformation
which is defined as the partial derivative of the spatial position @ with respect to the
material position X

F(X.,t)= g—; = Gradx = Vz, (2.5)

which can be rewritten in an alternative representation as
F=V(X+u)=1+Vu, (2.6)

with the identity tensor I and the gradient-operator Grad(e) = V(e) with respect to
the material position X. The deformation gradient is a linear operator which maps an
infinitesimal line element from the reference undeformed configuration dX to the current
deformed configuration dx as

de = F(X,t)-dX and dX = F!(z,t) - dz, (2.7)

where the inverse of the deformation gradient is defined as
0X
Fl(x,t) = e grad X =V, X =1—-V,u, (2.8)
x
with grad(e) = V,(e) is the gradient operator with respect to the spatial position .

An infinitesimal material area element dA = IN dA, with the material unit outward
normal vector IV, is mapped into the actual configuration da = n da, with the spatial
unit outward normal vector n, through the transformation

da = det[F]F~".dA =cof F-dA, (2.9)
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with cof F := det[F]F~7 is the cofactor of F. We transform an infinitesimal volume
element from the reference configuration dV' to the current configuration dv as

dv =det FFdV . (2.10)

To ensure the existence of a unique (one-to-one) transformation map, it is necessary to
confirm the existence of the inverse mapping ¢~ !. Consequently, the deformation gradient
cannot be singular, and its inverse must exist, i.e. det F' # 0. To prevent self-penetration
of the body and the occurrence of negative volume elements, we enforce as a necessary
condition that the determinant of the deformation gradient, referred to as the Jacobian,
must be strictly positive J := det F' > 0.

The deformation gradient F' describes the total deformation of the body, which can be
decomposed multiplicatively (polar decomposition, see NEFF ET AL. [2014b]) into the
stretch (straining) part and the rigid body rotation

F=R U=V R, (2.11)

with R as the rotation tensor, and U and V are the right (material) stretch tensor and
the left (spatial) stretch tensor, respectively. The rotation tensor is a proper orthogonal
tensor that satisfies RT = R™!, R - R = I and det R = 1. The deformation gradient
provides all the information about the local deformation of a material point. However,
it is not the most suitable method for accurately describing shape alterations because it
includes the effects of rigid body rotations. We introduce the right (material) and left
(spatial) Cauchy-Green deformation tensors as suitable deformation measures

C=F""F=U""U ad B=F F'=v.vT, (2.12)

which are symmetric and free of rigid body rotations. They carry only information about
the stretch of the body. Further, a key (relative) deformation measure is defined as half
of the difference between the square norm of an infinitesimal line element in the reference
configuration (dX) and the square norm of the same line element after mapping into the
actual configuration (dx)

1 1
§(dw-dm—dX-dX):i(dX-FT-F-dX—dX-I-dX)
_ 1 T
_dX-§(F F—1)-dX (2.13)
1
:=E

The Green-Lagrange strain tensor E is symmetric and defined in the reference configu-
ration. It vanishes for undeformed bodies and is independent of rigid body motions and
rotations. It can be rewritten considering Equations (2.6) and (2.12) as

E=-(Vu+ (Vu)" + (Vu)" - Vu) . (2.14)

1
2
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Alternatively, we rewrite Equation (2.13) as the following

1 1
§(d:c-da:—dX-dX) :§(d:/rz-I-daz—d:/rz-F_T-F_1 -dx)

_ 1 T -1

—dw-§(I—F -F7) - dex (2.15)

1
=dx - §(I — B! -dzx
I

The Almansi strain tensor e is symmetric and defined in the actual configuration. It
vanishes for undeformed bodies and is independent of rigid body motions and rotations.
It can be rewritten considering Equations (2.8) and (2.12) as

e —

(Vou + (Vou)" — (Veu)' - Vau) (2.16)

N | —

The derivatives of the kinematic quantities in time and space are required to find the
partial differential equations that govern the motion and deformation of the body. In
the following, we introduce the time derivative of quantities we need later. The material
velocity and material acceleration are obtained as the first and the second time derivatives
of the motion function ¢(X,t), receptively, characterized in the Lagrangian reference
system (0X /0t = 0)

de(X,t)  Op(X,t)

p(X 1) = -
) de(X,t)  Pp(X, 1)
BX D) =—q =

The material time derivative of the deformation gradient, which is referred to as the
material velocity gradient, reads

. d (o= ) ox . Oz Oz
F=—\|—=)==—=-= =—.—=L-F 2.1
dt (aX ox ~ O =5 ox ’ (2.18)
with L is the spatial velocity gradient which is given as

I . S

Finally, we calculate the material time derivative of the Jacobian
. F F OF i
jo At 0detF OF G pFT B JFT . (L-F) = Jdive. (2.20)

ot oF ot —_——
tr L

In this work, we consider only bodies undergoing small deformations and rotations which
leads to the assumption that the components of the displacement gradient tensor are very
8ui
al'j
(2.14) and (2.16), leading to the linear strain tensor e defined as

small, i.e. | | < 1 with 4,5 = 1,2,3. We neglect higher-order terms seen in Equations
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(Vu+ (Vu)") = sym[Vu], (2.21)

N —

E =

which will be used to describe the deformations. Note that, within the assumption of
small deformations and rotations, the space gradient can be considered the same in both
material and spatial coordinates (Ve ~ Vo).

2.2 Concept of stress

Consider a deformable continuum body subjected to external effects such as mechanical
loads, gravity forces, heating or others. The internal forces that arise on infinitesimal
surfaces within the body as a reaction to the external effects are referred to as stress. This
stress can be visualized by a cut through the body with the normal vector n acting on
the cutting plane, see Figure 2.2.

cutting

: 021
1032
o
023l . > 71

€3
Figure 2.2: Illustration of a body detached into two parts to show the traction vector.
The state of the stress can be expressed by the components of the traction vectors on three
cutting planes with the normal vectors e, ez, and es.

The forces are transmitted through the cutting surface from one segment to another,
resulting in a force vector A f distribution on a small area Aa which is belonging to the
cutting plane. For an infinitesimally small area, i.e. Aa — 0, we introduce the traction

vector t as A d
t(x,t,n):= lim af = df

) 2.22
Aa—0 Aa da ( )

The Cauchy theorem states that a symmetric second-order tensor field o(x,t) exists,
which is independent of the orientation of n and satisfies

t(x,t,n)=0o(x,t) n. (2.23)

The Cauchy stress tensor o represents the true stress in the current configuration because
it relates the current force in the cutting plane to the current area element. The Cauchy
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stress tensor can be expressed by three traction vectors associated to three cutting planes
in the actual configuration defined by three linearly independent (perpendicular) normal
vectors. An obvious choice is, of course, the traction vectors t.,, te, and t., defined on
the cutting planes with the normal vectors e;, e; and es, respectively, representing the
orthonormal basis vectors

011 O12 013
O'(CC,t) :tei ®nj :tei ei®nj €; = 091 09292 033 61'@6]'. (224)
031 032 033

The index 7 of the stress tensor components o;; indicates the direction in which the traction
component is pointing, and the index j defines the direction of the normal of the cutting
surface. The present dissertation consider only bodies subjected to small deformations,
and therefore, further stress quantities are not described.

2.3 Balance equations

In the following discussion, we explore the fundamental principles of continuum mechan-
ics, which are material-independent and grounded on axioms that govern every natural
phenomenon, i.e. they are based on observations and cannot be deduced from other laws.
These principles serve as the essential basics for developing material modeling in com-
putational mechanics. Below, we introduce the balance of mass, the balance of linear
momentum, the balance of angular momentum, the balance of energy and the entropy
inequality.

2.3.1 Balance of mass

The conservation law of mass states that “the total mass remains constant during the
motion or deformation, provided it does not exchange mass with its surroundings, i.e.
mass flux is zero”. In other words, mass cannot be created or destroyed. The total mass
m reads

m = / p(x,t)dv = const, (2.25)
B

where p is the actual density. The material time derivative of the total mass is obtained,
taking into consideration dv = J dV and Equations (2.20) and (2.25), which has to vanish

dm d

T T at

pdvz/(pdivdz+p)dv:0, (2.26)
B

and the local form of the balance of mass reads

pdive +p=0 VxeB, (2.27)

with p = % is the material time derivative of the actual density. However, for small

deformations, the difference between the actual and reference configurations is negligible
and it is valid to assume J ~ 1 and p =~ 0.
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2.3.2 Balance of linear momentum

The axiom of balance of linear momentum, also known as Newton’s second law of motion,
postulates that “the material time derivative of the linear momentum is equal to the sum
of all external surface and volume forces acting on the body”. Thus, we have

d —
— pdzdv:/fdv+/ tda. (2.28)
dt Jp B oB

Here, f is the body force per unit volume, and the traction vector ¢ acts on the boundary
0B. With the help of the balance of mass in Equation (2.27), we get

d

— [ = rdv. 2.2
o B,oa:dv /Bpa:dv (2.29)

By making use of Cauchy theorem in Equation (2.23) and the divergence theorem, i.e.
f op 0 mda= f 5 div o dv, the balance of linear momentum becomes

(/@WU+T—piND:O, (2.30)
B

and the local statement of balance of linear momentum reads
dive+f—pi=0 VaxecbB. (2.31)

2.3.3 Balance of angular momentum

The balance of angular momentum states that “the material time derivative of the angular
momentum, also referred to as the moment of momentum, with respect to a fixed reference
point x is equal to the resultant moment of all external forces and moments acting on the
body, with respect to the same reference point ®”. Thus, we get

d

5 (:c—i)xfdv—i—/ (@ —7) x tda. (2.32)

0B

p(w—f)xa‘:dv:/

B

Seeking simplicity and without loss of generality, we consider = 0. The left-hand side
in Equation (2.32) becomes with the use of the balance of mass in Equation (2.27)

d

— p:nxa':dv:/pa:x:i’dv. (2.33)

The traction part in Equation (2.32) can be reformulated by taking into consideration the
divergence theorem and introducing the third-order permutation tensor £ as

/ mxtda:/ wxa-nda:/mxdiva+€:aTdv. (2.34)
0B 0B B

The third-order permutation tensor £ is defined by
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Ein=+1, when (i,5,k) is (1,2,3),(2,3,1) or (3,1,2)
Ein=—1, when (i,j,k) is (3,2,1),(2,1,3) or (1,3,2) (2.35)

Eijr =0, otherwise.

Substituting Equations (2.33) and (2.34) into Equation (2.32) and considering the linear
momentum balance in Equation (2.31), we obtain

/pazx(diva—l—f—pii:)jté':aTdv:O, (2.36)
b =0
which leads to
/S:O'Tdvzo, and E:07'=0 VreB. (2.37)
B

The corresponding local form can be rewritten with the definition in Equation (2.35)

032 — 023
EZO'T: ijk - Okj € = 013 — 031 =0 V$€B, (238)
021 — 012

and the Cauchy stress has to be symmetric, i.e.

oc=0" VrcB. (2.39)

2.3.4 Balance of energy

The balance of energy, also known as the first law of thermodynamics, states that “the
material time derivative of the total energy of a physical body, split into internal and
kinetic energy, is equal to the sum of the power resulting from all external loads acting
on the body”. We will, however, restrict ourselves to mechanical isothermal processes
(constant temperature and no heat source or flux). Thus, we obtain

d 1 —
— /pedv +/—,0:i3-m'dv :/:b-fdv+/ xz-tda, (2.40)
dt B B 2 B 0B
N / N -~ 7 N -~ >
internal energy kinetic energy mechanical power

where e denotes the specific internal energy defined per unit mass. The individual terms
used above are reformulated with the assumption of small deformations to

d
— pedv:/,oédv, (2.41)

d [1
a/Bépab-:de:/Bpw'-iizdv, (2.42)
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/ m'-tda:/:iz-diva—i—azv.’izdv:/a'r;-diV0'+0':édv, (2.43)
OB B B

and by substituting into Equation (2.40), we obtain the expression

/pé—a:é—m’-[diva+?—pdé] dvz/pé—azédv:O. (2.44)
B B

. /
-~

=0

Thus, the local statement of the balance of energy reads
pe—o:€=0 Ve e B. (2.45)

2.3.5 Entropy inequality

A mathematical model is said to be thermodynamically consistent when it satisfies the
entropy inequality, which every natural phenomenon obeys, as the disorder only increases.
The entropy inequality, also known as the second law of thermodynamics, cannot be
interpreted as a classical balance equation. It gives information about the direction in
which an observed phenomenon should proceed. It is given in the form of an inequality
where “the entropy change in a closed system must be zero for reversible processes and
positive for irreversible processes”. The entropy S of a body B is introduced in terms of
a specific entropy density function 7 defined per unit mass as

S:/pndv. (2.46)
B

The entropy inequality for thermal independent processes with using the local statement
of the balance of mass in Equation (2.27) reads

d

S=— pndv:/pﬁdvzo. (2.47)
Taking into consideration Helmholtz free energy per unit mass ¢ = e — 61, and since we
assume only isothermal processes, i.e. the temperature is constant # = const > 0, we get

the following local form with the help of the balance of energy in Equation (2.45)

ple—V)=0:é—pp>0 VzeB, (2.48)

and with the introduction of the volume-specific Helmholtz free energy v = p ¥, the local
form of the entropy inequality for small deformations can be reformulated to read

oc:é—1>0 VxebB. (2.49)

With the assumption that the volume-specific free energy is a function of the linear strain,
i.e. = 1(g), we can modify the entropy inequality to
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a'é—a—w'é:(a—aﬂ)-
’ Oe Oe’

and the constitutive relation for the stress tensor reads

€>0 VwebB, (2.50)

o
o=—. 2.51
e (2.51)
The previous stress-strain relation describes a hyperelastic material. The stress of a hy-
perelastic material can be derived from an assumed strain energy function. No entropy
is produced (no plastic deformation, no damage, etc.), and the process is reversible. The

corresponding standard elasticity tensor is obtained then as

oo 0% .

For linear isotropic materials, the strain energy function takes the form

1
v=pe:e+ 5)\(1:1" e)?, (2.53)

and the corresponding stress and elasticity tensors are

o=2ue+ ANtre)l and C=2ul+ M ®I, (2.54)

with ]Iijkl = % [5ik6jl + 5216]k]

2.4 Material modeling: isotropy and anisotropy

When considering materials with specific microstructures like metamaterials, crystals,
composites, and biological tissues, the behavior of the material can be directionally de-
pendent, leading to what is termed as anisotropic behavior. On the other hand, materials
exhibiting directionally independent behavior are termed isotropic. In order to formulate
physically meaningful constitutive laws, the principles of material frame indifference and
material symmetry need to be fulfilled, see e.g. BRANDS [2012], D’AGOSTINO ET AL.
[2024], LABUSCH [2018], TRUESDELL [1969], TRUESDELL AND NOLL [1965], TRUESDELL
AND TOUPIN [1960b], VIEBAHN [2019].

The principle of material frame indifference (objectivity) postulates that “the material
response does not differ by changing the position of the observer”. In other words, it
requires the invariance of the constitutive equations under superimposed rigid body mo-
tion. Let us assume a scalar-valued function f (v, V;), a vector-valued function f (v;, V)
and a tensor-valued function F (v;, V) depending on the vector-valued arguments v; and
tensor-valued arguments V;. The functions f , f and F satisfy the principle of material
frame indifference when

fvi, Vi) = f(Q-v,,Q-V;- Q")
Q- f(vi, Vi) = £(Q v, Q V- Q") } vQ €S0(3), (2.55)
Q F(’U“‘/;)QT:F(Q qu ‘/; QT)
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where the special orthogonal group SO(3) represents an arbitrary rigid body rotation, i.e.
the transformation @ € SO(3) satisfies det @ = 1 and QT = —Q. The tensor functions
f, f and F' are then termed as isotropic tensor functions.

The description of the material behavior must satisfy the principle of material symmetry
as well, which states that “the constitutive response of a body must be independent of a
transformation @ belonging to its symmetry group G,”, see D’AGOSTINO ET AL. [2024].
The symmetry group G incorporates information about material symmetry. Thus, for a
material with a given constitutive relationship of the form o := &(e) and a given free
energy function of the form v := 1&(8), we have

Q&(e)QT:&(QEQT)
be)=(Q--QT) } VQ <G (2.56)

A material is said to be isotropic if it is independent of any transformation @ where G
is the special orthogonal group SO(3) for this case. An isotropic strain energy and stress
functions depending on the strain satisfies

Q-6(c) - QT=6(Q -Q7)
() =9(Q - e-QT) } vQ € 50(3), (2.57)

which satisfies the requirement of the material frame indifference in Equation (2.55).
Otherwise, the material symmetry group Gy is a subgroup of SO(3), then the material is
anisotropic. This means an arbitrary rotation of the material under the same unrotated
loading leads to a different material response. In order to characterize the behavior of
anisotropic materials, the concept of structural tensors is introduced. The structural ten-
sors M; are defined as M; = a; ® a;, with a; being the preferred directions of unit length.
The structural tensors preserve the material symmetry group

M,=Q M, - Q" VQecg,. (2.58)

An anisotropic strain energy and stress functions depending on the strain have to satisfy
the requirements of material symmetry for the considered material, which read

Q-o(e, M) Q"' =6(Q - Q", M)
(e, M) =(Q -e-QT, M) } V@ e G. (2.59)

The above-given relations in Equation (2.59), which hold for a special symmetry group
G of the assumed material, will be transformed to isotropic functions that are valid for
any rigid body rotation @ € SO(3). To do so, we rotate the structural tensors as well

Q'&<€’Mi)'QTZOA:(Q'E'QT,Q'MZwQT)
Ve, M) =9(Q ¢-QT, Q- M;- Q") } vQ €50(3), (2.60)

and the objectivity requirement in Equation (2.55) is fulfilled. Accordingly, we can find
a defined number of invariants and the relevant tensor operators without violating the
requirements of material symmetry.



20 Fundamentals of continuum mechanics and enriched continua

2.5 Variational formulation for linear elasticity

To maintain coherence in this thesis, we introduce an alternative methodology to de-
rive the balance equations, initially focusing on linear elasticity. This method is based
on minimizing the total elastic energy, leading to the formulation of the balance equa-
tions. Subsequently, we extend this approach to address the balance equations for other
generalized continua. In the theory of linearized elasticity, infinitesimal deformations and
rotations are assumed, i.e. ||Vu|| < 1, and the actual configuration coincides with the
reference configuration. The total energy for linear elastic continuum for the static case
reads

H(u):/B@D(Vu)—f-ud‘/—/a t-udA — min, (2.61)

Bt

where the elastic energy density is defined as

1
Y(Vu) = 5 sym Vu: C:symVu. (2.62)

The variation of the total energy with respect to the displacement vector, i.e. 0,11 = 0,
with

(5uH:/C:symVu:Vdu—T-éudV—/ t-oudA, (2.63)
B 0Bt

leads after applying integration by parts and the divergence theorem to

Sl = / {div(C : sym Vu) + f} - dudV, (2.64)
B

and the associated strong form with the associated boundary conditions reads

div(C :symVu)+ f =0 in B,
t=(C:symVu)-n on 0B, (2.65)
u=1u on 0B,,

satisfying OB, N 0B, = ) and 0B, U 0B, = 0B. The strain and stress quantities, both
symmetric, are defined as € = symVu and o = C: symVu =C : €.

2.6 Enriched continua

The classical continuum theory of Cauchy, as discussed earlier, considers the material
point to be infinitesimally small, i.e. strict mathematical points. The micromorphic theory
expands the material point’s scope to capture a small space, e.g. one grain in granular
materials or a unit-cell in metamaterials. Thus, it intrinsically provides the homogeneous
continuum description with an internal length scale. The current Section is dedicated
to extending the Cauchy continuum theory to encompass enriched continua in the most
comprehensive manner possible, and we briefly introduce then three enriched continua.
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Seeking comparison, we generally follow the notation used by the publications of the
relaxed micromorphic model, such as NEFF ET AL. [2014a].

2.6.1 Kinematics

For the generalized continua theory, the physical body of interest consists of a set of
material points with embedded deformable microcontinua, see Figure 2.3. This body in
the reference configuration B° undergoes deformation to reach the actual configuration B.
Within each material point, the embedded microcontinuum (or particle) in the reference
configuration, denoted as BY;, deforms into Bj; in the actual configuration.

Figure 2.3: The micromorphic theory: the reference configuration on the left and current
configuration on the right.

An appropriate mapping under an arbitrary deformation for the macro-micro system from
the reference to the actual frame is achieved by combining both macro- and micromotion.
The microcontinuum is characterized by its centroid. The macromotion carries this cen-
troid from X, in the reference configuration to a,; at the actual configuration as

where u is the macroscopic displacement vector. The micro deformation, accounting for
the inner deformation of the particle, is assumed to be independent of the macroscopic
deformation and homogeneous (first-order affine transformation). Consequently, a director
vector @ attached to the centroid of BY, is mapped to a director vector ¢ attached to the
centroid of By, by

b= Fy(Xy) - ®, with Fy(Xy) =1+ P(Xy), (2.67)

where F); is the deformation gradient of the micromotion and P is the micro-distortion
field, see Equation (2.6). The micro-distortion is a macroscopic field which describes the
microscopic deformation so the enriched continuum can capture the microscopic state
explicitly. A point in the microcontinuum BY, with a position X = Xj; + ® in the
reference configuration is mapped to a position @ at the actual configuration by
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(X, ®) = 20 (X)) + (X0, ®) = Xy +u(Xy) + T+ P(Xy)) - &,  (2.68)

and the motion of each point in the microcontinuum is uniquely defined by the pair {u, P}.
In the most general case, the micro-distortion field P is non-symmetric describing micro-
shearing, micro-stretching and micro-rotation. The literature contains numerous models of
enriched continua. These models differ mainly in the restrictions imposed on the micro-
distortion field as well as the differential operator used for the curvature measure. In
the following, we present the “full” micromorphic model by Mindlin-Eringen (P, VP),
The Cosserat micropolar model (skew P, Curl P) and the relaxed micromorphic model
(P, Curl P). Our focus will remain solely on generalized continua within the framework
of small deformations, so there will be no need to distinguish between reference and current
configuration. The body of interest will be denoted by B.

2.6.2 The micromorphic theory by Mindlin-Eringen

The micromorphic theory was developed first by R. D. Mindlin and A. C. Eringen in the
1960s, see for examples ERINGEN [1968], ERINGEN AND SUHUBI [1964], MINDLIN [1964;
1965}, MINDLIN AND ESHEL [1968], SUHUBI AND ERINGEN [1964]. The full gradient of a
second-order non-symmetric micro-distortion field is employed for the curvature measure-
ment. The displacement vector uw: B C R3 — R? and a non-symmetric micro-distortion
field P: B C R3 — R3*3 are defined by the minimization of the total energy

I(u, P) = /Bw (Vu, P,VP)dV — min, (2.69)

where no body forces or moments are considered presently seeking simplicity. The elastic
energy density reads

1
¥ (Vu, P,VP) = 5((vu— P):C.: (Vu—P)+symP :Cp :sym P

(2.70)
Y uLPVPILIVP +2(Vu— P):Cop: symP) .

Here, the fourth-order tensor C, : R**? — R3*3 acting on Vu — P has at most 45
independent coefficients. The fourth-order tensor Cp : Sym(3) — Sym(3) acting on sym P
has the classical 21 independent coefficients. The sixth-order tensor LL is associated with
curvature and has at most 378 coefficients while the fourth-order tensor C. p has 54
independent coefficients. The parameter L. > 0 is the characteristic length, and p > 0 is
added for dimensional consistency, while L is dimensionless. Note that this formulation
here with 45+ 21 4 378 + 54 = 498 independent coefficients is even simpler than the more
general formulation in MINDLIN [1964], which contains two additional mixed terms, i.e.
(VP, Vu — P) and (VP, Sym P), with two associated fifth-order tensors with a total
903 independent coefficients. The specific appearance of sym P in the energy function is
dictated by infinitesimal Galilean invariance, see e.g. R1zZz1 ET AL. [2024]. The strong
form of the balance equations of the Mindlin-Eringen micromorphic continuum reads
NEFF ET AL. [2014a]
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div (@e : (Vu—P)+Ce_pzsym12> =0,

= (2.71)
div <HL3E"VP,) —(Cp:symP+Cl_p: (Vu— P))+% =0,
M 5

where ¥ and S are second-order non-symmetric force and micro-stress tensors, respec-
tively, and M is a third-order moment stress tensor. The balance equations (2.71) repre-
sent generalized balances of linear and angular momentum, respectively.

A significant challenge in employing the micromorphic theory for modeling the mechanical
behavior of material lies in the difficulty of determining the numerous unknown coeffi-
cients. This not only presents a technical issue but also a challenge in physically inter-
preting the material parameters themselves, since some are size-dependent while others
are size-independent, BARBAGALLO ET AL. [2017], CHEN AND LEE [2003a;b]. Finally,
for the case C., — oo and if no mixed terms are considered, we obtain P = Vu and,
consequently, we have

o (Va, V(Va)) = %(symV’u Cpisym Vu+p L2 V(Va) LiV(V)) . (272)

and the gradient elasticity model is recovered in which Cp must coincide with the classical
periodic homogenization.

2.6.3 The Cosserat model

The first enriched continuum is traced back to the works of the Cosserat brothers
COSSERAT AND COSSERAT [1909]. They assume that each material point is rigid but
can rotate. Therefore, a skew-symmetric micro-distortion field is considered by setting
A = skew P € s0(3) with three additional rotational degrees of freedom instead of the
full nine degrees of freedom in the Mindlin-Eringen micromorphic theory, BARBAGALLO
[2017], GHIBA ET AL. [2023]. The displacement vector u and the skew-symmetric micro-
distortion field A are defined through the following energy minimization

I(u, A) = /Bw (Vu, A, V(axl A)) dV — min, (2.73)

and the energy density reads

Y (Vu, A, Vaxl A) = %(sym Vu:C,:symVu
+ (skew Vu — A) : Cy : (skew Vu — A) (2.74)
+pL2V(axl A) : L : V(axlA)) :

with



24 Fundamentals of continuum mechanics and enriched continua

0 A A
A= —Alg 0 A23 s and axl A = (-Agg, Alg, —Alg)T . (275)
_A13 _A23 0

Here, C. is a standard elasticity tensor acting on sym Vu. The tensor C4 is a fourth-order
tensor acting on skew Vu — A and L is a fourth-order tensor acting on V(axl A). The
curvature in the Cosserat theory can be expressed using the Curl operator rather than
the gradient with the help of Nye’s formula since A is skew-symmetric, see D’ AGOSTINO
ET AL. [2022a], NYE [1953],

V(axl A) = %tr [(Curl A)T] T — (Curl AT (2.76)

Therefore, an alternative formulation of the energy can be introduced with the help of the
Curl operator acting on the skew-symmetric tensor A. This formulation is isomorphic to
the formulation in Equation (2.74) BARBAGALLO ET AL. [2017]

¥ (Vu, A, Curl A) = %(sym Vu: C, :symVu
+ (skew Vu — A) : C4 : (skew Vu — A) (2.77)
+ p L2 CurlA : L: CurlA) .

The strong form of the balance equations of the Cosserat model reads

div|[ C.:symVu+Cyu: (skewVu —A) | =0,

> (2.78)
skew Curl uLgi :CurlA | —Cy : (skewVu — A) =0,

~
m skew X

representing a generalized balance of linear and angular momentum, respectively. Here,
3} is a non-symmetric force stress tensor and m is the second-order couple stress tensor.

A broad spectrum of materials, including granular materials MOHAN ET AL. [1999],
MUHLHAUS [1986], foam-like structures, bones ASCENZI ET AL. [1994], LAKES [1995],
PARK AND LAKES [1986], and chiral metamaterials ALAVI ET AL. [2021b], aligns with
the assumption of a rigid microstructure. However, the simplicity of the model restricts
its effectiveness in modeling more complex materials such as metamaterials.

2.6.4 The relaxed micrmorphic model by Neff

The relaxed micromorphic model balances the intricacies of the micromorphic continuum
and the simplicity of the Cosserat model. It significantly reduces the number of unknown
parameters compared to the Mindlin-Eringen micromorphic theory while still employing
its kinematic (full micro-distortion field). Nonetheless, it incorporates only the Curl of
the micro-distortion for the curvature as in the Cosserat theory. It provides an efficient
solution for modeling materials that exhibit size-effects or/and band gaps.
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Similar to the micromorphic theory, the kinematics of each material point in the relaxed
micromorphic model are described by a displacement vector w and a non-symmetric micro-
distortion field P. The elastic energy density is formulated as

¥ (Vu, P,Curl P) = %(sym[Vu — P]:C,:sym[Vu — P]

+sym P : Cicro : sym P (2.79)
+ skew[Vu — P] : C. : skew|Vu — P]
+p L2 CurlP : L : CurlP),

where the Curl of the micro-distortion field is utilized instead of the full gradient for
the curvature measurement, c.f. Equation (2.70). Chapter 3 is devoted to describing the
components and the characteristics of the relaxed micromorphic model comprehensively.
For the limit case C,,icro — 00, the micro-distortion field must be skew-symmetric P = A
and the Cosserat model is recovered with the corresponding strain energy density given
in Equation (2.77). Furthermore, letting C. — oo leads to A = skew Vu and we obtain
the couple stress model, see e.g. NEFF ET AL. [2016], with the following strain energy
density

1
Y (Vu, Curl skew Vu) = é(sym Vu:C, :symVu
+ p L2 Curlskew Vu : L : Curl skew V) .

(2.80)

2.6.5 Some other generalized continua in a nutshell

Generalized continua encompass numerous models in the literature, and their notation is
not unified. Reviews discussing the classes and relations between generalized continua can
be found in FOREST [2013], NEFF ET AL. [2014a]. In Figure 2.4, we present a genealogy
tree outlining various well-known generalized continuum models. This figure depicts their
kinematics, energy dependencies, and interactions between these different models.
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Mindlin-Eringen micromorphic
kinematics: (u, P)
»(Vu, P,VP)

u : displacement (3 dofs)

P : micro-distortion (9 dofs)

P = S (symmetric)

micro-strain
kinematics: (u, S)
»(Vu,S,VS)

S : micro-strain (6 dofs)

S =symVu

VP — Curl P

relaxed micromorphic second gradient
kinematics: (u, P) kinematics: (u)
Y(Vu, P,Curl P) »(Vu,V(Vu))
P=A+pl
\4

Y
strain gradient,
kinematics: (u)

Y(Vu, V(sym Vu))

p:
A : skew-symmetric micro-rotation tensor (3 dofs)

micro-stretch
kinematics: (u, A, p)
(Vu, A, p, Curl(A + pI))
micro-(volume strain) (1 dof)

Cosserat micro-void
kinematics: (u, A) kinematics: (u, p)
¥(Vu, A, Curl(A)) Y(Vu, p, Curl(pl))

——
orV(axlA)
A = skew Vu

/

couple stress
kinematics: (u)
(Vu, Curl(skew Vu))

Figure 2.4: Genealogy tree of some generalized continua.
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3 The relaxed micromorphic model (RMM)

The relaxed micromorphic model (RMM) is a generalized continuum descrip-
tion that simplifies the form of the assumed strain energy compared to the
classical Mindlin-Eringen micromorphic theory by employing a relaxed curvature
in terms of the Curl of a micro-distortion field rather than its full gradient
DEMORE ET AL. [2022], MADEO ET AL. [2016b], NEFF ET AL. [2014a].

Utilizing only the Curl of the micro-distortion field offers several advantages. First, it
achieves relative simplicity compared to the classical Eringen-Mindlin micromorphic the-
ory, as reflected in the notably reduced number of material parameters. For instance, the
relaxed micromorphic model characterizes a two-dimensional metamaterial consisting of a
periodic cubic unit-cell with only eight parameters (three of them are uniquely defined by
first-order classical homogenization). The simplicity is further highlighted by eliminating
the fifth- and sixth-order tensors found in classical Mindlin-Eringen micromorphic the-
ory. Second, the model demonstrates well-posedness for the important case of symmetric
force stress, as proven using a new generalized Korn’s inequality GMEINEDER ET AL.
[2023; 2024], LEWINTAN AND NEFF [2021], LEWINTAN ET AL. [2021]. This property is
not demonstrated in the Cosserat model since p. = 0 leads to no coupling. The most
notable advantage of the RMM is the bounded stiffness for small sizes, where the stiffness
of the RMM is bounded from below and above. This allows the material parameters to
be related to two well-defined scales GOURGIOTIS ET AL. [2024], SARHIL ET AL. [2023¢],
SCHRODER ET AL. [2022], which is not possible for classical micromorphic or gradient
elasticity theories that exhibit unbounded stiffness for large values of the characteristic
length parameter (a zoom in the microstructure).

In this Chapter, we provide a comprehensive description of the relaxed micromorphic
model. We begin by introducing the relevant Hilbert spaces and norms in Section 3.1.
Section 3.2 presents the energy function, offering a detailed explanation of the associated
material parameters. The variational problem is derived in Section 3.3, leading to the weak
and strong forms along with their respective boundary conditions. Analytical solutions
for the limiting cases of L. — 0 and L. — oo are derived. The distinctive behavior of the
relaxed micromorphic model as a two-scale elasticity model is highlighted in Section 3.6.

3.1 Hilbert spaces and related norms

In this Section, some common and well-known function spaces are introduced, BRENNER
AND SCOTT [2008], BREZZI AND FORTIN [1991], IGELBUSCHER [2021], VIEBAHN [2019],
in order to define suitable function spaces for the unknown field variables. First, we intro-
duce the Lebesgue space LP(B), which is characterized by p-integrable functions on the
domain B. A function a belongs to the Lebesgue space LP(B) if the p-th power of the
function is bounded

LP(B) :={a| ||a||pr < 0}  for 1<p< oo, (3.1)

with the associated norm
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lall = ( [ |arpdv)1/p . (3.2

The space of square-integrable functions L*(B) is defined as

Lz(B) ={al ||al|zz < o0, HaH%z = /BanV}, (3.3)

and the Lebesgue norms of a generic vector-valued function a and a generic second-order

tensor function A read
3 3

3
lallze =) llaillza,  (JAlZ2 =) > [14y1f7. (3.4)
=1

i=1 j=1

The definition of Lebesgue spaces focuses solely on the function itself and does not involve
statements regarding its derivatives. In contrast, Hilbert spaces include restrictions on the
derivatives of the function, making them particularly interesting when continuity, or even
higher-order continuity, is required. We introduce the Hilbert spaces HY(B), H(div, B)
and H (curl, B) for a vector-valued function a as

HY(B):={a € L*(B)|V'a € L*(B)},
H(div,B) := {a € L*(B) | diva € L*(B)}, (3.5)
H(curl, B) := {a € L*(B)| curla € L*(B)},

with V? as the ¢-th differential operator and the associated norms read

q
7o) = lallz + D _[[Veallz:,
s=1

. (3.6)
lalliraiv,5) = llallz: + [ divallf.

llal[feurn,s) = lall7z + || curlal|7. .
The solution of the relaxed micromorphic model, as we will show later, is to be found

in the space (u, P) € H'(B) x H(curl,B). The Hilbert space H'(B) is defined for the
displacement vector u as

H'(B) = {u € L*(B) |Vu € L*(B)}, (3.7)
with the norm
[l @) = llullZz + [[VullZ.. (3.8)
The space H (curl, B) is defined for the micro-distortion field P as
H(curl,B) = {P' € L*(B)| cwtl P" € L*(B), for i=1,2,3}, (3.9)

where P’ are the row-vectors of P, see Equations (3.16) and (3.17), and the associated
norm reads

1P| cur5) = |IPII72 + || Curl PJ[7. (3.10)
The total norm of the space H'(B) x H(curl, B) is defined as
[{w. PH i 5) 1.8y = 1l ) + 1P eun ) - (3.11)

We refer to SCHRODER ET AL. [2022], SKY [2022], SKY ET AL. [2022] for further details.
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3.2 Model description

The relaxed micromorphic model is a continuum model that describes the kinematics of a
material point using a displacement vector w: B C R?® — R? and a non-symmetric micro-
distortion field P: B C R® — R3*3. Both are defined for the static case by minimizing
the potential

H(u,P):/¢(Vu,P,Cur1P) —f-u—-M:PdV —/ t-udA — min, (3.12)
B 0Bt

with (u, P) € H'(B) x H(curl, B). The vector f and tensor M describe the given body
force and body moment, respectively, while £ is the traction vector acting on the boundary
0B; C 0B. The elastic energy density ¢ reads

1
Y (Vu, P,Curl P) = 5 (sym[V’u, — P]:C, :sym[Vu — P]

+sym P : Cpicro : sym P
+ skew[Vu — PJ : C, : skew|[Vu — P]

+pL2CurlP : L : CurlP) .

(3.13)

Here, C,icro and C, are fourth-order positive definite standard elasticity tensors, C. is a
fourth-order positive semi-definite rotational coupling tensor, LL is a fourth-order tensor
acting on non-symmetric arguments, L. is a non-negative parameter describing the char-
acteristic length scale, and p is a typical shear modulus which is added for dimensional
consistency. The characteristic length parameter plays a significant role in the relaxed
micromorphic model. This parameter is related to the size of the microstructure and de-
termines its influence on the macroscopic mechanical behavior. The characteristic length
allows scaling the number of considered unit-cells, keeping all remaining parameters of
the model scale-independent, where the macro-scale with C,,,..o and the micro-scale with
Cricro are retrieved for L. — 0 and L. — 0o, respectively, if suitable boundary conditions
are applied, see NEFF ET AL. [2020], SARHIL ET AL. [2021], SCHRODER ET AL. [2022].
The characteristic length parameter accounts for non-localities in the considered metama-
terial, where the deformation of each unit-cell is influenced by deformations and motions of
the neighboring cells. The macroscopic elasticity tensor C.cro associated with L. — 0 can
be defined by the standard first-order periodic homogenization (scale-separation holds),
while the microscopic elasticity tensor C,., associated with L. — oo represents the
stiffest extrapolated response (zooming in the microstructure). The constitutive coeffi-
cients are assumed constant with the following symmetries

(Crnicro)ijkt = (Crnicro)kiis = (Cunicro) jiki » (Co)ijir = (Co)rij = —(Ce)jim
(Co)ijit = (Ce)riij = (Ce) ikt (L)ijer = (L) iy »

where Ciero and C, are connected to Cacro through a Reuss-like homogenization relation
BARBAGALLO ET AL. [2017] (equivalent stiffness of springs in series)

(3.14)

C—l _ C_l

macro micro

+ Ce_l = (Ce = Cmicro : (Cmicro - (cmahcro)_1 . Cmacro . (315)

The energy functional of the model does not explicitly feature the macroscopic elasticity
tensor Cacro. However, the previous relation involving Cie.o and C,, which must be
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explicitly contained in the energy functional, assures that linear elasticity with Cacro 18
recovered as L. tends towards zero. Note that the shear modulus p appears for dimensional
reasons and is a priori not related to the shear moduli appearing in C.cro 0r Chicro-

The micro-distortion field has the following general form for the three-dimensional case

(PHT Py Py P ' P
P = (P2)T = P21 P22 P23 with P' = Pz y 1= 1,2,3, (316)
<P3>T P31 P32 P33 Pz

where P? denotes the row vectors of P. We let the Curl operator act on the row vectors
of the micro-distortion field P, i.e.

(curl P1)T Piso— Piag | Piig — Pisy | Piag — P
Curl P = | (curlP?)T | = | Pa3— Prg | Pug— Pas1 | Po1— Paa |- (3.17)
(curl P3)T P3go — P3a3 | P31z — P33y | Poon — Psio

For the two-dimensional case, the micro-distortion field and its Curl operator are reduced
to

(PHT P, Ps 0 00| Pia1— Prio
P = <P2>T = P21 PQQ 0 and CU.I‘]P = 00 P22’1 — P21’2 . (318)
0" 0 0 O 010 0

3.3 Variational formulation

The variation of the potential with respect to the displacement field, i.e. 0,11 = 0, with

011 = /{Ce :sym[Vu — P] + C, : skew|Vu — P]} : Véu — f - SudV
i iy )

='o (3.19)
—/ t-dudA,
0B,

leads, after integration by parts and using the divergence theorem, to the weak form
0 I1 = /{diva + f}-6udV =0, (3.20)
B

where o stands for the non-symmetric force stress tensor. The associated strong form
with the related boundary conditions reads

dive+f=0 with u=u on 9B, and t=0o-n on 0B, (3.21)

satisfying 0B, N 0B; = 0 and 9B, U 9B, = OB and mn is the outward normal on the
boundary. Similarly, the variation of the potential with respect to the micro-distortion
field, i.e. 0pIl = 0, with

opll = /{a‘ — Chijero : SYym P +M} : 6P — p L2(L : Curl P) : Curl6PdV,  (3.22)
o . , Iy o 2

= Omicro =m
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yields after using integration by parts and applying Stokes’ theorem

opll :/{0' — Omicro — Curlm + M} : P dV
B

3 A A (3.23)
+/88{Z (m' x6P") -n} dA=0,

=1

where o and m are the micro- and moment stresses, respectively, and m! and JP?
denote row vectors of the associated second-order tensors. Here, we have employed the
relation

3
/m : Curl 6P dV = / Curlm : 6P dV — / {Z (m' x6P")-n} dA.  (3.24)
B B 9B i—1
Using the identity of the scalar triple vector product
(axb)-c=(cxa)-b=(bxc)-a, (3.25)

leads for the reformulation

3

/aB{Z (m' x6P") -n} dA =

=1

3 3 (3.26)
/ {Z (6P'xn)-m'} dA —/ {Z (m' xn)- 6P} dA.
Bp j—1 Bm i1
The associated strong form reads
Curlm = 6 — Omicro + M, (3.27)

with related boundary conditions, formulated in terms of the row vectors P* and m' of
the associated second-order tensors,

3 3
Z P'xn=t, on 9Bp and by definition Z m'xn=0 on 0B,, (3.28)
i=1

=1

where 0Bp N 0B, = 0 and 0Bp U 9B,, = 0B.

The first strong form in Equation (3.21) represents a generalized balance of linear momen-
tum (force balance), while the second strong form in Equation (3.27) outlines a general-
ized balance of angular momentum (moment balance). The generalized moment balance
invokes the Cosserat theory with the Curl Curl operator rising from the matrix Curl op-
erator of the second-order moment stress m. In comparison to the classical micromorphic
model, see ERINGEN [1968], NEFF ET AL. [2014a], the relaxed micromorphic model uses
the same kinematical measures but employs a curvature measure from the Cosserat mi-
cropolar theory, see NEFF ET AL. [2010b]. The strong form of the relaxed micromorphic
model, along with the associated boundary conditions, can be summarized as follows:
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dive+f=0 on B,
u=u on 0JB,,
t=0-n on JB;,

O — Opmico — Curlm + M =0 on B,

(3.29)
ZPixn:fp on OBp,
3

Zmi xn =0 on 0B,,,

=1
where 0Bp N 0B, = 0B, N OB, = 0 and 9Bp U 0B,, = 0B, U 0B, = 0B. By substitut-

ing the generalized balance of angular momentum into the generalized balance of linear
momentum, a resulting (but not independent) balance equation reads

divomieo + f =0 on B, (3.30)

which does not appear in the Eringen-Mindlin micromorphic theory or the Cosserat mi-
cropolar model. A dependency between the displacement field and the micro-distortion
field on the boundary was introduced by NEFF ET AL. [2020] and subsequently consid-
ered in D’AGOSTINO ET AL. [2022b], Ri1zzI ET AL. [2021a;b], SKY ET AL. [2021]. This
so-called consistent coupling boundary condition relates the projection of the dis-
placement gradient on the tangential plane of the boundary to the respective parts of the
micro-distortion, i.e.

P.r=Vu-7< P xn=Vu'xn for i=1,23 on 0Bp=0B,, (3.31)
where T is a tangential vector on the Dirichlet boundary and Vu' are the row vectors of
Vu. This boundary condition can be enforced explicitly on the displacement’s Dirichlet
boundary because the displacement gradient’s tangential projection is known. However,

we can extend this relative boundary condition to parts of dB,, by enforcing the consistent
coupling condition on 0By C 0B, via a penalty approach as

H<:H+/ K1Z|| —Vul) xn)|[>d4, (3.32)
0B
where k1 is the penalty parameter.

3.4 Limiting case L. — 0

For the limit L. — 0, the generalized balance of angular momentum in Equation (3.29)
turns with L, = 0 into

O — Omicto + M =0. (3.33)

Alternatively, it can be rewritten as the following
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C. : sym[Vu — P] + C. : skew|[Vu — P] — Cpiicro : sSym P+ M = 0. (3.34)

The micro-distortion field P can be calculated after some algebraic manipulations as

sym P = (C. 4 Cuicro) ' 1 (Ce : sym Vu + sym M),

-1 ~F (3.35)
skew P =C_ " : skew M + skew Vu
which leads, with the assumption M = 0, to
sym P = (Cq + Cpjero) 1 Ce : sym Vu, (3.36)
skew[Vu — P] =0
and by substituting in Equation (3.34), we obtain
Ce : sym[Vu — P] = Cpicro : (Ce 4+ Criero) ' 1 Ce : sym V. (3.37)

The generalized balance of linear momentum in Equation (3.29) taking into consideration
Equations (3.36) and (3.37) becomes

div[(Cuicro : (Ce + Cricro) " : Ce) s sym V] + f =0, (3.38)

-~

=:Cmacro

and we obtain the classical balance of linear momentum for the linear elastic Cauchy
continuum. The definition of the macroscopic elasticity tensor Cpacro = Chicro @ (Ce +
Cuiero) 1 : Co = (C1 + CL..) 7Y, which has been introduced before in Equation (3.15),
is a series sum of C, and Ccro (Reuss-like homogenization). Therefore, Cyacro is softer
than both C, and Cyicro, BARBAGALLO ET AL. [2017]. The case L. — 0 corresponds to
the lower limit of the relaxed micromorphic model. This limit is associated with the soft
response of large specimens (many unit-cells), and the classical first-order homogenization

procedures are valid to identify the elasticity tensor C,acro-

3.5 Limiting case L. — o0

For the limit L. — oo, the term Curl P has to vanish, see Equations (3.12) and (3.13).
This implies the reduction of the micro-distortion to a gradient field P = Vv NEFF
ET AL. [2020], SKY [2022]. The elastic energy density of the relaxed micromorphic model
in Equation (3.13) becomes

1
Y (Vu,Vv) = 5 (sym[Vu — Vv : C, : sym[Vu — Vv
+sym Vo : Cpicro : sym Vo (3.39)
+ skew[Vu — Vv : C. : skew|[Vu — V’U]) :

The variation of the total energy with respect to the remaining fields w and v reads
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:sym[Vu — Vo] + C, : skew[Vu — VU]} :Vou — f - sudV

.
/ t-oudA,

sl = [
B
0B, (3.40)

dpll = / {(Ce sym[Vu — V| 4+ C, : skew[Vu — V]
B
— Chicro : sym Vo + M} :VévdV

and the associated strong forms are

div[C, : sym[Vu — Vo] + C, : skew[Vu — Vv]] + f =0  (3.41a)
div[C, : sym|[Vu — Vo] + C, : skew[Vu — Vv] — Criero : sSym Vo + M| = 0. (3.41Db)

We substitute Equation (3.41b) into (3.41a) and obtain

div[Cpiero : sym Vo] = divM — f. (3.42)

Enforcing the consistent coupling condition on the boundary, see Equation (3.31), with
vanishing body force f leads to the apparent solution Vv = Vu. The divergence of
the body moment can be interpreted as a microscopic body force f = —div M. The
minimization problem can be reformed as

/ %Vu : Chyiero : VU — ? -4udV — min (3.43)
B

with the balance equation

div[Ciero : sym Vu| + ? =0 (3.44)

and a linear elastic Cauchy continuum with elasticity tensor C,ic is recovered. The case
L. — o0 corresponds to the upper limit of the relaxed micromorphic mode characterized
by linear elasticity with elasticity tensor Cco. This limit must be associated with the
stiffest response of the assumed material as we are zooming in the microstructure into
one single unit-cell.

3.6 Characteristics of the RMM: a two-scale elasticity model

As we demonstrated in Sections 3.4 and 3.5, the relaxed micromorphic model recovers
a “soft” linear elasticity model with an elasticity tensor C,aco as L. — 0 and a “stiff”
linear elasticity model with an elasticity tensor C,icro as Lo — 0o. Therefore, the relaxed
micromorphic model interpolates between two well-defined scales: the microscopic scale,
described by linear elasticity with a microscopic elasticity tensor representing the maxi-
mum stiffness exhibited by the assumed metamaterial, and the macroscopic scale, char-
acterized by linear elasticity with a macroscopic elasticity tensor obtained using standard
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periodic first-order homogenization methods when scale-separation holds. The critical role
of the characteristic length parameter is to scale correctly with the specimen size and to
control the transition between the micro- and macro-scales. Therein, large values of the
characteristic length correspond to zooming into the “stiff” microstructure, for example,
one unit-cell, while small values result in an effective “soft” classical homogeneous re-
sponse for large structures. Figure 3.1 illustrates how this unique behavior distinguishes
the relaxed micromorphic model from other generalized continua that exhibit unbounded
stiffness for arbitrarily small specimens (i.e., large values of the characteristic length).

A

“other generalized continua (Cosserat, second gradient,

\ Mindlin-Eringen)

\ linear elasticity with Cijcro

I

unit-cell

relative stiffness

« linear elasticity wi f

e — = = = = === many unit-cells

o0 4——  characteristic length L. —— 0

Figure 3.1: The stiffness of the relaxed micromorphic model (RMM) is bounded from
above and below. Other generalized continua exhibit unbounded stiffness for small sizes.
For large values of the characteristic length, linear elasticity with a microscopic elasticity
tensor is recovered (one unit-cell) while linear elasticity with a macroscopic elasticity ten-
sor is obtained for small values of the characteristic length (many unit-cells). Taken from
SARHIL ET AL. [2024].
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4 Finite Element Method

Within the last decades, the Finite Element Method (FEM) has been proven to be a
well-established numerical approach for an approximate and effective solution of par-
tial differential equations on complex finite geometries with different types of bound-
ary conditions. The finite element method is based on approximating of the contin-
uous problem into a discrete counterpart with a certain number of unknowns (de-
grees of freedom), which yields an equations system that can be solved employing
suitable numerical methods and computer codes. For a general overview of the fi-
nite element method and the associated concepts, we refer to the standard books, e.g.
BATHE [2006], WRIGGERS [2008], ZIENKIEWICZ ET AL. [2013].

In this Chapter, we introduce the fundamental concepts of the finite element realization
of the relaxed micromorphic model with the needed H'(B)- and H (curl, B)-conforming
finite element approximation spaces. The proper finite element approximation of the
micro-distortion field is the Nédélec space, which utilizes tangential-conforming vecto-
rial shape functions. We provide a comprehensive description of the construction of
H'(B) x H(curl, B) elements with Nédélec formulation of the first kind on triangular
and quadrilateral meshes. Six finite elements are built, seeking comparison, which differ
in the approximation space of the micro-distortion: two triangular elements with first-
and second-order Nédélec formulation, two quadrilateral elements with first- and second-
order Nédélec formulation, and two nodal triangular elements with standard first- and
second-order Lagrangian formulation. Three numerical examples are introduced. The first
numerical example is a patch-test to check the implementation. The second numerical ex-
ample is designed to check the convergence behavior of the different finite elements when
the solution is discontinuous in the micro-distortion field. We investigate the influence of
the characteristic length in the last example, which covers the size-effect property.

Parts of this Chapter are published in:

J. Schroder, M. Sarhil, L. Scheunemann and P. Neff. Lagrange and H'(B) x H(curl, B)
based finite element formulations for the relaxed micromorphic model. Computational
Mechanics, 70, 1309-1333, 2022. doi:10.1007/s00466-022-02198-3

M. Sarhil, L. Scheunemann, J. Schroder and P. Neff. On a tangential-conforming finite
element formulation for the relaxed micromorphic model in 2D. Proceedings in Applied
Mathematics and Mechanics, 21, €202100187, 2021. doi:10.1002/pamm.202100187

4.1 Linearization of the weak forms

Since the solution of the variational problem in Section 3.3 can generally be nonlinear,
the solution of boundary value problems requires an iterative procedure. The Newton-
Raphson scheme is particularly efficient for solving nonlinear algebraic systems, converging
quadratically in a sufficiently close neighborhood of the real solution. Therefore, linearizing
the underlying coupled weak forms in Equations (3.19) and (3.22) becomes necessary. We
revisited the weak forms, clarifying their physical interpretation by expanding them into
expressions linked to virtual work. We rewrite the first weak form in Equation (3.19) as
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JB L, B oB; ”
= 5;?[”“5 = 5:1_[5“”

where 5,11 and §,I1¢** denote the virtual internal and external work associated with
the displacement field. Similarly, we reform the second weak form in Equation (3.22) as

opll = / (Omico — ) : 0P +m : CurléPdV—/M oPdV, (4.2)
B B

. J

vV VvV
=: §pllint =:§pllezt

where §pII"™ and Jpll®** denote the virtual internal and external work associated with
the micro-distortion field. The linearization of previous weak forms with respect to a given
point w = w and P = P reads

Lin 6, I1(w, P, 6u, Au, AP) = §,I1(w, P, 6u) + Ay 6,11(it, P, du, Au)
+ Ap 8,J1(w, P,ou, AP),

Linépll(u, P,6P, Au, AP) = 6pll(, P,0P) + A, 0pll(w, P, 0P, Au)
+ Apépll(a, P, 6P, AP),

(4.3)

where Au and AP are the incremental displacement and micro-distortion field, respec-
tively. The incremental parts of the linearization are obtained through the (partial) direc-
tional derivatives with respect to the corresponding field quantity. The increment of the
virtual work is obtained exemplarily as

o d o o
Ay 0 ]1(w, P, du, Au) = d—éuH('& +eAu, P, du)| = D,dJl(u, P,ou)-Au, (4.4)
€ e=0
which applies analogously to the other terms. Moreover, we assume that the traction t,
the body force f and the body moment M are conservative external loading so that their

directional derivatives vanish, i.e. A J,I1¢** = 0 and A dpII¢** = 0. Thus, we obtain the
following linearization of the weak forms

Lmaunz/a:vaudV—/T-audV—/ t-oudA
B B OB

—|—/V&u:@an:VAudV—l—/Véu:@pa:APdV,

B B

Lin5pH:/(a'micro—a):5P+m:Cur15PdV—/M:5PdV (4.5)

B B

—/5P D OvaO : VAudV+/(5P: (OpO micro — Opo) : AP AV
B B

—i—/ Curl 6P : Ocumpm : Curl AP AV,
B

with the following partial derivatives
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OV'U,O' = <Ce_‘_(jc ) aPa' = _(Ce+cc) 5 aPa-micro = <cmicro ) 8Curle = ,ULg L. (46)

Note that the symmetry and anti-symmetry operators have been dropped because the
definition of the tensors C, Cpicro : R**® — Sym(3) and C, : R**3 — s0(3) implies these
operators, see Equation (3.14), compare with SKY ET AL. [2022].

For the 2D case, the isotropic nature of the curvature arises because of the
reduction of the Curl of micro-distortion field to a vector out of the plane
Curl P := ((Curl P)s3, (Curl P)as)”, see Equation (3.18). This also applies to the mo-
ment stress m := (mys, mgg)T. Thus, the curvature is controlled solely by the character-
istic length, assuming I = II, denoting the fourth-order identity tensor. The final form of
the linearized weak forms for the 2D case reads

Lm%H:/a:Wm&ﬁi/TﬁwW—/)EMMA
B B 0B,
+/V5'u, :(Co+C,) : VA'u,dV—/V5u (Co+C,):APAV,
B B
Lin §pll :/ (Omicro — ) : 0P +m - CurldP dV — / M :5PdV (4.7)
B B

—/5P: (Ce+C.): VAudV+/5P : (Ce 4+ Ce + Chiero) : AP AV
B B

+/uL§ CurléP - CurlAPdV .
B

The coupled linearized forms are solved in each iteration step n with respect to the
incremental quantities Au,; and AP, ; under the assumptions that Lin Il = 0 and
Lin 6 pII = 0. The total displacement and micro-distortion fields are updated, i.e w,; =
u, + Auw, ., and P,,; = P, + AP, and this procedure continues iteratively until the
incremental virtual works and the incremental displacement and micro-distortion field
tend towards zero, i.e. less than a given tolerance.

4.2 Finite element discretization

The linearized equations have to be solved numerically with the FEM. The main concept
of the FEM is to replace the real physical body B with a finite number n.. of non-
overlapping finite elements B, resulting in a discrete counterpart By, see Figure 4.1,

Nele
BrB,=|]JB.. (4.8)

e=1

Each finite element approximates the primary variables, here the displacement and the
micro-distortion field, via appropriate shape functions considering the values of the pri-
mary variables at specific locations (nodes and edges), and the continuous problem is
transformed into a discrete problem with a finite number of values of the primary vari-
ables located at the Finite Element mesh.
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FE discretization

parameter space

Figure 4.1: Discretization of the physical domain B with the boundary 0B resulting in an
approximate domain B, with the boundary 0B}, consisting of nele finite elements B.. Each
finite element is formulated within the parameter space and subsequently mapped into the
physical space.

The isoparametric concept is a commonly employed approach in the finite element method
that has been adopted for this thesis. It involves introducing an isoparametric subspace
called parameter space. Within this subspace, an isoparametric or unit element is defined
in terms of natural coordinates & = {£,n} and subsequently mapped into the physical
space X = {z,y}. This mapping is established with respect to the transformation maps,
which are determined by the Jacobian matrix.

4.3 Conforming finite element approximations

As a result of employing the matrix Curl operator of the micro-distortion field for
the curvature measurement, the relaxed micromorphic model seeks the solution of the
micro-distortion in H(curl, B), while the displacement solution is still in H'(B). The
appropriate finite elements of the relaxed micromorphic model must be conforming in
H'(B)x H (curl, B) space. In the following, we present two approximation spaces for the re-
laxed micromorphic model for the purpose of comparison; nodal-edge H'(B) x H (curl, B)-
conforming formulation and standard nodal formulation. Various H'(B) x H(curl, B)-
conforming finite elements will be compared with standard H'(B) x H'(B)-conforming
finite elements of different shapes and orders in numerical examples.
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4.3.1 H'(B)-conforming finite element formulation

A conforming H'(B) discretization employs the well-known Lagrange shape func-
tions. They are widely used for the standard finite element formulations. The La-
grange interpolation functions are scalar-valued polynomials that are assigned to
nodes. Details on the construction of Lagrange shape functions can be found in
BATHE [2006], WRIGGERS [2008], ZIENKIEWICZ ET AL. [2013]. Lagrange shape func-
tions have to satisfy two conditions. The first condition states that the shape function
linked with node I denoted as N' must be equal to one at that specific node and zero at
all other nodes

1 if I=J

NI(ﬁJ):{O TS (4.9)

The second condition, known as the partition of unity condition, asserts that the sum of
the interpolation functions at each position of the element must equal one

d N =1. (4.10)

We list in Table 4.1 the H'(B)-conforming finite element spaces that we will use later.
Discretization of the geometry and displacement field :

Assuming there are n" nodes in each element for discretizing the displacement field u.
Both geometry and the displacement field are approximated using the same Lagrangian
shape functions N} (isoparametric concept), which are defined in the parameter space
with natural coordinates & = {&, n},

X, =Y N{&X;, w=)Y Np&)dy, (4.11)
I=1 I=1

where X are the coordinates of displacement node I and d} are its displacement degrees
of freedom. The deformation gradient is obtained in physical space by

Vu, =Y dj @ VN{(€) with VN/(€) =JT-VeNy, (4.12)

I=1

where J = %—? is the mapping Jacobian, V and V¢ denote gradient operators with respect
to X and &, respectively.

Discretization of the micro-distortion field :

As previously mentioned, while the appropriate discretization for the micro-distortion
field requires H (curl, B)-conforming elements, we also introduce a standard Lagrange
formulation for the micro-distortion field as well to facilitate comparison. Let us assume
that n” nodes are used to discretize the micro-distortion field P. The micro-distortion
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Table 4.1: The parametric H'(B)-conforming elements with the shape functions.

linear T1 element

quadratic T2 element

3 nodes 6 nodes n
3(0,1)
N'=1-¢-n | N'=(1—¢&—n)(l-2—2)
N =¢ N? = g(2¢ 1)
N3 =1y N* =n(2n—1) 6 5
N'=4(1-&§—n)
N> = 4¢n ¢
6 — _ ¢
NP =dn(1 =& =) 1(0,0) 4 2(1,0)
linear Q1 element quadratic Q2 element
4 nodes 9 nodes
1
N=0-90-m| N =@ -0 )
1 4(-1,1 3(1,1
N o= N =@ e e
1
NO= 040+ N L R +) " I
1
Nt = (1= +mn) N4:%l(£2—§)(772+n) 8¢ . $6
N? %(1 — &) —n)
1 ® ° °
N =@+ =) 1(-1,-1) 5 2(1,-1)
NT = (- ) )
NS = (€ -1 P)
N =(1-¢)1-n)
field for the 2D case is approximated using the relevant scalar shape functions N
[ B ] _ & (di) 1
P=| =5 N© |
(4.13)
2 _ (Ph)21 _ ol P (dl
pe=[ (i | =S re [ G ]

where (d)11, (dF)s2, (dF)12 and (dF)s; are the degrees of freedom of the micro-distortion
field at node I. In order to calculate the Curl of P, the gradient of the row vectors in
physical space can be calculated by

VP =J T.VP. for i=

and the rotation of the vector P} reads

CuI'lQD P}i = (Ph)iZ,l — (Ph)il,Z for 7

=1,2.

Y

(4.14)

(4.15)
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4.3.2 H(curl, B)-conforming finite element formulation

Because of using the matrix Curl operator of the micro-distortion field for the curvature
measurement, the relaxed micromorphic model seeks the solution of the micro-distortion
field in H (curl, B). The appropriate finite elements of such a case must be conforming
in H(curl, B) (tangentially conforming). The first formulation of conforming “edge” ele-
ments was introduced in RAVIART AND THOMAS [1977]. The name “edge” element was
used because the degrees of freedom (dofs) are associated only with edges for a first-order
approximation. H (curl, B)-conforming finite elements of the first kind were presented in
NEDELEC [1980] and the second kind in NEDELEC [1986], which are comparable with
H(div, B)-conforming elements of the first kind in RAVIART AND THOMAS [1977] and
the second kind in BREZZI ET AL. [1985]. Employing covariant projections, an exten-
sion to elements with curved edges was developed by CROWLEY ET AL. [1988]. A gen-
eral implementation of Nédélec elements of the first kind is presented in OLM ET AL.
[2019], and a detailed review of H(div,B)- and H(curl, B)-conforming finite elements
is available in KIRBY ET AL. [2012] and ROGNES ET AL. [2009]. Furthermore, hierar-
chical H (curl)-conforming finite elements are employed to solve Maxwell boundary and
eigenvalue problems in SCHOBERL AND ZAGLMAYR [2005]. Various finite element formu-
lations of the relaxed micromorphic model were presented for the antiplane shear case
in SKY ET AL. [2021], and the three-dimensional case in SKY ET AL. [2022; 2024a]. A
conforming finite element formulation for a further relaxed curvature can be found in
SKY ET AL. [2024b]. In this work, we choose the Nédélec space of the first kind. For more
details, the reader is referred to BOFFI ET AL. [2014], KIRBY ET AL. [2012], MONK [1993],
ROGNES ET AL. [2009]. Nédélec formulations use vectorial shape functions that satisfy
tangential continuity at element interfaces. The lowest-order two-dimensional Nédélec el-
ements are illustrated in Figure 4.2.

e n
(-1,1) 3> (1,1) (0,1)
n
64A ¢ AeQ () €1
> > *>
(-1,-1) el (1,-1) (0,0) es (1,0)

(right) and

2
Figure 4.2: The lowest-order (k = 1) Nédélec elements: triangle [/\/' DA]l

2
quadrilateral [J\f DD] ) (left). Definition of the individual edges e;. The red arrows indicate
the orientation of tangential flux. Taken from SCHRODER ET AL. [2022]

Triangular Nédélec elements of order k are based on the space
NDAJE = (P ® S with Sy ={pe(P?|p-£€=0},  (4.16)

where IP,_; is the linear space of polynomials of degree k — 1 or less and IPj, is the
linear space of homogeneous polynomials of degree k. Equivalently, this space can be
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characterized by

INDA]; =< @lPy [ _577 } . (4.17)
— k

The dimension of this linear space is dim ([./\/' Dﬂi)
elements of order k are based on the linear space

(k + 2). Quadrilateral Nédélec

[./\/'DD]i = [ gkl’k } where Q. = span{&’ |i <m,j < n}, (4.18)
kk—1

with dim ([N DD}D = 2k(k + 1). The vectorial shape functions v* in parameter space

are calculated by constructing a linear system of equations based on a set of inner and

outer dofs. For the 2D case, the outer dofs of an edge e; (see Figure 4.2) are determined

by the integral

mefi(’Ukz) = / (’Uk . tz) ] dS7 VT’]‘ c IPlc—l(ei> s (419)

J

where r; is a polynomial IP,_; along edge e; and ¢; is the normalized tangential vector of
edge e;. The inner dofs are defined for triangular elements by

mer (vF) = / v* - gqida, Vg€ (Pr_o(m.))?, (4.20)
while they are given for quadrilateral elements by
@ = [ ot ade, vace |G | (421

The scalar-valued and vectorial functions r; and g; are linearly independent polynomials
that are chosen as Lagrange polynomials. For the lowest-order element (K = 1), only
outer dofs occur. For higher-order elements (k > 2), the number of outer dofs increases

and additional inner dofs are introduced. E.g. for the [J\/’ DAE with a dimension 8, we
have 6 outer dofs and 2 inner ones.

In the following, we illustrate the derivation of the vectorial Nédélec shape functions
for the lowest-order triangular element N'T'1. The derivations of Nédélec’s vectorial shape
functions for the second-order triangular element and both first- and second-order quadri-
lateral elements are presented in Appendix A. An parametric triangular element is de-
fined on a domain 7reA ={0<¢<1,0<n<1-—¢}. The parametric lowest-order finite
elements with the respective edge numbering are shown in Figure 4.2. The Nédélec space
of a first-order triangular element (NT1) reads

- {[3].[) (7]

and the general form of vectorial shape function is

1 a; —asn
= 4.2
v [a2+a3§]’ (4.23)

where a;,7 = 1,2, 3 are coefficients yet to be defined based on the dofs. Starting from the
definition in Equation (4.19), we set r; = 1 for all edges. The tangential vectors of all
edges, see Figure 4.2 (right), are given by

tlz%[_ll}, tzz[”, tgz[(l)] (4.24)
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We calculate the dofs following Equation (4.19) using £ + 17 = 1 on the first edge, £ = 0
on the second edge and 1 = 0 on the third edge and obtain

el __ ez __ €3 __
my = a; —as — as, my” = asg, my° =ay. (425)

In order to obtain the vectorial shape functions v}, vy and v} from the general function
in Equation (4.23), we have to compute three associated combinations for a,as and as.
We derive the explicit expressions for the vectorial shape functions by enforcing

mf('vf) =0y, (4.26)
for shape vector 'U;“ associated with edge e;. The evaluation of dofs for each edge, i.e.
edge 1: mi' =1, mi? =0, mP=0 = a =0, aa=0, az3=-1
edge 2: m{' =0, ms? =1, mP=0 = a=0, aa=1a3=—1 (4.27)
edge 3: mi =0, mi? =0, mP=1 = a=1 a=0 a3= 1

leads to the shape vectors

v%:(_ng), v%:(lif)’ vgl,:(lgn). (4.28)

A visualization is depicted in Figure 4.3. Note that each vectorial shape function linked
with a specific edge is perpendicular to the other edges, i.e. it has tangential projection
only on its associated edge.

O

-4 0.0fF - £

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 a 0.6 0.8 1.0

a) vl (b) v} (c) v}

Figure 4.3: Tangential-conforming vectorial shape functions of NT1 element. Blue circles
indicate the position where the dofs are defined. Taken from SCHRODER ET AL. [2022]

Mapping vectorial shape functions v¥ from the parameter space to "J)’f in the physical
space must conserve the tangential continuity property. This is guaranteed by using the
covariant Piola transformation, see for example ROGNES ET AL. [2009], which reads

y - y 1
Y= J T . vf and curlyph = ool v (4.29)

For our implementation of H(curl, B)-conforming elements, we modify the mapping to
enforce the required orientation of the degrees of freedom at inter-element boundaries
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and to attach a direct physical interpretation to the Neumann-type boundary conditions.
Hence, two additional parameters, o and [, appear for the vectorial shape functions
associated with edge dofs

Yy = O‘I/BI’QZIIC and  curlepf = oy curl "Llf» (4.30)

where oy = +1 is the orientation consistency function which ensures that on an edge,
belonging to two neighboring finite elements, a positive tangential flux direction is de-
fined. Therefore, this positive tangential direction is determined based on a positive x-
coordinate. A tangential component pointing in negative z-direction is multiplied by a
value ay = —1 to obtain an overall positive tangential flux on each edge. When the
tangential direction has no projection on the x-axis, the same procedure is employed in
y-direction. This can be summarized as

( v}
+1 if (1#?)1 > 0,
Er
-1 if (¥F),| <o,
ar = o ] . (4.31)
+1 if (%) =0 and (PF)| >0,
Er Er
\ Er Er

Figure 4.4 illustrates an example of calculating the orientation parameter values of two
neighboring elements.

A
y
element ‘ o s Qs
1 -1 +1 -1
>
2 | 4+1 -1 41 .
(a) local orientations (b) orientation parameter (C) global orienta-
of dofs values tions of dofs

Figure 4.4: Example of assembling of two neighboring elements which satisfy the orientation
consistency via the orientation parameter «;. Taken from SCHRODER ET AL. [2022]

The normalization parameter 3; enforces that the sum of vectorial shape functions ¥
at a shared edge scalar multiplied with the associated tangential vector must be equal to
one in physical space. Furthermore, the sum of the shape functions belonging to one edge
scalar multiplied by the tangential vector of the other edges must vanish. These conditions

are reflected by
1 if I'=J
Wyl 2l E = w
EJ: g 0 if T#J
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Here, >~ 4p%| is the sum of shape vectors related to outer dofs of an edge E; evaluated on
J E;
edge E; and 77 is the normalized tangential vector of an edge E; where E denotes the edges

in the physical space. Based on Equations (4.30) and (4.32), we compute straightforward
the parameters ;. In detail, we get for first- and second-order elements
L
Br=L; and f= 7], (4.33)
respectively, where L; denotes the length of edge E; in physical space. For the 2D case,
the rotation of vectorial shape functions only has one active component out of the plane,

which reads
arBr

det J

The micro-distortion field P is approximated by the vectorial dofs dj = ((d} )1, (df )2)T
representing its tangential projections at location I = 1, ...,n”. The micro-distortion field
and its Curl are interpolated as

curl®’ ok =

curlZD vk (4.34)

nP TLP
P,=> dioyf, CwlP, =) dfculy). (4.35)
I=1 I=1

The non-vanishing components of the Curl operator of the micro-distortion field for the
2D case are obtained by

nP

nt 12D wk (dP)

curl?’ P} 2, cut 1 arh
[ curl?”’ Ph2 } =Y cwlPyidf = | = (4.36)

h I=1 Z CU_I'12D ’lpk (dP>

= 7 \dy )2

4.4 Implemented finite elements

We introduce four nodal-edge H'(B) x H(curl, B) elements based on the formulation in
Section 4.3.2 and two standard nodal H'(B) x H'(B) elements based on Section 4.3.1.
All implemented finite elements use scalar quadratic shape functions of Lagrange-type for
the displacement field discretization with the notation T2 for triangles and Q2 for quadri-
laterals. The micro-distortion field is discretized using different formulations presented in
Sections 4.3.1 and 4.3.2. For the standard nodal elements, Lagrange-type ansatz functions
are employed, leading to element types T2T1 (linear ansatz for P) and T2T2 (quadratic
ansatz for P). Different nodal-edge elements are built using first- and second-order Nédélec
formulations with tangential-conforming shape functions denoted as NT'1 and NT2 for tri-
angular elements and QT1 and QT2 for quadrilateral elements. The micro-distortion dofs
in the standard nodal H'(B) x H'(B) elements are tensorial with 2 x 2 entries, while
the nodal-edge H'(B) x H(curl, B) elements use vectorial dofs for the micro-distortion
field representing the tangential projections. The used finite elements are depicted in the
parameter space in Figure 4.5.

The expected convergence rates of H'(B) x H(curl, B) elements for the relaxed micromor-
phic model were discussed for anti-plane shear and 3D cases in SKY ET AL. [2021; 2022].
In a similar way for an element with an H*(B)-conforming formulation of order k for the
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n
3
2
6 5
1
1 4 3 2 &
(b) T2NT1
n n 6 7 5
4 ' > d 3
K ,
3 gl 10 9 ;
6,6 @ 6 9 § I
4 8 12x 3
C e e
1,1 4.4 22 & 1 5 4 6 2 ¢ 1 15 22
(d) T212 (e) T2NT2 (f) Q2nvQ2

Figure 4.5: The implemented finite elements in the parameter space. Black dots represent
the displacement nodes while red squares stand for micro-distortion field nodes associated
with 2 x 2 tensorial dofs in Lagrange formulation. Red arrows and crosses indicate the
edge and inner vectorial dofs, respectively, of the micro-distortion field used in Nédélec
formulation. Taken from SCHRODER ET AL. [2022]

displacement approximation and a first type Nédélec formulation of order £ for the micro-
distortion approximation, the solution should converge with an optimal convergence rate
kin H'(B) x H(curl, B) norm which is defined in Section 3.1. Therefore, we expect that
the elements T2NT2 and Q2NQ2 achieve an optimal convergence rate of two.

4.5 Discretization of the linearized weak forms

In the following, we give the discretized formulations of the linearized weak forms shown
in Equation (4.7) for the implemented finite element approximation spaces. Here, we use
the Voigt notation, demonstrated in Appendix B, which stores the second-order tensors
as vectors and the fourth-order tensors as matrices. Voigt notation provides an efficient
representation of the discrete linearized weak forms (distinguished with wide hat @).

4.5.1 H'(B) x H'(B) finite elements

The approximation of the physical, virtual and incremental displacement field is given
element-wise by means of
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w, =Y Npdy, du,=Y Npody, Au,=)Y» NjAdy, (4.37)

I=1 I=1 I=1

with the definition of the matrix N} as

W [NE o0
N,_{ 0 N?}, (4.38)

where d¥ = ((d%);, (d%)2)" denotes the discrete nodal displacements at node I while dd¥
and Adj are the virtual and incremental counterparts, respectively. The displacement
gradient and the associated virtual and incremental counterparts are discretized as

u u Uu

Vu,=> Bidy, Vow,=Y Byédi, VAw, =Y BiAdy, (439
I=1

= I=1 I=1

with the following definition of the B} matrix which contains the spatial derivatives of
the shape functions

(Nf)a ( 0)
0 N
BY = )2 4.40
=, 0 (4.40)
0 (NP

The approximation of the physical, virtual and incremental micro-distortion field is given
element-wise for H'(B)-conforming element by means of

P P P

P,=) Nfdj, P,=Y Nfddj, AP,=Y NfAdf, (4.41)
=1 I=1 =1
where the matrix N7 is defined as:

NF 0O 0 0
0 NP 0 0
0 0 NP o0
0O 0 0 N

N7 = (4.42)

Here, df = ((d} )11, (df ), (d7 )12, (dF )21)T represents the discrete nodal micro-distortion
at node I, while d¥ and Ad¥ stand for the virtual and incremental counterparts, respec-
tively. The Curl of the micro-distortion field and its virtual and incremental counterparts
are further discretized as

P P P

CulP,=> Bfdf, CwléP,=>» Bfdd], CuwlAP,=) BfAdj (443)
I=1 I=1 I=1
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with the matrix BY defined as

(4.44)

Next, we substitute the discrete approximations into the linearized weak forms as pre-
sented in Equation (4.7). The discrete formulation of the linearized weak form of the
generalized balance of linear momentum for one H'(B) x H'(B) finite element is given by

(Lin 6,11 => "(ody)" { / (BHYTedV — | Nrfdv — NﬁdA}
I=1 e Be (0Be)t
+ (5d)” { / (BHT (C. + C,) B dv} Ad
=1 J=1 Be (4.45)

+
:.q
3
v
=
=
~g
S~
DN

_/ (B}L)T (@e+@c) N}de} Ad?
Be

~~
up
kIJ

Analogously, the linearized weak form of the generalized balance of angular momentum
for one H'(B) x H'(B) finite element reads

(Lin é6pIl)° :Z(adf)T { N{ (Guicro — ) + (BY)' mdV —/ Nfﬁdv}
Bc

=1 . e
Y
nf pu
+>° 3 (6ay” {—/ N7 (€. +C.) BY dV} Ady
I=1 J=1 R Be ’
k5
nP nP
T (6dE)T { NP (C. + Ce + Criero) N¥ + p L2 (BPY' BY dV} Ad? .
=1 J=1 Be

N~
pp
kIJ

(4.46)

4.5.2 H'(B) x H(curl, B) finite elements

H'(B) x H(curl, B) elements differ from H'(B) x H'(B) elements primarily in the ap-
proximation space used for the micro-distortion field and, consequently, its Curl. The
discretization of the physical, virtual and incremental micro-distortion field P is given by
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P nP P

B,=Swrdl, P,=> wiidl, AP,=Y wlAd, (4.47)

=1 I=1 I=1

with the matrix ¥1 is defined as

(Y w)o)

P_ 0 )2
wr = W 0 . (4.48)

0 (¥in

Here, df’ = [(dT)1, (d¥)5]T represents the discrete nodal tangential projection of the micro-
distortion at node I while dd¥ and Ad} stand for the virtual and incremental counter-
parts, respectively. The Curl of micro-distortion field and its virtual and incremental
counterparts are further discretized as

P

Curl P, =) curl®” o} df
I=1
nP
Curl 6P, =) curl” 4} ody (4.49)
I=1

P

Curl AP, = Z curl*” ¥ Ad?¥

I=1

Next, we substitute the discrete approximations into the linearized weak forms as pre-
sented in Equation (4.7). The discrete formulation of the linearized weak form of the
generalized balance of linear momentum for one H'(B) x H(curl, B) finite element is
given by

(Lin 6, I0)" => " (ody)" {/ (BYT'edv — [ Nifdv — N}‘ZdA}

I=1 . e Be (aBe)t ,

+ (6d%)” { / (BY)" (C, + C,) B! dV} Ad
=1 J=1 B. 5 (4.50)
nt nf

+ (6dH)” {— / (BHT (C, + C,) WY dV} Ad” .
I=1 J=1 . Be

k)T

Analogously, the linearized weak form of the generalized balance of linear momentum for
one H'(B) x H(curl, B) finite element reads
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(Lindpll)* =S (5d)T { / (UE)T (Grmiers — &) + (curl?? ) m dV — / (q:f)Tﬁdv}
I=1 Be Be
+ (6d")T {— / (T (C, + C.) B dV} Ad
I=1 J=1 Be

J

~
pu
kIJ

+ (5dP)T { / (BT (Ce 4 Ce + Cniero) O + 1 L2 (curl?? p¥) (curl?? k) IdV} AdY .
Be

J/

~
pp
kIJ

(4.51)

4.6 Numerical integration

To compute the stiffness matrix and residual vector for each finite element, obtained as
integral quantities over an element domain B,, we utilize Gauss quadrature. This method
entails evaluating the function at multiple integration points within the element domain,
multiplying these values by corresponding Gauss weights wg,, and subsequently summing
them up. Applying the isoparametric concept allows us to convert the integral of a function
f(X) over an element B, in physical space to the unit element 7. in the parameter space

/ FX)dV = / F(€) det J(€) dr (4.52)
Be Te

The previous integral can be numerically evaluated using Gauss quadrature

nGp

/ FE) det J(€)dr ~ Y wey F(€ey) det T (Eqy). (4.53)

Gp=1

Here, a sufficient number of Gaussian points ng, and appropriate integration posi-
tions need to be selected for accurate computation. For more details, we refer to
BATHE [2006], WRIGGERS [2008], ZIENKIEWICZ ET AL. [2013] and the references within.

4.7 Assembling procedure for the boundary value problem

To obtain the solution for a boundary value problem within a domain B, discretized by
nee finite elements, we must assemble the global system of equations. We arrange the
finite element vectors of virtual and incremental primary variables

5d, — { od } | (4.54)

sd and Ad, = { Ad; } ,

Ad?
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with 6de = [(6d3)7, (6d3)7 ..., (6ds.)T]" and Ade = [(Ad})T, (AdS)T, ..., (Ad%.)T]". The

element stiffness matrix and residual vector are given by

Ky ke Te
k. = [ kv v } , and Te = { P } ) (4.55)
where we have
| S 31O i ry
ke, kX, ... K% Tre

In order to obtain the global stiffness matrix K, the global solution vector AD and the
global residual vector R, we assemble the element contributions over the whole domain

K- Ak, AD= A Ad, R= A, (4.57)

e=1 e=1 e=1

and the global system of equation reads

(DY (KAD+R)=0 VéD#0 = AD=-K'R. (4.58)

Within a Newton-Raphson iterative scheme the global soltuin vector is updated D =
D + AD until the global residual vector R falls below a given tolerance.

4.8 Numerical examples

For the numerical examples in this Section, we assume isotropic material behavior which
can be described by the set of material parameters Anyicro, fhmicros Ae, Mes fhes 4 and Le, where
A« and g, denote the Lamé coefficients. Moreover, we consider the Cosserat modulus
pe = 0, cf. NEFF [2006], NEFF ET AL. [2015], leading to the symmetry of the force stress
tensor, however, the model is still well-posed.

4.8.1 Patch-test

Patch-tests, introduced in the 1960s, are instructed for the following intentions: i) to
inspect the performance of finite element formulations violating continuity conditions
(convergence) ii) to find out simple programming mistakes iii) as an established tool
to check the convergence order for any element type, see ZIENKIEWICZ AND TAYLOR
[1997]. For finite elements that satisfy required continuity conditions, patch-tests checks
the correct programming.

We prepare a patch-test for the relaxed micromorphic model. A domain B = [0, 1] x [0, 1]
is considered. The isotropic case of the relaxed micromorphic model is assumed with
material parameters Apicro = Mmicro = Ae = fte = 4 = 1, L. = 1 and p. = 0. The solution
is given a priori (w and P = V), and the generated body moments and forces are defined
by solving the strong forms. In our numerical setup, we apply the derived body moments
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and forces with Dirichlet boundary conditions w = @ and P -7 = P - T on the whole
boundary 9B . Irregular meshes consisting of four quadrilaterals or triangles are utilized,
see Figure 4.6.

(0.6,0.7)
(0.6,0.7)

Figure 4.6: Patch-test discretization. Taken from SCHRODER ET AL. [2022]

Simple patch-test:

We test the case of a linear displacement and a constant micro-distortion field. The as-
sumed solution with the related body-forces and body-moments reads

;) p-(40) 1o mo(3])

Due to the polynomial order of the shape functions, all elements must capture the so-
lution precisely, which is what we obtain after testing, except for typical computational
inaccuracies (machine precision).

Higher-order patch-test:

Next, we investigate the case of a quadratic displacement and a linear micro-distortion
field. The given solution with the related body-forces and body-moments reads

_ .732) —_(2513 0) - —_<6x+2y 0 )

Due to the polynomial order of the shape functions, the elements T2T1, T2T2, T2NT2 and
Q2NQ2 can obtain the analytical solution (except for the typical computational inaccu-
racies). First-order Nédélec elements are unable to obtain the analytical solution without

numerical errors because the element’s spaces [./\f DAﬁ and [./\f Dmﬁ do not contain the
whole linear space (IP;)?. Therefore, we use this test to analyze the convergence behavior
of first-order Nédélec elements T2NT1 and Q2NQ1. The used structured and unstruc-
tured meshes as well as the convergence behavior are displayed in Figures 4.7 and 4.8.

The numerical solution converges to the analytical solution when refining the mesh.
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(a) mesh 1 (b) mesh 2
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(C) mesh 3
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(d) convergence study

Figure 4.7: The error measurements ||u —@||p2 and ||P — P||p2 of the higher-order patch-
test with quadratic displacement for element T2NT1 with varying number of equations in
(d). Three different types of finite element meshing were chosen for the convergence study,
see (a-c). Taken from SCHRODER ET AL. [2022]
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Figure 4.8: The error measurements ||u — /|2 and ||P — P||> of the higher-order patch-
test with quadratic displacement for element Q2NQ1 with varying number of equations in
(d). Three different types of finite element meshing were chosen for the convergence study,
see (a-c). Taken from SCHRODER ET AL. [2022]
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4.8.2 Discontinuous solution: convergence study

For this boundary value problem, we assume a homogeneous rectangular domain B with
length [ = 2 and height h = 1 shown in Figure 4.9. We consider the following displacement

and micro-distortion field
( ey(l_m)
2(1-2) for =<1

2 (e1) for =z >1
e
\

( _oy(l—2) 1 — y(1—x)
( ye ( z)e ) for <1

gl
|

(4.61)

_y26y2(17x) 2y(1 — x)eyz(lfx)
P=Vu-= : (4.62)

6y($—1) €T — 1 ey(x_l)
( 2yy2(x_l) ( ) yQ(x—l) fOl" e > ].
L\ y’e 2y(x — 1)e

where the displacement field and tangential components of the micro-distortion
P.ey= (Fu, _PQQ)T are continuous on an interface at x = 1 while the normal components
P.e = (?11,?21)T show discontinuities. The isotropic case of the relaxed micromorphic
model is assumed with the material parameters Anicro = fmicro = Ae = e = p = 1,
L. =1 and p. = 0. Solving the strong forms leads to vanishing body forces, while the
body moments read

M — ( Uy + Uz Ui+ Uz )
Uy + U1 Uy + Uz

(4.63)

v=u,P-7=P-1

g
Il
<l
X
~l
Il
7
B

0.5

Figure 4.9: 2D homogeneous rectangular. The inspection line, used in Figures 4.11 and
4.12, can be seen in red color. Taken from SCHRODER ET AL. [2022]

For the numerical setup, the boundary conditions are enforced as

u=uw and P-7=P-7=Vu-7 on 0B, (4.64)
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where the obtained body moments and different meshes are used. We display in Figure
4.10 the displacement and micro-distortion field obtained by 882 Q2NQ2 elements on a
structured rectangular mesh (see Figure 4.13a). The tangential components of the micro-
distortion are continuous on the interface, while the normal components exhibit a jump.

(C) Py | (d) P12

(e) P (£) P2

Figure 4.10: Displacement and micro-distortion field components. Taken from
SCHRODER ET AL. [2022].

A convergence study of the component P;; along the inspection line y = 0.5 is plotted
in Figures 4.11 and 4.12. H'(B) x H*(B) elements, see Figure 4.11, lead to a continuous
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solution that causes a transition zone at the interface which requires to be resolved by
increasing the mesh density tremendously in order to resemble the discontinuous solution
at the interface. Meanwhile, the discontinuous solution of Py; can be captured by H'!(B) x
H(curl, B) elements, see Figure 4.12. The second-order Nédélec formulations in T2NT2
and Q2NQ2 give a numerical solution close to the analytical solution, even with a coarse
mesh. In contrast, first-order Nédélec formulations in T2NT1 and Q2NQ1 demand a denser
mesh because they only illustrate a constant micro-distortion field in each element.

0.8
1A
0.6
0.4-
0.5
0.2-
Prp oo Pry o
-0.2
0.5 —4 elements 044 —4 elements
—- 36 elements - —- 36 elements
44 —- 484 elements 067 —- 484 elements
—analytical 0.8 —analytical
15 T T T 1 '1 T T T 1
0 0.5 1 15 2 0 0.5 1 15 2
T T
(a) T211 (b) T212

Figure 4.11: Hlustration of Pj; along the inspection line y = 0.5 using nodal elements with
different mesh densities on regular structured meshes. Taken from SCHRODER ET AL. [2022].

We investigate the convergence rates of the implemented finite elements in this numerical
example for three different meshes, see Figures 4.13, 4.14 and 4.15. The mesh schemes are
refined similarly to Figures 4.7 and 4.8. Instead of plotting the L?-norm error of total space
{u, P} — {w, ?}H%Il(li)x H(eurl5) S€€ Section 3.1, we demonstrate its individual compo-
nents. These are the L?-norms of the error of the displacement ||u — @||z2, its gradient
||[Vu — V|2, the micro-distortion ||P — P||;> and its Curl field || Curl P — Curl P||».
The analysis of the individual error norms is more targeted-oriented from an engineering
point of view since it deals with the different energy terms independently. Second-order
Nédélec elements T2NT2 and Q2NQ2 lead to convergence rates of three in the L?-norm
of the displacement error (||u — @l|z2), and a convergence rate of two in the remaining
error norms. Thus, the second-order Nédélec elements T2NT2 and Q2NQ2 exhibit an
optimal convergence rate of two in the space H'(B) x H(curl, B) norm, which meets the
theoretical anticipations. First-order Nédélec elements T2NT1 and Q2NQ1 deliver one
order of convergence less compared to second-order ones. The nodal elements T2T1 and
T2T2 show a convergence rate of less than half in H'(B) x H(curl, B) norm.
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Figure 4.12: Illustration of P;; along the inspection line y =

0.5 using H'(B) x

H (curl, B) elements with different mesh densities on regular structured meshes. Taken from
SCHRODER ET AL. [2022].
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Figure 4.13: Computational convergence study (b)
from SCHRODER ET AL. [2022].
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Figure 4.14: Computational convergence study (b) of second mesh depicted in (a). Taken
from SCHRODER ET AL. [2022].
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Figure 4.15: Computational convergence study (b) of third mesh depicted in (a). Taken

from SCHRODER ET AL. [2022].
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4.8.3 Characteristic length analysis: pure shear problem

We introduce a third boundary value problem shown in Figure 4.16, consisting of a circular
domain B with radius r, = 25 and a circular hole at its center with radius r; = 2. We
consider no body forces or moments here. We clamp the displacement field w = 0 on
the inner boundary 0B; and we rotate the outer boundary 0B, counter clockwise with
u = (—%y, %az)T where A = 0.01. For the micro-distortion field, we apply the consistent
coupling boundary condition (P -7 = Vau - 7) on all boundaries 0B = 9; U 9B,. Two
different cases are discussed here. A single material is considered for case (A), whereas two
materials are assumed for case (B). The second material is located as a ring with an outer
radius r,, = 10 and an inner radius r; = 2. The material parameters are shown in Table
4.2. In this boundary value problem, we analyze the influence of a varying characteristic
length parameter L..

rm <1 <r, ,Material 1
ri <r<r, ,Material 2
ri <r <r,, Material 1

Material 2

Material 1

Material 1

——— 2r;
27"1 5
t i Tm
2ry T
(a) case (A) (b) case (B)

Figure 4.16: Boundary value problem: pure shear. Taken from SCHRODER ET AL. [2022].

Table 4.2: Material parameters of the third boundary problem, see Figure 4.16. Taken from
SCHRODER ET AL. [2022]

Material 1 Material 2
Amicro = 955.55,  fimicro = 833.33 Amicro = 2777.78,  [micro = 4166.67
Ae = 486.11, p. =729.17 Ae = 2430.555, p. = 3645.85
e =0, p=2~833.33 pe =0, p=4166.67
L=1, L.€{0.001,5,1000} L=1, L.€{0.001,5,1000}

The problem results in a rotationally-symmetric solution where only the shear components
(ur9,ug s, Pro, Py # 0) are non-zero. Here, we show the solution in polar coordinates (polar
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angle: 0, radius: 7). The convergence behavior of the different elements is examined for
case (B) and L. = 5 using three different mesh densities (410, 3044 and 30620 triangular
elements and 448, 3040 and 30256 quadrilateral elements). Since the micro-distortion
field is in H(curl, B), the tangential shear component P,y must be continuous while the
radial shear component Fj, shows a jump, see Figure 4.17, where Q2N(Q2 elements are
employed. Similar to the boundary value problem in Section 4.8.2, H'(B)x H'(B) elements
are unable to capture this discontinuity in Fp,, which is illustrated in Figure 4.18. The
discontinuous solution of the micro-distortion field is demonstrated in Figure 4.19 using
H'(B)x H (curl, B) elements. The higher-order Nédélec formulation in T2NT2 and Q2NQ2
elements already achieves satisfactory results with a coarse mesh.

(a) Py, (b) Py

Figure 4.17: Non-vanishing micro-distortion components of the second boundary problem
using 3040 Q2NQ2 elements for L, = 5. Taken from SCHRODER ET AL. [2022].

0.0005- 0.0005
0.0004-| 0.0004 P, Or
0.0003-] 0.0003-]
0.0002-{ 0.0002-
—30620 elements — 30620 elements
0.0001+ —3044 elements 0.0001- —3044 elements
0 —410 elements o —410 elements
-0.0001+ -0.0001+
-0.0002- -0.0002-
Pr9 P’/’G
-0.0003 -0.0003
-0.0004 ; . : : ~ -0.0004 ; : : T -
5 10 15 20 25 5 10 15 20 25
r r
(a) T211 (b) T212

Figure 4.18: The non-vanishing components of P along the radius for the H(B) x H'(B)
elements using three mesh densities and L. = 5. Taken from SCHRODER ET AL. [2022].

Next, we explore the influence of a variation of the length-scale parameter L. on the
response of the relaxed micromorphic model for case (A). The relation of the relaxed
micromorphic model to the classical Cauchy theory has been discussed in detail in Chapter
3 for the limiting case L. — 0 and L. — co. L. — 0 relates to a macroscopic view of the
material with microstructure, with the relaxed micromorphic model being equivalent to a
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Figure 4.19: The non-vanishing components of P along the radius for H'(B) x H(curl, B)
elements using three mesh densities and L, = 5. Taken from SCHRODER ET AL. [2022].

linear elasticity model with macroscopic stiffness tensor C,.cro defined as the Reuss lower-
bound of C, and Cicro, 1-€. Craero := (Co 1 + C;lilcro)*l, see Section 3.4. The case L, — oo
corresponds to zooming into the microstructure, where an equivalence to linear elasticity
with microscopic elasticity tensor Ciero can be reproduced, see Section 3.5. In the latter
case, it can be shown that P = Vw holds. In this investigation, we approximate the
limiting cases by L. = 1073 and L. = 103, respectively. Figure 4.20 illustrates the elastic
energy density along the radius, and Figure 4.21 shows the non-vanishing components of
P together with the respective displacement gradient components using 30624 Q2NQ2
elements. In Figure 4.22, we display the total potential of the relaxed micromorphic model
while varying the characteristic length parameter L.. The figures clearly show the behavior
described above. The bounding behavior of the relaxed micromorphic model for small
sizes is a significant advantage that most other generalized models miss. Nevertheless,
the previous results do not hold for different boundary conditions of the micro-distortion
field. Utilizing a different setting of Dirichlet boundary conditions (e.g. homogeneous
Dirichlet boundary condition) will maintain the role of the characteristic length (increasing
L. makes the material stiffer) but the upper bound, when L. — oo, will be reliant on
the boundary value problem and the boundary conditions. Using the consistent coupling
boundary condition allows the model to realize Cauchy linear elasticity with Cpeo and
P = Vu for L, — oo regardless of the boundary value problem, see RIZzZI ET AL.
[2021a;b;c; 2022b]. For the consistent coupling boundary condition, Cyicro can be related
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to the stiffest response of the material on the smallest reasonable scale such as one unit-
cell of a metamaterial as we will show later in Chapter 5. For the results of linear elasticity
model, a standard T2 nodal element is implemented.

1.5e-5 \
—— relaxed micromorphic model with L. = 0.001
—— relaxed micromorphic model with L =5
2e-5 4 —— relaxed micromorphic model with L. = 1000
% — = Cauchy linear elasticity with Cmacro
= = Cauchy linear elasticity with Cyjicro
1.5e-5
Te-54
5e-6 4
0

1 1

5 10 15 20 25
r

Figure 4.20: Elastic energy density along the radius. Taken from SCHRODER ET AL. [2022].

6e-4

7

4e-4
2e-4 — P9 with L. = 0.001
[§ — Py with Le = 5
- —— P,¢ with L. = 1000
Q~ 01 = T Urpe
Py, with L, = 0.001
—— Py, with L =5
-2e-44 —— Py, with Lc = 1000
- = Ug r
-4e-4- : . : . .
5 10 15 20 25
T

Figure 4.21: The non-vanishing components of P and Vu along the radius. Vu is not
influenced by the value of the characteristic length L.. Taken from SCHRODER ET AL. [2022].

We analyze the behavior of the different stresses o, oo and m under a variation of
L. The force stress tensor o illustrated in Figure 4.23 vanishes for large values of the
characteristic length, L. = 1000. At the same time, it is bounded from above by the
classical linear elasticity stress with elasticity tensor C,aco for L. = 0.001. The only
non-vanishing component of the moment stress m,., is displayed in Figure 4.24 (my, = 0),
which behaves opposite to the force stress when varying L. It is nearly zero for L. = 0.001,
and it increases for growing L.. The micro-stress shown in Figure 4.25 is bounded between
the linear elasticity stress with elasticity tensor C,ico from above and C,, a0 from below
for large and small values of the characteristic length, respectively.
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0.0035-
linear elasticity with Cicro
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— 0.0025-
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linear elasticity with Cacro
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1/L
Figure 4.22: Total potential varying the characteristic length. Taken from
SCHRODER ET AL. [2022].
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0.154
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Figure 4.23: Force stress shear component 0,9 = gy, plotted along the radius. Taken from
SCHRODER ET AL. [2022].

4.9 Discussions

We put together the main components of standard nodal and nodal-edge finite element
formulations of the relaxed micromorphic model. The standard nodal elements H*(B) x
H'(B) cannot achieve satisfactory results for a discontinuous solution. H'(B) x H(curl, B)
elements capture the jumps of the normal components of the micro-distortion field. In
contrast to the standard nodal elements, H'(B) x H (curl, B) elements lead to an efficient
convergence in the sense of the error norm reduction with mesh refinement. We numeri-
cally investigated the role of the characteristic length that controls the scale-dependency
property of the relaxed micromorphic model. For L. — 0, the model is equivalent to the
standard Cauchy linear elasticity model with C,, ..., defined as the Reuss lower-limit of
elasticity tensors C, and Cyicro, see Equation (3.15), while the model is corresponding to
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Figure 4.24: Non-zero component of moment stress m,., plotted along the radius. Taken
from SCHRODER ET AL. [2022].
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Figure 4.25: Micro-stress shear component (Omicro)r§ = (Omicro)or Plotted along the radius.
Taken from SCHRODER ET AL. [2022].

a Cauchy linear elasticity model with C e, with P = Vu for L. — oo. This aligns with
the analytical results discussed in Sections 3.4 and 3.5.

We have shown the dependency of different stress measurements on the characteristic
length. The force stress is at maximum for L. — 0 and vanishes for L. — oo, but the
moment stress behaves in the opposite way. The micro-stress varies between Cauchy linear
elasticity stresses with Cicro and Cpaero for Le — oo and L. — 0, respectively. For the
remaining part of this thesis, we will use the Q2NQ2 element for numerical analysis.
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5 Modeling metamaterial beams under pure bending via RMM

As we have shown analytically in Chapter 3 and numerically in Chapter 4, the relaxed
micromorphic model interpolates between two well-defined scales: the classical continuum
scale of macroscopic linear elasticity, whose stiffness is given by the elasticity tensor C,acro
and a microscopic scale, which is linear elastic as well with stiffness C,;cro. The function of
the characteristic length L. > 0 is then to scale correctly with the size of the specimen and
to describe the interaction between these two scales. For L. — 0, we get a macroscopic lin-
ear elasticity (complete scale-separation, stiffness Cpaero). For L. — 00 (zooming into the
microstructure), we recover a microscopic linear elasticity (stiffness Cyicro). The appear-
ing length-scale independent elasticity tensors C, and C,e, are related by a Reuss-like
formula in Equation (3.15) as a function of the uniquely known elasticity tensor Cacro
from classical homogenization theory. Therefore, it remains to identify C,co, which hap-
pens to be the largest observable stiffness in the model. Such a definition for C,;.,, does
not exist in the classical micromorphic model or other variants of it.

In this Chapter, we want to investigate the possibilities that this unique interpretation
of the relaxed micromorphic model delivers. We consider metamaterial beams consisting
of periodic unit-cell subjected to bending. The size-effects of bending was studied uti-
lizing other generlized continua such as strain gradient, Cosserat-micropolar and other
continua in ABALI ET AL. [2022], AL-BASYOUNI ET AL. [2015], HOSSEINI AND NIIRA-
NEN [2022], KHAKALO AND NIIRANEN [2019; 2020], KHAKALO ET AL. [2018], LAKES
[2022], L1 ET AL. [2022], LIEBOLD AND MULLER [2016], YIN ET AL. [2021]. Modeling
the mechanical behavior of many metamaterials was conducted for many applications us-
ing enriched continua in ABALI [2019], CARCATERRA ET AL. [2015], DEL VESCOVO AND
GIORGIO [2014], EL DHABA [2020], GLAESENER ET AL. [2021], PLACIDI ET AL. [2017],
RUEGER ET AL. [2019], SHEKARCHIZADEH ET AL. [2021], SHI ET AL. [2022], SRIDHAR
ET AL. [2016; 2018]. Identifying C,,acr0 is a standard procedure in periodic homogenization
theory. The largest stiffness idea will drive the identification of C,;0. First, we analyze
the size-effects of metamaterial beams with fully discretized microstructure which we will
use as a reference study. Afterward, we employ the relaxed micromorphic continuum to
model the size-effects without accounting for the fully resolved microstructure. The mate-
rial parameters and adequate boundary conditions of the micro-distortion field P should
be determined in order to establish a simplified fitting procedure on the reference meta-
material beams. The consistent coupling condition (applied on the Dirichlet boundary
of w) permits the relaxed micromorphic to operate on the whole range between Cacro
and Cicro, which is of key importance for correctly identifying the unknown material pa-
rameters, i.e. Cpicro. However, an alternative loading by a normal linear traction (applied
moment), which delivers the same results for the fully resolved metamaterial, achieves con-
sistent results for the relaxed micromorphic model when the consistent coupling condition
is imposed via the penalty approach.

In a previous study NEFF ET AL. [2020], Cpicro Was supposed to be given by the Lowner
matrix supremum CLEV2er of elasticity tensors appearing under affine Dirichlet condi-
tions on different choices of unit-cell, which is used to capture band-gaps successfully
in D‘AGOSTINO ET AL. [2020]. However, the results in the present Chapter inspires that
CLéwner j5 t00 soft, when compared with the appearing stiffness in the bending regime.

Here, we extend our understanding of C,;.;, towards all scenarios, notably including non-
affine Dirichlet conditions.
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The outline of this Chapter is as follows: the size-effects of the heterogeneous microstruc-
tured metamaterial beams are investigated in Section 5.1 for two loading cases that lead
to the same results. In Section 5.2 we determine the material parameters of the relaxed
micromorphic model. Section 5.3 analyzes the boundary conditions of the micro-distortion
field for symmetric (. = 0) and non-symmetric (p. # 0) force stresses. We then fit the
relaxed micromorphic model solution to the microstructured metamaterial solution by
calibrating the curvature in Section 5.5. In Section 5.6, the relaxed micromorphic model
is shown to be capable of handling two loading scenarios in addition to pure bending.
Finally, we discuss our findings of this Chapter in Section 5.7.

Parts of this Chapter have been published in:

M. Sarhil, L. Scheunemann, J. Schroder and P. Neff. Size-effects of metamaterial
beams subjected to pure bending: on boundary conditions and parameter identifica-
tion in the relaxed micromorphic model. Computational Mechanics, 72, 1091-1113, 2023.
d0i:10.1007 /s00466-023-02332-9.

M. Sarhil, L. Scheunemann, J. Schréder and P. Neff. On the identification of material
parameters in the relaxed micromorphic continuum. Proceedings in Applied Mathematics
and Mechanics, 23, €202300056, 2023. doi:10.1002/pamm.202300056.

M. Sarhil, L. Scheunemann, J. Schroder and P. Neff, Modeling the size-effect of metamate-
rial beams under bending via the relaxed micromorphic continuum. Proceedings in Applied
Mathematics and Mechanics, 22, €202200033, 2023. doi:10.1002/pamm.202200033.

5.1 Reference study: full discretization of metamaterial specimens

Here, we investigate the size-effect phenomena of metamaterial beams with a fully re-
solved microstructure consisting of periodic unit-cell. The size-effect phenomena will be
analyzed via the effective bending stiffness of beams subjected to pure bending. According
to the elementary beam theory of Euler-Bernoulli, the bending moment is linked to the
“bending” curvature by
M(z) = D(x)k(x), (5.1)

where D(x) and k(z) are the bending stiffness and the curvature at a position x along the
beam. For a constant bending moment M along the beam length, we assume an effective
flexural rigidity D and an effective curvature & so that we obtain

- M

D= = (5.2)
We design in the following two beam models subjected to a vanishing shear force and a
constant moment along the length L, see Figure 5.1. A rotation # = kL is applied on
the right end for the first loading case, while a moment load is enforced for the second
loading case instead. An effective constant curvature can be determined with the help
of an effective deflection w(x), which stands for the displacement of the beam in the
y-direction at location x,

(5.3)

A deflection equation w(z), which will be fitted later to the fully resolved beams, featuring
an effective constant curvature and satisfying the boundary conditions of the beam model,
reads
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R dw(0
w(x) = g(xQ — L%  satisfying w(L)=0,  and Z( ) _ o (5.4)
x
Case 1 (applied rotation) Case 2 (applied moment)
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Figure 5.1: The beam models, compare Figure 5.3. Taken from SARHIL ET AL. [2023c].

A 2D metamaterial is considered with a periodic unit-cell consisting of a square with
an edge length [ = 1.9-1072m and a circular inclusion at its center with a diameter of
d =1.2-10"%2m, see Figure 5.2. Both matrix and inclusion are isotropic linear elastic with
the material parameters shown in Table 5.1. The inclusion is 20 times softer than the
matrix. A standard triangular finite element with quadratic shape functions (T2) is used
for this analysis. The specimens are considered with dimensions H X L = nl x 12nl so
that the length of the beams is always twelve times the height where n is the number of
unit-cells in the height direction, see Figure (5.2). The length of the beams is much larger
than their height, so the Euler-Bernoulli beam theory is valid.

Table 5.1: Material parameters of the assumed metamaterial. Taken from
SARHIL ET AL. [2023c].

Young’s modulus: E' | Poisson’s ratio: v A 1
Matrix 70 GPa 0.333 52.35 GPa | 26.25 GPa
Inclusion 3.5 GPa 0.333 2.62GPa | 1.31GPa

The boundary conditions of the beam models in Figure 5.1 are passed on to the 2D fully
resolved metamaterial beams as shown in Figure 5.3. For the first loading case, we rotate
the right edge in the plane through a given displacement in z-direction as a linear function
of the height (y-coordinates). For the second loading case, a moment is applied on the
right edge by means of a traction in z-direction as a linear function of y-coordinates.
The left boundary for both loading cases is fixed in x-direction and free to move in y-
direction. Furthermore, we fix the middle point on the right edge in y-direction. We intend
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Figure 5.2: Illustration shows the geometry of the specimens for n = 1,2,3,4,5 with the
assumed unit-cell. The number of finite elements with degrees of freedom (dofs) are shown
in parentheses. Taken from SARHIL ET AL. [2023c].

by introducing these two loading cases to prove that they deliver identical results for
the microstructured metamaterial beams. This equivalence of both loading cases should
also be demonstrated by the relaxed micromorphic model when appropriate boundary
conditions are set. However, dealing with traction is challenging for generalized continua
because it implies defining unknown higher-order traction. Moreover, we assume xk = 1
and 7 = 10°N/m.

After solving the fully resolved microstructure, the effective curvature % is obtained by the
following least squares minimization over all the nodes n,,q. of the finite element mesh

Mnode

> ((d})2 —W(X;))* = min, (5.5)

I

which leads, considering Equation (5.4), to

5 (), X2
R=— : (5.6)

Mnode

; ((XI LQ))
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Figure 5.3: The boundary conditions of the fully resolved metamaterial shown exemplarily
forn =2 (H x L =21 x 241). Taken from SARHIL ET AL. [2023c]|.

where X; and df are the coordinates and the displacement degrees of freedom at node
I. The bending stiffness can be calculated following Equation (5.2), where the moment
M can be calculated using the reactions of nodes located at the left or right edges.
Alternatively, the bending stiffness can be calculated by means of the maximum deflection
at the left edge of the beam, i.e. w(0). This is because the fluctuation of the deflection
of the heterogeneous solution is tiny compared to the maximum deflection on the left
edge w(0). We obtain from Equations (5.2) and (5.4) substituting = 0 and considering
w(0) = w"™(0)

— ML?

D = T WFEN () (5.7)
where w"™(0) is the deflection of the FEM solution averaged over the left edge (z = 0).
Calculating the bending stiffness using Equations (5.2) or (5.7) delivers the same result
which we tested numerically.

The effective material properties of the large specimens can be obtained by the standard
computational periodic first-order homogenization produced by a unit-cell with periodic
boundary conditions, which is identified as C,.cro in Section 5.2.1. As we will show later,
the macroscopic elasticity tensor C,,.c0 is not isotropic and shows cubic symmetry. The
size-effects are shown via the so-called normalized bending stiffness E/ Dinacro plotted in
Figure 5.4, which relates the actual stiffness of the fully discretized metamaterial to the
one obtained from homogenized linear elasticity with C,,.c0 Which reads analytically

Emacro H3
12(1—

Dmacro = (58)

macro)

When we increase the specimen size, the normalized bending stiffness approaches value
one. Applying a rotation (loading case 1) or a moment (loading case 2) leads to similar
results.
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Figure 5.4: The normalized bending stiffness varying the beam size H x L =nl x 12nl.
Taken from SARHIL ET AL. [2023c].

5.2 Parameter identification for the relaxed micromorphic continuum

The relaxed micromorphic model should reproduce the previous size-effects exhibited by
the fully resolved heterogeneous metamaterial beams. However, the identification of the
boundary conditions and material parameters is not obvious.

5.2.1 Identification of the macroscopic elasticity tensor C,, ...,

Linear elasticity with the macroscopic elasticity tensor C,,.c;o determines the lower bound
of the relaxed micromorphic model, see Figure 3.1, associated with the case L. — 0. Thus,
Cinacro corresponds to large values of n where the macroscopic homogeneous response is
expected, and the macroscopic problem is much larger than the microscopic problem.
Thus, scale-separation holds and the classical homogenization theory can be applied. The
standard analysis with a periodic unit-cell and periodic boundary conditions should be
used, see for example ZOHDI AND WRIGGERS [2005]. The geometry of the unit-cell has
no role in this analysis because of periodicity, e.g. every periodic unit-cell in Figure 5.5
delivers the same, c.f. NEFF ET AL. [2020].

Our analysis shows that Cyac0 has the cubic symmetry property for our assumed meta-
material, and it reads (Tilde stands for Voigt notation, see Appendix B)

_ 2/~Lmac1ro + )\macro )\macro 0
(Cmacro = )\macro 2Hmacr0 + )\macro 0 5 (59)
0 0 Hrmacro

where three parameters need to be defined. We obtain by our standard numerical analysis

N 4786 17.61 0 Amacro = 17.61 GPa
Cuacro = | 17.61 4786 0 |[GPa] =  fimao = 1513 GPa .  (5.10)
0 0 998 (e = 998 GPa



Modeling metamaterial beams under pure bending via RMM 7

5.2.2 Identification of the microscopic elasticity tensor C,;., via affine defor-
mations

Linear elasticity with the microscopic elasticity tensor C,c;o determines the upper bound
of the relaxed micromorphic model, see Figure 3.1, associated with the case L, — oo.
Thus, Cicro is identified as the maximum stiffness on the micro-scale. Nevertheless, Cicro
must exhibit the cubic symmetry similar to Cp,,c0 according to the extended Neumanns’s
principle NEFF ET AL. [2020]. In order to achieve stiff estimates for Cyicro, we apply first
affine Dirichlet boundary conditions, which must lead to a stiffer response than the peri-
odic boundary conditions, i.e. Cacro- There are infinite choices of the unit-cell available.
However, we only have to choose unit-cells that preserve the cubic symmetry property
under the applied Dirichlet boundary conditions. We investigate then different variants
of unit-cell under the affine Dirichlet boundary conditions. We obtain the corresponding
apparent stiffness tensor denoted as CP for each choice of a unit-cell i = 1, ..,7 subjected
to the affine Dirichlet boundary conditions. The positive definite microscopic elasticity
tensor will be set as the least upper bound of the apparent stiffness of the microstructure
measured in the energy norm following the Lowner matrix supremum problem, see for
details NEFF ET AL. [2020].

For the assumed metamaterial, four different variants of the unit-cell are suitable, see
Figure 5.5, which lead to the elasticity tensors CP,i = 1,..,4 with the cubic symmetry

property as intended. The results are summarized in Table 5.2.

11000000000
00000000

& 2) 3) (4)

Figure 5.5: The possible choices of the unit-cell with cubic symmetry. The edge length
of the unit-cell equals to [ for (1) and (2) and v/2[ for (3) and (4). Taken from
SARHIL ET AL. [2023c].

CLéwner
micro

The microscopic elasticity tensor
problem as

is defined then by the Lowner matrix supremum

g:CLver . e >¢:CP:e where i=1,..4 , Ve Sym(3). (5.11)

micro
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Table 5.2: The elasticity parameters of the unit-cells shown in Figure 5.5 under affine
Dirichlet boundary conditions. The elasticity parameters define elasticity tensors which ex-
hibit cubic symmetry similar to Cpacro- Taken from SARHIL ET AL. [2023c].

unit-cell | \; [GPa] | p; [GPa] | puf [GPal
1 18.26 15.34 14.61
2 20.15 15.83 14.44
3 19.25 15.54 13.19
4 19.56 15.66 12.68

which turns for the cubic symmetry case to

wner + )\Lﬁwner )\Lt}wner 0

€11 2/JL%nicro B micro _ “‘micro €11
€22 Aere” 24050+ At 0 €22
212 0 0 (1" ) armer 2e12
€11 20; + N by 0 €11
Z £99 )\z 2/11 + )\z 0 €929 3 (512)
2€19 0 0 ,U: 2¢e19
€11
for i=1,...4 , V €22 eR3.
€12

The solution of the previous problem reads

(W miere ™ = max{p;} . piers”™ > max{pi}

)\Léwner + Mﬁgwner > max{/j,l + )\1}7

micro cro

(5.13)

for every unit-cell choice, i.e. i = 1,..,4. We take therefore (see Table 5.2, the selected
values are marked with bold font)

(pr)kewmer . — i — 14,61 GPa, pb8"r .= 1y = 15.83GPa, (5.14)
Aounet = Jip 4+ Ay — fppene = 20.15 GPa., '

and thus
51.81 20.15 0

CLowner.— | 9015 51.81 0 [GPal . (5.15)
0 0 14.61

However, the previous estimate serves as a lower bound for C,;... In Figure 5.6, we
show the size-effect of the fully resolved metamaterial beams and the linear elasticity
solutions with the following elasticity tensors: I) Cuacro, I1) CEO¥Der TIT) Cpanix of the
homogeneous isotropic matrix, and IV) Cyuigy which is isotropic and obtained by the equal
strain assumption CVoigt = ¢matrixcmatrix + ¢inclusioncinclusion where ¢matrix and ¢inclusion are
the volume fractions of the matrix and inclusion, respectively, which leads to Aveigt =

36.77 GPa and piveig, = 18.44 GPa.

The obtained CL8¥ner in Equation (5.15) is too soft compared to the reference hetero-

micro

geneous beams. Even linear elasticity with Cyyigt is softer than the solution of the fully
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resolved metamaterial beam for n = 1. This can be explained by the fact that the typi-
cal bending mode cannot be mapped with affine Dirichlet Boundary conditions. Here, a
“Voigt bound” for higher modes would be required, which does not exist for non-affine
deformations. Note that the tensor C;.0, although appearing in the relaxed micromor-
phic model and the classical micromorphic model, does not have the same meaning in the
latter, which is related to the bounded stiffness property of the former.

We may relate Cicro to the matrix stiffness C i since Chatrix represents the stiffest
part of the assumed microstructure. Thus, introduce a scalar & > 1 so that we have
Chicro := a CE2"er We define an upper limit for Cpicro as

micro

Lowner
micro

€:Chatrix i €>€:Chijero :€=€:aC e, Ve € Sym(3). (5.16)

By introducing Equation (5.16), we keep the anisotropic symmetry property of Cpicro
while the elasticity tensor C,a¢rix is isotropic. We obtain then

Lo Lo
lu;knatrix =Hmatrix > Q(N*)m?gger7 Hmatrix > aumci)grger ) (5 17)
Lé " .
)\matrix + Hmatrix Z O‘(Am?z;ger + M?ﬂ?gger) 3
and the parameter « is defined by
1 . ,u;knatrix Hmatrix  Mmatrix + )\matrix - 1 66 5 ].8
Q€ [ ’mln(( *)Léwner7 Lowner ? |, Lowner + )\Léwnerﬂ _ [ ) ] : ( . )
1% micro micro micro micro

We illustrate in Figure 5.6 that linear elasticity with C, .0 = 1.66 Cﬁﬁ’gger is stiffer than
the fully resolved metamateriel for n = 1 and therefore it is a valid choice. However,
assuming Cico = Chanix does not break the extended Neumann’s principle. We will

investigate later numerically the consequences of the different choices for C,icro.

2.0 T T T T T T T T T T T T T T T T T T T T
1.5 n :)1\ _
n =2 n=>5 |
D macro I —_— W ; Lowner
- linear elasticity with 1.66 C3%0
i - = linear elasticity with CLowner
05| — linear elasticity with Catrix
[ —— linear elasticity with Cyuig
I — linear elasticity with Cacro
L — fully discretized metamaterial
0.0 1 1 1 1 1 1 1 1 1 1 1 1

0.02

0.04 0.06

H

0.08

0.10

Figure 5.6: The normalized bending stiffness varying the beam size H x L = nl x 12nl
compared to the ones obtained by linear elasticity with different elasticity tensors shown in
Section 5.2.2. Taken from SARHIL ET AL. [2023c].
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5.2.3 Identification of the microscopic elasticity tensor C,;., via non-affine
deformations

We determined in Section 5.2.2 the microscopic elasticity tensor C.o as the Lowner
matrix supremum. Nevertheless, the affine Dirichlet boundary conditions are too soft and
unable to capture the size-effects of bending. In order to estimate the stiffness Cicro in
the relaxed micromorphic model, we choose in the following approach the most simple
ansatz

Chicro = 8" Cruacro with *=max{f;} > 1 with i=1,...,r (5.19)

The size dependency is a complex phenomenon in general and cannot be modeled by
a single scalar §* alone, of course. The parameters ; are determined via the energy
equivalence of a heterogeneous microstructured domain B; and an equivalent homogeneous
domain B"*" with the same dimensions governed by linear elasticity with an elasticity
tensor [3; Cacro, see Figure 5.7. Here, we consider a higher-order deformation mode, which
is the pure bending mode. The bending mode is enforced by applying non-affine Dirichlet
boundary conditions on the whole boundary. They are derived from the analytical solution
of the pure bending problem of the homogeneous problem in Rizz1 ET AL. [2021D)]

o —2xy

on 0B, (5.20)

)\macro

2,U/macr0 + )\macro

u=u=

y2+$2

which leads to a constant curvature k for the homogeneous case with no shear strain and
one active stress component oy

—KY 0
€ = Ssym Vu = 0 )\macrohj Yy 5
2,U/Inacr0 + A1’1’134(31“0
(5.21)
_4,UJmacr0 (,umacro + /\macro)ﬁl{ y
E = 2,umacro + /\macro
0 0
u=u on OJB5; u=u on O9JB"*°

energetically equivalent

< >

Cratrix

Figure 5.7: Illustration shows the procedure used to calculate (;. Taken from
SARHIL ET AL. [2023c].

We search for the stiffest possible component on the microstructure under flexural defor-
mation mode by investigating different arrangements of unit-cells, which do not have to
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exhibit cubic symmetry as in Section 5.2.2. Six different arrangements were considered,
see Figure 5.8. The largest obtained value is 8* = 1 = 1.64. Increasing the size of the
arrangements of the unit-cells, considered in Figure 5.8, we retrieve the macroscopic prop-
erty, where 3; converges to the value one as it should. This behavior is shown examplarily
for unit-cell (a) in Figure 5.9.

B =1.64 By = 0.53 By = 0.53

 Bs=122 (0 Bs=09
By = 1.63 =

(d) (e) ()

Figure 5.8: The values of the parameter (; calculated for different unit-cells. Unit-
cell (a) provides the stiffest flexural stiffness with f* = g1 = 1.64. Taken from
SARHIL ET AL. [2023c].
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Figure 5.9: The parameter S converges to the value one when increasing the size of a
cluster of unit cells (n x n) shown exemplarily for type (a) in Figure 5.8. We also show the
extrapolated value § = 1.75 . Taken from SARHIL ET AL. [2023c].

We show in Figure 5.10 the size-effect of the fully resolved metamaterial beams and
the linear elasticity solutions with elasticity tensors Cicro = 1.64 Cacro and Cacro. The
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choice Cpicro = 1.64Chacro guarantees that a homogeneous continuum with elasticity
tensor Cicro = 1.64 Chacro is stiffer than the fully discretized metamaterial. The upper
limit Cicro = 1.64 Cphacro is slightly stiffer than the relatively stiffest metamaterial beam
(n = 1), which confirms its validity. However, we extrapolate Cpicro = 1.75 Chacro as an
improved upper bound to provide a better fitting.

2.0 —
1.5+ |
D |
1.0 5
Dmacro n=
0,5; — linear elasticity with Cpicro = 1.75 Chnacro i
r === linear elasticity with Cpicro = 1.64 Cacro |
— linear elasticity with Cpacro
L — fully discretized metamaterial
OO L L L L L L L L L L L L L L L T R
0.02 0.04 0.06 0.08 0.10
H

Figure 5.10: The normalized bending stiffness varying the beam size H x L =nl x 12nl
compared to the ones obtained by linear elasticity with different elasticity tensors shown in
Section 5.2.3. Taken from SARHIL ET AL. [2023c].

5.2.4 Identification of C,

The elasticity tensor C,. is calculated via the micro-macro Reuss-like homogenization
formula in Equation (3.15). The obtained elasticity tensor C, is automatically positive
definite since Cico > Chaco and has cubic symmetry property. However, no obvious
physical interpretation can be assigned to the tensor C,.

5.3 The boundary conditions of the micro-distortion field

It is worth noting that there has been a lack of attention given to investigating boundary
conditions (BCs) in the context of enriched continua in the literature. However, the im-
portance of such conditions must be addressed, as they play a crucial role in identifying
material parameters accurately. Without setting the correct BCs for the micro-distortion
field, the behavior of enriched continua can change significantly, rendering the identifica-
tion of material parameters meaningless.

In the context of the relaxed micromorphic model, the boundary conditions (BCs) of the
micro-distortion field play especially a critical role. It is important to choose appropriate
BCs that induce a curvature in the model, i.e. Curl P # 0. This is because inadequate
boundary conditions of the micro-distortion field can lead to unwanted behavior of the
relaxed micromorphic model. Such behavior can manifest in the form of the model not
exhibiting size-effects or failing to reach the intended upper limit (linear elasticity with
Chnicro) for L. — o00. Hence, selecting the right BCs is crucial for ensuring the accuracy
and reliability of the relaxed micromorphic model.
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5.3.1 Symmetric force stress case

We assume here C. = 0 (u. = 0) which causes symmetric force stress o and symmetric
Curl m because the balance of angular momentum in Equation (3.29d) becomes symmet-
ric. We test the sufficiency of the boundary conditions by comparing the solution of the
relaxed micromorphic model for varied values of the characteristic length parameter L.
with the solutions obtained by the standard linear elasticity with elasticity tensors Cicro
and Cp.c0. More specifically, the relaxed micromorphic model should reproduce linear
elasticity with elasticity tensors Cicro and Ciacro for Le — 0o and L. — 0, respectively.
To put it differently, the theoretical features of the RMM that are depicted in Figure 3.1
have been successfully retrieved.

In order to conduct a numerical test, we fixed the geometry of a beam to H x L = 21 x241.
We assume Cicro = 1.75 Cracro and set ft = fimacro- The boundary conditions of the dis-
placement field are taken similar to the ones applied on the fully resolved metamaterials
in Figure 5.3. For the first case with applied rotation, the consistent coupling condition is
applied on the right and left edges via a penalty approach, see Figure 5.11 and Equation
(3.32). Indeed, enforcing the consistent coupling condition on the Dirichlet boundary of
the displacement field is adequate to fulfill the theoretical limits of the relaxed micromor-
phic model, i.e. linear elasticity with elasticity tensors Cicro and Coaco. Removing the
consistent coupling condition on left or right edges leads to vanishing curvature, turning
the relaxed micromorphic model into standard linear elasticity with C,,,c0. The previous
behavior is demonstrated in Figure 5.12. The exact same behavior is observed for the
second loading case with applied traction if we apply the consistent coupling condition on
the boundary corresponding to the first loading case, see Figure 5.11. Consequently, the
relaxed micromorphic model leads to consistent results for both loading cases, see Figure
5.12.

Case 1 (applied displacement)

Ay o
Uy =0 it : : Uy, = —KkLy
P-r=Vu-1 > : : N P-vr=Vu-1
I 1
| — |
L
Case 2 (applied traction)
Ay N
Uy =0 T : : ty = —2ty/H
P-r=Vu- 1 3 : : AN P-r=Vu-T1
11

L
Figure 5.11: The boundary value problems of the homogeneous relaxed micromorphic
model for both loading cases. These boundary value problems are equivalent to the two
cases of the heterogeneous metamaterial shown in Figure 5.3. The upper and lower edges
are traction-free. Taken from SARHIL ET AL. [2023c].
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2.0
[ linear elasticity with Cpicro
1.5F A
1.0 — 4
DIn‘Lcro I linear elasticity with Cacro
0.5 i
—— RMM with sufficient BCs
L = = RMM with insufficient BCs
00 L L TR L L L L TR L L L L L1
1 5 10 50 100 500 1000
]-/Lc

Figure 5.12: The normalized bending stiffness obtained by the relaxed micromorphic model
for both loading cases for the symmetric force stress scenario C. = 0 while varying the
characteristic length L.. Sufficient BCs indicate applying the consistent coupling condition
on the left and right edges, see Figure 5.11. Removing the consistent coupling condition
on left or right edge is considered as insufficient and leads to no size-effect. Taken from
SARHIL ET AL. [2023c].

5.3.2 Non-symmetric force stress case

Next, we investigate the non-symmetric force stress case, i.e. the balance of angular mo-
mentum in Equation (3.29d) is non-symmetric. We assume C, = 2.1 (2D case) where
Il is the fourth-order identity tensor and pu. is the Cosserat couple modulus acting as a
spring constant between the skew-symmetric parts of Vu and P. We study the influence
of varying the Cosserat couple modulus p. € [0,0.01,0.1, 1] * fimacro considering differ-
ent scenarios of the boundary condition of P. The geometry and the remaining material
parameters are taken as for the symmetric case, see Section 5.3.1.

In Figure 5.13, we show the normalized bending stiffness for the cases (a) the consistent
coupling condition is applied either on the left or right edge, (b) no consistent coupling
boundary condition is considered and (c) the consistent coupling boundary condition is
applied on both left and right edges. Size-effects are noticed even if the consistent coupling
condition is not placed simultaneously on the right and left edges, which is not the case
for the symmetric force stress (. = 0), c.f. Figure 5.12. Increasing the Cosserat couple
modulus . raises the stiffness of the relaxed micromorphic model closer to linear elasticity
with Cpicro for L. — oo and even reach it in Figure 5.13(a). However, it is not guaranteed
that the relaxed micromorphic model achieves linear elasticity with C,cro for L. — o0,
see Figure 5.13(b). The results of enforcing the consistent coupling condition on both left
and right edges are equivalent for the symmetric and non-symmetric cases in Figures 5.12
and 5.13(c), respectively, and the Cosserat couple modulus has no influence.

5.3.3 Cosserat limit, skew-symmetric micro-distortion field

The micropolar Cosserat continuum in Section 2.6.3 is recovered for the case of
Cricro — 00. The micro-distortion field must be then skew-symmetric A = skew P, c.f.
ALAVI ET AL. [2022a], BLESGEN AND NEFF [2023], GHIBA ET AL. [2023|, KHAN ET AL.
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(C) consistent coupling condition on the left and right edges

Figure 5.13: The normalized bending stiffness obtained by the relaxed micromorphic model
for both loading cases with non-symmetric force stress and with varying the characteristic
length L.. Different scenarios are investigated for the boundary conditions of the micro-
distortion field. Enforcing the consistent coupling condition on both left and right edges
(c) reproduces the results of the symmetric force stress case in Figure 5.11 and Cosserat

modulus has no effect. Taken from SARHIL ET AL. [2023c].
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[2022]. We investigate numerically the influence of different scenarios of the boundary con-
ditions for the micro-distortion field P similar to Section 5.3.2: (a) the consistent coupling
condition is applied on either the left or right edge, (b) without enforcing the consistent
boundary condition and (c) the consistent coupling condition is applied on both left and
right edges for Cyicro = 1000 Cpaero- Different values of the Cosserat couple modulus g,
are assumed for varied values of the characteristic length parameter L. in Figure 5.15. We
find that when the consistent coupling condition is not simultaneously applied at both
right and left ends, large values of L. result in a beam that does not bend, see Figure
5.14, causing an infinite nonphysical bending stiffness. This emphasizes the crucial role of
the consistent coupling condition, not just in the relaxed micromorphic model, but also
in the Cosserat case. Hence due to the bending stiffness issue, we have opted to show the
normalized total energy IT/Iae0 for this analysis alternatively (instead of D/Dpacro)-

(a) consistent coupling condition on the (b) consistent coupling condition on the
left edge right edge

(d) consistent coupling condition on the
(C) no consistent coupling condition left and right edges

Figure 5.14: The deformed beams for the case Cpicro = 1000 Cpyacro 7 Cosserat type” with
L. = 1000m and pte = 2 ftmacro- The classical bending deformation can only be induced
when the consistent coupling condition is applied on both its left and right ends (d). Taken
from SARHIL ET AL. [2023c].

We notice that linear elasticity with elasticity tensor C,ico = 1000 Chacro 1S recognized
as an upper limit when the consistent coupling condition is enforced simultaneously on
both left and right edges, see Figure 5.15(c). Nevertheless, less prominent size-effects are
noticed when the consistent coupling condition is not enforced, Figure 5.15(a-b). While
size-effects are prompted only for non-vanishing Cosserat couple modulus u. # 0 for cases
(a) and (b), enforcing the consistent coupling condition simultaneously on both left and
right edges leads to size-effects with no influence of the Cosserat couple modulus p. which
is well-known for the Cosserat model under pure bending. This can be explained by the
fact that for pure bending the skew-symmetric part of the micro-distortion field is the
same as the skew-symmetric part of the gradient of the displacement, see R1zz1 ET AL.
[2021b], which is the case for both the relaxed micromorphic continuum in Figure 5.13(c)
and the Cosserat model in Figure 5.15(c).
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Figure 5.15: The relative total energy obtained by the relaxed micromorphic model for
both loading cases with non-symmetric force stress (u. # 0) and with varying the char-
acteristic length L.. Here, we assume Cpicro = 1000 Cpacro leading to a skew-symmetric
micro-distortion field which retrieves the Cosserat model since the curvature expression is
then equivalent with the Cosserat framework, see GHIBA ET AL. [2023]. Different scenar-
ios are investigated for the boundary conditions of the micro-distortion field. Taken from
SARHIL ET AL. [2023c].
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5.4 Scaling of the curvature

The curvature for the 2D case is isotropic because Curl P is reduced to a vector, see
Equation (3.18). Therefore, the curvature will be controlled by the quantity pL?, assuming
L = T is the fourth-order identity tensor. Since the parameters p and L. should be set
constant independent of the specimen size, the curvature is modified by incorporating the
size of the beams through the number n. Figure 5.4 shows that a stiffer response is observed
for smaller values of the number n (n = 1 is the stiffest). The relaxed micromorphic
model exhibits stiffer response for larger values of the characteristic length parameter L.
(inversely proportional to n), see for example Figure 5.12. Therefore, we replace the last
term in Equation (3.13) by

1 (L)
Sh\ 5 CurlP : CurlP, (5.22)

where n denotes the number of unit cells in the y-direction. Hence, for a constant L.,
smaller values are obtained for the term L./n by increasing the beam size (increasing n).
This modification reproduces the intended size-effects (smaller is stiffer), which is not ad
hoc, but follows from a rigorous scaling argument, c¢.f. NEFF ET AL. [2020] and applies to
other continua as well such as higher-gradient or classical micromorphic continua.

5.5 Calibration of the curvature in RMM with the fully resolved solution

We provided in Section 5.2 an identification scheme for the scale-independent material
parameters of the relaxed micromorphic model. The boundary conditions of the micro-
distortion field were determined in Section 5.3 in order to guarantee the intended behavior
of the relaxed micromorphic model and the influence of the characteristic length L. for
both loading cases, as illustrated in Figure 3.1. The quantities associated with the curva-
ture are yet to be identified.

For this calibration, we assume symmetric force stress, i.e. p. = 0. As we discussed
in Sections 5.2.2, 5.2.3 and 5.3.3, different choices are made for Cicro, €.2. Chicro =
1.66 CLévner (affine BCs), Chicco = Cuatrixy Cmicro = 1.75 Cracro (non-affine BCs) and
Chnicro = 1000 Cypacro (Cosserat). Considering Cyicro = 10000 Cpyacro yield similar results to
Cricro = 1000 Chacr0, as expected, which can be explained by the fact that we are operating
in a range close to the lower bound C,,,.,. For each choice of C,,ier0, the curvature should
be calibrated by means of L. and p. Without loss of generality, we can always assume
the shear modulus gt = pimacro and then the characteristic length L. should be chosen in
order to fit the solution of the fully discretized metamaterial, Figure 5.16. Alternatively,
the characteristic length L. can be set in advance, e.g. L. = [ (size of the unit-cell),
and then the shear modulus p should be calibrated, see Figure 5.17 and Equation (5.22).
The decisive quantity is the product uL?. Since the Cosserat curvature coincides with
the curvature expression of the relaxed micromorphic model GHIBA ET AL. [2023], one
would expect that using similar values for pL? is a sensible choice. As Figures 5.16(d) and
5.17(d) show, this is not the case. For a rough Cosserat fit different orders of magnitude
for uL? have to be taken which are getting arbitrary. Furthermore, the data points can
be fitted also with a Cosserat type model but it should be remarked that the unbounded
stiffness (beyond n = 1) leads to a sensitive identification of the parameters. The same
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problem would appear by using other continua such as the second gradient or the classical
micromorphic theories.
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Figure 5.16: The normalized bending stiffness varying the beam size H x L =nl x 12nl
obtained by the fully discretized metamaterial and the relaxed micromorphic model. We
analyze here different choices for Cpicro with varying L. and fixing pt = pimacro. The results
are equivalent for both loading cases. Taken from SARHIL ET AL. [2023c].
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Figure 5.17: The normalized bending stiffness varying the beam size H x L = nl x 12nl
obtained by the fully discretized metamaterial and the relaxed micromorphic model. We
analyze here different choices for Cpjco with varying p and fixing L. = [. The results are
equivalent for both loading cases. Taken from SARHIL ET AL. [2023c].
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5.6 Validation: further numerical examples

This study assesses the obtained material parameters of the relaxed micromorphic model
for two additional loading scenarios apart from pure bending. We consider the fully re-
solved metamaterial beams with the dimensions and material parameters outlined before
in Section 5.1. In the relaxed micromorphic model, we consider the symmetric case where
tte = 0. The macroscopic elasticity tensor, Cpaco, is defined in Section 5.2.1 and the
curvature is scaled to the specimen’s size using Equation (5.22) under the assumption of
[t = [macro- Lhe microscopic elasticity tensor C,io is determined using the same four
different assumptions outlined in Section 5.5.

5.6.1 Simple shearing

The boundary conditions are derived from the solution of an infinite stripe under simple
shear in R1zz1 ET AL. [2021a]

u=u= ( aoy ) on 0B, (5.23)

which leads to the following strain and stress tensors for the homogeneous linear elasticity
with macroscopic elasticity tensor Cacro

= O a/2> __< O aﬂ:nacro)
= (o V) 7= o, ) (5:24)

The boundary value problems for the relaxed micromorphic model and the reference
fully resolved metamaterial are depicted in Figure 5.18. Dirichlet boundary condition for
the displacement field and the consistent coupling condition are enforced over the entire
boundary.

fully discretized metamaterial relaxed micromorphic model

u=u on oB u=w, P-v=Vu-T1 on oB

Q00 000 |, ,
'"0O0 0 000 ’

X

A
v

N| |
g I
L =24] L =24]

|<

Figure 5.18: Boundary value problem: pure shear, shown exemplarily for n = 2, for the
fully discretized metamaterial and the homogeneous relaxed micrmorphic continuum. Taken
from SARHIL ET AL. [2023c].

We analyze the size-effects via the normalized shear force TLM, which is shown in Figure
5.19. Here, T is the actual shear force while the macroscopic shear force Tiacro (associated
with linear elasticity with Ciacro) is given by Tiacro = @ [ 000 Lo The size-effects associ-
ated with pure shear response are less pronounced than the size-effects associated with
pure bending. We notice that the choices C,icro = 1.66 Cg?yrger and Cico = 1.75 Chacro

deliver close results for the bending in Figure 5.16 but different results for the simple
shear in Figure 5.19 which can be explained by their different anisotropy properties. We

21
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notice that the results for shear are less satisfactory than the results for bending since
fitting was based on bending mode.
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Figure 5.19: The normalized shear force varying the specimen’s size H x L for different
choices of Cppicro. Taken from SARHIL ET AL. [2023c].
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5.6.2 Cantilever under traction load

We consider the classical cantilever problem in the following setup. We fix the right edge of
the beam in both directions while a constant traction of ¢, =  is applied in the y-direction
on the left edge. The boundary value problems for both the fully discretized metamaterial
and the relaxed micromorphic model are illustrated in Figure 5.20. The microscopic elas-
ticity model can be recovered for large values of L. when the consistent coupling condition
is applied to the entire boundary. However, for small values of L., a boundary layer is
built up at the upper and lower edges, requiring a fine mesh. This issue can be resolved
by partially applying the consistent boundary condition, i.e. (P -7), = (Vu - 1),.

fully discretized metamaterial relaxed micromorphic model

P-r=Vu- -7 on oB

1 [ e y 1 [ —_—
110,00 @ © @ OF I X
> | I N H =2l > | | N H =2
0@ o0o0}| - i
le | l |
| L =24 | | L =24 |

Figure 5.20: Boundary value problem: cantilever, shown exemplarily for n = 2, for the
fully discretized metamaterial and the homogeneous relaxed micromorphic continuum. Taken
from SARHIL ET AL. [2023c].

The equivalent beam model with the deformed shape (for n = 2) are displayed in Figure
5.21. The cantilever is subjected to a constant shear force F,, =t H and a linear moment
that is zero on the left end and maximum on the right end M = F, z.

So 0.08

Y Sel 0.06
Se~al 0.04

T Teeaa 0.02

E ~0.02}

|< T q

Figure 5.21: The beam model of the cantilever and the deformed shape for n = 2. Taken
from SARHIL ET AL. [2023c].

We analyze the size-effects via the inverse of the normalized maximum displacement, ex-

pressed as wm%g))(o)’ see Figure 5.22. Here, w(0) is the actual displacement in y-direction,

while the macroscopic displacement (associated with linear elasticity with Cpaero) is cal-
culated via the elementary beam theory by the formula wpyaeo(0) = %. The
results of both the fully discretized metamaterial and the relaxed micromorphic model
show good agreement, as the dominant size-effect is bending. However, if consistent bound-
ary conditions are not applied across the entire boundary, agreement is not achieved. This
highlight again the importance of the consistent boundary condition and the flexibility of

the relaxed micromorphic continuum to model any engineering problem.
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Figure 5.22: The inverse of the normalized deflection at the free end of the cantilever

(z = 0) for varying the specimen’s size H x L for different choices of Cpicro. Taken from
SARHIL ET AL. [2023c].
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5.7 Discussions

We analyzed the size-effects of fully resolved beams under pure bending. We have shown
that applying a rotation (via a given displacement) or a moment (via an applied traction)
on the fully discretized metamaterial beams leads to similar results, which we should also
get when we model the beams via the relaxed micromorphic model.

We defined the macroscopic elasticity tensor Cy,c0 using the standard first-order homog-
enization with periodic boundary conditions. However, the microscopic elasticity tensor
Cinicro 1s linked to the stiffest possible response of the assumed metamaterial. We in-
troduced two approaches for the identification of Cyieo. The first approach is based on
the least upper bound of the apparent stiffness of the microstructure measured in the
energy norm following the Lowner matrix supremum problem in NEFF ET AL. [2020].
Therefore, different unit-cell variants are considered under the affine Dirichlet boundary
conditions. However, the flexural deformation mode is not captured by affine Dirichlet
boundary conditions, and the resulting C,,;0 is not stiff enough to reproduce the solution
of fully resolved metamaterial beams subjected to bending. Therefore, we have to scale
up the elasticity tensor obtained by Lowner matrix supremum. A second approach is built
to identify the microscopic elasticity tensor by non-affine boundary conditions (bending
deformation mode). Therefore, different unit-cells are bent to obtain the largest possible
flexural rigidity.

Next, we thoroughly examined the boundary conditions for both loading cases (rotation or
moment) for the symmetric and non-symmetric force stress scenarios. The consistent cou-
pling boundary condition allows the model to work on the whole intended range bounded
by linear elasticity with microscopic and macroscopic elasticity tensors from above and be-
low, respectively. Thus, correctly identifying the parameters of the relaxed micromorphic
model must be associated with the consistent coupling boundary condition. Otherwise,
Cricro 18 not recognized as an upper bound.

A final fitting is conducted to decide the values of characteristic length and the shear
modulus associated with the curvature measure in the relaxed micromorphic model. The
relaxed micromorphic model reproduces successfully the size-effects in a consistent manner
for both loading cases. Finally, the obtained parameters of the relaxed micromorphic
model were examined for two loading scenarios apart from pure bending. Good agreement
was obtained in general. However, the unique identification of the microscopic elasticity
tensor Cicro remains yet to be done, but it must be stiffer than the apparent stiffness
under the affine Dirichlet boundary conditions.
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6 Computational approach to identify the material parameters

We defined the microscopic elasticity tensor as the stiffest response at the unit-cell level
in Chapter 5. This was inspired by NEFF ET AL. [2020], where the microscopic elastic-
ity tensor was determined by the Lowner matrix supremum of elasticity tensors under
affine Dirichlet conditions. However, it was found too soft for size-effects in the bending
regime SARHIL ET AL. [2023a]. This prompted an expansion of our understanding of the
microscopic elasticity tensor, particularly by incorporating non-affine Dirichlet conditions
SARHIL ET AL. [2023b;c], resulting in a microscopic elasticity tensor calibrated precisely
for bending. However, a homogenization procedure for the identification of the unknown
parameters, including the characteristic length, has not yet been established.

Various methods have been proposed for the homogenization of heterogeneous microstruc-
tures into the Cosserat continuum in FOREST AND SAB [1998], HUTTER [2019], REDA
ET AL. [2021], the gradient elasticity continuum in ABALI AND BARCHIESI [2021], ABALI
ET AL. [2019], BACIGALUPO ET AL. [2018], KHAKALO AND NIIRANEN [2020], LAHBAZI
ET AL. [2022], SARAR ET AL. [2023], SCHMIDT ET AL. [2022], SKRZAT AND EREMEYEV
[2020], WEEGER [2021], YANG AND MULLER [2021], YANG ET AL. [2020; 2022], and
the classical Eringen-Mindlin micromorphic continuum in ALAVI ET AL. [2021a], BISWAS
AND Pon [2017], FOREST [2002], HUTTER [2017; 2022], ROKOS ET AL. [2019; 2020a;b],
ZHI ET AL. [2022]. However, in the field of homogenization towards generalized continua,
several important queries emerge that have mostly been explored and answered under the
standard first-order homogenization theory GANGHOFFER ET AL. [2023], TRINH ET AL.
[2012]. Homogenizing into higher-order continua is indeed a challenging task, with the
definition of a representative volume element (RVE) and the choice of boundary condi-
tions being the first apparent issues that one faces. The first-order homogenization theory
postulates that the condition of continuity of the local fields at the interface of the RVE
results in the periodicity requirement of the displacement fluctuation field. It is worth
noting that the independence of the effective property on the selected RVE is ensured in
first-order homogenization theory as long as we use periodic geometry accompanied by
periodic boundary conditions. However, the periodicity requirement becomes less relevant
in the absence of scale-separation and an overall strain gradient loading in the framework
of higher-order homogenization, see BACIGALUPO AND GAMBAROTTA [2010b]. Conse-
quently, the higher-order moduli are dependent on the choice of the RVE. Alternatively,
the analysis can be done on a cluster of unit-cells and considering the converged behavior
in the central unit-cell to get rid of boundary layer effects but zero-energy modes for some
certain deformation modes are obtained FOREST AND TRINH [2011]. Another crucial is-
sue is that the boundary conditions cannot strictly regulate the average second gradient,
and usually, multiple modes are activated simultaneously. Consequently, selecting the rel-
evant higher-order polynomial coefficients becomes very difficult. This can be revised by
volumetric constraints JANICKE AND STEEB [2012].

In this Chapter, we aim to avoid the yet unanswered questions by utilizing a non-classical
homogenization strategy to define the remaining unknown parameters of the relaxed mi-
cromorphic model. This optimization strategy is based on the least squares fitting of the
energy of the homogeneous relaxed micromorphic continuum with the energy of the fully
discretized specimens. It does not need the use of classical (or non-classical) micro-macro
transition relations, which are unknown yet for the relaxed micromorphic model. By evalu-
ating various deformation modes, whether random or not, and different specimen sizes, we
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identify the unknown parameters of the relaxed micromorphic model. The presented ap-
proach circumvents the issues associated with conventional homogenization theory, which
are strictly valid when scale-separation holds. Consequently, when size-effect phenomena
appear and scale-separation is not well-defined, establishing a representative volume el-
ement (RVE) becomes inherently problematic and illogical. We specify the optimization
to align with the assumed cubic unit-cell, which is not a limitation for the assumed algo-
rithm, as we precisely know the anisotropy properties of the relaxed micromorphic model.
A relevant methodology is outlined in ABALI ET AL. [2019], which selects n deformation
modes to determine n unknowns and precisely solves the resulting n equations.

This Chapter follows the outline: In Section 6.1, we introduce the periodic uni-cell and
its material parameters. Section 6.2 is devoted to presenting an algorithm that serves as
a motivational example and conceptual validation. This algorithm determines the stiff-
ness matrix of an equivalent homogeneous continuum for one unit-cell under both affine
Dirichlet and periodic boundary conditions. The algorithm is then further expanded in
Section 6.3 to encompass the case of an equivalent relaxed micromorphic homogeneous
continuum. In Section 6.4, we conduct a comparison between the fitting results of the
relaxed micromorphic model, the Cosserat model and the classical micromorphic model
with a simplified curvature and an isotropic curvature. The results are discussed and
validated in Section 6.4.

Parts of this Chapter are published in:

M. Sarhil, L. Scheunemann, P. Lewintan, J. Schréder, and P. Neff. A computa-
tional approach to identify the material parameters of the relaxed micromorphic
model. Computer Methods in Applied Mechanics and Engineering, 425, 116944, 2024.
do0i:10.1016/j.cma.2024.116944

6.1 The unit-cell and the material parameters

We consider a unit-cell consisting of a stiff matrix (aluminum) and a swiss-cross shape
ultra-soft inclusion where the Lamé parameters differ by a factor 10000. Both materi-
als are isotropic linear elastic. The parameters and the geometry of the unit-cell are

shown in Figure 6.1. We consider n unit-cells in each direction in the computation do-
0 B [LL]X[LL] [nlnl]x[nlnl]

main B =[——=, — —— ===, = ——, =]
° 22 22 22 2772

Lamé parameters A [kN/mm?| p [kN/mm?|

ly

Matrix 51.08 26.32
I Inclusion 51.08 104 26.3210~%
l

[ [mm] [ [mm] [ [mm]

1/n 090 03I

Figure 6.1: Unit-cell with the material and geometrical parameters. Taken from
SARHIL ET AL. [2024].
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6.2 Motivation and consistency check for linear elasticity

In this Section, we present the fundamentals of an optimization procedure established on
the concept of a least squares fitting of energies for determining the unknown parameters
of the effective homogenized continuum. Note that linear elasticity model is assumed here
on both microscopic and microscopic scales.

6.2.1 Affine Dirichlet boundary condition

We employ this approach to first identify the elasticity tensor of an equivalent linear
elastic homogeneous medium under affine boundary conditions, as shown in Figure 6.2.
Although affine Dirichlet boundary conditions are not typically considered in classical
homogenization theory, it is important to note that there exists a unique effective elas-
ticity tensor C*¢ which defines energy equivalence under all affine boundary conditions,
however, for a certain unit-cell. It is worth mentioning that this tensor is stiffer than
the effective elasticity tensor CPe°di¢ ghtained under periodic boundary conditions, as
discussed in Chapter 5. To encompass both cases, we use the generalized notation Cho™
since the same algorithm is involved in determining both tensors.

u=mu; on OB u=mu; on OB
Yy
energetically equivalent
Cinclusion affine Dirichlet BCs

Cmatrix

Figure 6.2: Illustration of the homogenization algorithm used to identify the parameters of
an equivalent linear elastic medium under affine kinematic boundary condition. Taken from
SARHIL ET AL. [2024].

The Hill-Mandel lemma postulates that the strain energies of the heterogeneous and
equivalent homogeneous continua are equal. We have the following minimization problem

Tmax

r? = min Y [T (u, C) — T1" (u, C*™)|?, (6.1)
=1

Chom

where 7 indicates different loading cases induced by affine Dirichlet boundary conditions
enforced on the whole boundary (4; = &;-x on 0B with & € Sym(3)). II'(u,C)
is the total energy of the heterogeneous domain under loading case i while I1M°™ (u, Chom)
is the total energy of an equivalent linear elastic homogeneous continuum under loading
case . They read

1 1
1 (u, C) = —/s :C(x) :edV,  IM™(u,C™) = —/r—: (Chom i edV . (6.2)
2 B 2 B
The stiffness’s anisotropy class must be specified in advance. This may require additional
considerations and careful choosing of the suitable stiffness’s anisotropy class to ensure
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the accuracy of the results. We consider an equivalent continuum with a stiffness tensor
that holds cubic anisotropy. This aligns with our preference for a cubic unit-cell in Figure
6.1. The stiffness matrix C"™ in Voigt notation reads

N Q#hom + )\hom /\hom 0
(Chom — )\hom 2Mhom + )\hom 0 7 (63)
0 0 M*hom

which is characterized by three independent parameters. The total strain energy of the
equivalent homogeneous continuum can be rewritten as

1
[om (u, Ch™) = 3 / g:Ch™ . edV
B

hom

= [ (e ) e + (e eV
B

= phom </(5%1 + €3,) dV) e (/ 2e1, dV)
RS B

. g LG (6.4)
H‘lOl“ Hol'il
Ty Ty
1
+ )\hom </ 5(611 + 522)2dV>
B
g
h
— Iuhom H?Zm + ﬂ* om H?,ZT + )\hom H?f;\m )

hom shom

The goal of the assumed algorithm is to identify the parameters A\P°™, pP°™ and p
by solving the minimization problem in Equation (6.1). However, initial values must be
appointed to solve the n boundary value problems. Consequently, an iterative procedure
is required after setting initial values for the unknown parameters. We then seek the
increments AAP™ Ao and Apho™ such that:

l—I?om(u7 Chom 4 Achom) — (Iu/hom + Auhom)n?’f;m + (lu*hom + Au*hom)l—[?:;?
+ ()\hom + A)\homﬂ—l?’c))\m
— 1—‘[?om<,ul7 Chom) + Aluhom H?:;m + Aﬂ*hom HEZ{?
+ AN I

(6.5)

The total strain energy of the equivalent homogeneous continuum can be written for 4,,.
loading cases as
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W L b B Hhomo Hhom Hhom
Hlom(uj(c om AC om) 1,u 1,p* 1A
h
Hgom (U, Chom + Achom) Hhom Hhom Hhom A,U o
_ 2,u 2,pu* 2,A A’u*hom
’ ' ' A)\hom
I (g, Chom 4 ACH™) v en s | T
fmax 7 L Himaxnu Himax,,u‘* HimaX7)\ - A(Chom
TV
D (6.6)

Hlilom ('U,, Chom)
Hgom (’LL, Chom)
+

tmax

Hhom (,u7 (Chom)

-~

b

The minimization problem in Equation (6.1) becomes

Tmax

r? = min Z || T2 (s, C)
=1

AChom 4 (6.7)
_ <1’I?Om(u7 Chom) + Auhomn?’zm + Au*homnzfﬁl + A)\homn?g\m>||27
and the solution of the least squares problem reads
AC™ = (D"D)*' D" (a—b)  with a; = [I'(u,C), (6.8)

where the parameters ;"™ %™ and A\P™ are updated in an iterative procedure until
the error r? converges to a constant value, optimally zero. The algorithm is presented
in Algorithm 1. For this algorithm, a standard T2 finite element with quadratic shape
functions is used.

The implemented procedure leads for any iya., > 3 and single unit-cell (n = 1) to
the solution p'™ = 6.251 kN/mm? "™ = 8337 kN/mm? and \"™ = 4.379
kN/mm?, see Figure 6.3. This meets the solution of the classical homogenization the-
ory, see NEFF ET AL. [2020], within one iteration, which is expected because the system
is linear. The error vanishes, meaning the fitting delivers the unique solution, and the
Hill-Mandel condition is precisely fulfilled. Note that choosing three deformation modes
(tmax = 3) is sufficient when these modes yield three independent equations, such as
shearing, stretching along one of the axes and a third mode resulting in a third linearly
independent equation.

6.2.2 Periodic boundary condition

In standard homogenization theory, periodic boundary conditions are the choice to define
the effective properties. This is based on the scale-separation assumption due to the
significant difference in length scales between the macroscopic and microscopic problems.
The microscopic strain is decomposed into a constant macroscopic part € and a fluctuation
part € as
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begin

production of the reference data (heterogeneous material)

- inputs: the unit-cell geometry with the material parameters of the matrix
and inclusion

- define i,,,, affine deformation modes &; for ¢ = 1, ...., imax

- if affine boundary conditions then u =u =¢€;-x on 0B

- if periodic boundary conditions then u=¢;,-x on B

- solve iyax boundary value problems of the heterogeneous material

- calculate the vector a’ = [[1}et TThet . TIhet ]

Tmax

defining the unknown (homogeneous material)

- set initial values for the parameters \bom, ybhom  <hom

repeat

- apply the deformation modes (&; for i = 1, ..., iyax)

- if affine boundary conditions then u =u =¢€;-x on 0B

- if periodic boundary conditions then u =€, -x on B

- solve i boundary value problems of the equivalent homogeneous
medium (for affine BCs, we solve the total displacement field while for
periodic BCs, we solve the fluctuation part)

- calculate the vector b? = [[T}om Trhem . Trhom]

’ tmax

- calculate the derivative matrix D; (D;: row vectors)

D] = [} IO IS for i =1, imax
- solve:

[Aluhom’ Alu*hom’ A)\hom]T — (DTD>—1 DT (CL _ b)
-update:

’uhom — Mhom + Aluhom7
u*hom «— M*hom _’_Alu*hom7
)\hom — /\hom + A)\hom

- calculate the current error r2

until 7% < tol

hom ,,xhom yhom
, A

- The parameters p"™, 1
end

are known

Algorithm 1: Algorithm for the minimization problem for an equivalent homogeneous
linear elastic continuum. Taken from SARHIL ET AL. [2024].
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We consider four random modes 7, = 4 applied on a unit-cell n =1
_ ( —0.02 0.03 ) _ ( 0.03 —0.01 >
7\ 003 001 /27 \ —001 005 /)

_ ( 0.01 0.01 ) _ ( 001 O >
== 001 —001/)" %7\ 0 002/
set initial values:

phom™ = 26.32 kN/mm? | ;#"™ = 26.32 kN/mm? and AP = 51.08 kN /mm?.

The algorithm delivers:

iteration phom prehom A\bom r?
[kN/mm?] [kN/mm?] [kN/mm?] [(kN-mm)?]
0 26.32 26.32 51.08 0.05198
1 6.251 8.337 4.379 2.374107%6
2 6.251 8.337 4.379 1.10510-28

final result:

pho™ = 6.251 kN/mm? | p*"™ = 8.337 kN/mm? and ™ = 4.379 kN/mm?.

Figure 6.3: Results of the parameter identification algorithm for an equivalent linear elas-

ticity continuum under affine boundary conditions. Taken from SARHIL ET AL. [2024].
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e=E+e and wu=utu=¢€-xz+u. (6.9)

The partial derivatives of the total energy of the homogeneous equivalent continuum with
respect to the unknown material parameters are computed, taking into consideration that
the integral of the fluctuation part of strain over the domain equals zero, i.e. [ pedV =0,

n5¢:2/2@5,+g;>dv

= Vp(el, + &3,) + /

2(E11811 + E29E29) AV + / (Eh +E%)dV,
B

B

-

=0

H?‘;T - / 2e2, dV = 2Ves, + / 481912 dV"‘/ 285, dV .
- : i (6.10)

=0
1
H?f;\m = / 5(511 + 822)2 dVv
B
Vi
= 76(8_11 + 6_22)2 + /

~ ~~ 1 ~ ~
(8_11 + 6_22)(511 -+ 822) dV -+ / 5(811 -+ 822)2 dVv s
B

B

5

The boundary 0B is divided into two parts (“+7,“”) which satisfies 9B = 0BT U 9B~
with outward unit normals n~ and n' satisfying n~ = —n™ and the periodicity condition
is postulated as

d(zt) = alz ), (6.11)

which is depicted in Figure 6.4. The algorithm is identical to the one for affine Dirichlet
boundary conditions shown in Algorithm 1, but the 4,,,, deformation modes are enforced
on the body, i.e. u =&-ax on B. For this, we implement a standard T2 finite element,
which discretizes the fluctuation field.

u(zt)=wu(x”) on 9B u(zt)=u(x~) on IB
+
Coatrix g 7
T energetically equivalent
a Cinclusion + € periodic BCs > -
N e—e xt —nt n-

Figure 6.4: Periodicity condition of the fluctuation field is enforced on both heterogeneous
and homogeneous equivalent continua. Taken from SARHIL ET AL. [2024].

The results of the implemented algorithm are shown in Figure 6.5. For any choice
of three deformation modes or more iy, > 3, we get the exact solution in one it-
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eration which reads p"™ = 59 kN/mm?, p**™ = 0.627 kN/mm? and A\M™ =
1.748  kN/mm? This meets the solution of classical homogenization theory in
NEFF ET AL. [2020], SARHIL ET AL. [2023b]. Like the case of affine boundary conditions,
three deformation modes are sufficient when they deliver three linearly independent equa-
tions. The result of this analysis serves as the limit case for the relaxed micromorphic
model for very large specimens n — o0, i.e. linear elasticity with elasticity tensor C,acro-
Enforcing vanishing fluctuations on the boundary restores the same results of the affine
Dirichlet boundary condition.

We consider four random modes %,,,, = 4 applied on a unit-cell n =1

. < —0.02 0.03) . _( 0.03 —0.01)
ST\ 003 001/°27\ 001 005 /°

5_(0.01 0.01)€_<0.01 o>
37N 001 —001 )4 0  0.02
set initial values:

phem = 26.32 kN/mm? |, p*"™ = 26.32 kN/mm? and At™ = 51.08 kN /mm?.

The algorithm delivers:

iteration phom phom Abom r?
[kN/mm?] [kN/mm?] [kN/mm? [(kN-mm)?|
0 26.32 26.32 51.08 0.05863
1 5.9 0.627 1.748 1.27510727
2 5.9 0.627 1.748 2.3531073!

final result:

phom =59 kN/mm?, "™ = 0.627 kN/mm? and AP™ = 1.748 kN/mm? .

Figure 6.5: Results of the parameter identification algorithm for an equivalent linear elas-
ticity continuum under periodic boundary conditions. Taken from SARHIL ET AL. [2024].

6.3 Computational approach to identify the material parameters for RMM

In order to build a relation between the heterogeneous fully-detailed metamaterial and the
homogeneous relaxed micromorphic continuum, we handle the size-effect by incorporating
the number of considered unit-cells within the computational domain of the reference
heterogeneous material with assuming . = Il (2D case), see Equation (5.22). Thus, the
elastic energy density of the relaxed micromorphic in Equation (3.13) becomes
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1
Y (Vu, P,Curl P) = §(sym[Vu — P]:C,:sym[Vu — P]

+sym P : Cpicro : Sym P

6.12
+ skew[Vu — P] : C,. : skew|Vu — P] (6.12)

+ 1 (LC)2 CurlP : CurlP).

n

The scalar n has been introduced representing the number of the unit-cells in the compu-

L L L L
5 5] X [—5, 5] = [—n—l, n_l] X [—n—l, n_l] as illustrated in Figure

6.6. The characteristic length parameter L. is fixed then for any considered size.

tational domain B = [—

large n n=23 n—=2 n—1
L LA
T ' ! ' I S
smaller €— stiffness » larger
Cacro €— RMM »  Chicro (P =Vu)
smaller « % » larger

Figure 6.6: Illustration of the scaling L./n delivering the intended “smaller is stiffer”
effect for computations on a domain of fixed size and constant L.. Taken from
SARHIL ET AL. [2024].

The macroscopic elasticity tensor Cy,aco corresponds to large specimens n — oo, where
a unit-cell with periodic boundary conditions should be used as in our analysis in Sec-
tion 6.2.2. The macroscopic elasticity tensor C,,.co €xhibits cubic symmetry with three
independent parameters, and reads

~ 2,umacro + /\macro AInacro 0
Cracro = Amacro 2macro + Amacro 0 , with
0 0 lu;knacro (613)

Amacro = 1.748 kKN/mm?,  fimacro = 5.9 kN/mm?,  p* = 0.627 kN/mm?.

The stiffness tensors C, and C,., should contain the maximal invariance group of
the periodic microstructure (i.e. Cyacro) following the extended Neumann’s principle in
NEFF ET AL. [2020]. Thus, we have
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. I 2,Udrnicr0 + )\micro )\micro 0
Cmicro = )\micro 2,umicro + >\micro 0 )
0 0 *
: l’LmICI“O (614)
B 26 + Ao Ae 0
C, = Ao 20e + Ao O ,
L0 0 e
and the elastic energy density assuming symmetric force stress C. = 0 becomes
’Qb (V’U;, P, CU.I"I P) = e ((U,Ll — P11)2 —+ (’LL272 — P22)2)
+ %(ULQ +usy — Pra — 1321)2
)\e 2 2 2
+ DY (urg + u22 — Pi1 — Pa2)” + fimicro( Py + Pay) (6.15)
;knicro )‘micro
+MT(P12+P21)2+ 5 (P11+P22)2

2

L,
+ /;n2 ((Curl P)i; + (Curl P)3;) .

Note that assuming C. = 0 is a valid option, when the consistent boundary condition
is used which we demonstrated in Chapter 5. The Reuss-like homogenization relation in
Equation (3.15) taking into consideration the relations in Equation (6.14) leads to

* *
o Hmicro Mmacro * Hicro Pmacro
He = ) He = * * )
Hmicro — Mmacro Hmicro — Mmacro (6 16)

(Amicro + ,U/micro) (Amacro + Nmacro)
(>\micro + Nmicro) - ()\macro + ,U/macro)

)\e+ﬂe:

The current problem depicted in Figure 6.7 can be expressed by least squares fitting of en-
ergies of the reference heterogeneous solution and the homogenous relaxed micromorphic
model solution

Mmax tmax

r? = min DO I (w) = i (u, P, (6.17)

* 2
Hmicros Brpicros Amicros BL -
micro c n=1 i=1

with ¢ = 1, ...., inax loading cases on n X n unit-cells for n = 1, ..., nyac. Consequently,
Jmax = tmax Nmax reference solutions need to be obtained for the heterogeneous material.

To solve the minimization problem in Equation (6.17), we define the following derivatives
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u=u; on OB P.-r=Vu;-7 on 0B
n=3 n=2 n=1 u=u; on OB

. Y Y energetically equivalent
<« >

non-affine Dirichlet BCs

Figure 6.7: Illustration of the minimization problem to obtain the material parameters in
the RMM. The consistent coupling condition is enforced on the whole boundary. Taken from
SARHIL ET AL. [2024].

11, _ OMixn _ % dv
XN, fmicro a,umicro B 8Nmicro )
0o = M [ OO
’lxnnumicro aﬂfnicro B 8/“1’:11101‘0 7
(6.18)
I, _ M _ [ 00y
XM, Amicro a)\micro B 6)\micr0 ’
M _ [ OO

Hi n = - dv7
b T ULz T ) Oul?

which cannot be evaluated analytically. Therefore, they will be determined numerically
by a finite difference scheme as

Ol TI(e+¢€) —II(e)

de ¢

(6.19)

where the scalar ¢ has to be small. The minimization problem in Equation (6.17) can be
expressed instead in terms of the increments of the unknown quantities and we get

Nmax tmax 8]___[
2 . het iXn
= I1; - (Hl n A micro
" Aﬂmicro,Aﬂfnir::ol,rlA)‘micro:AﬂLg Z Z H n * * a/fbmicro a
Ol OlIl; OlIl;
DA P Ao + -2 ARLE |2
+ aufnicro :umlcro a>\micro Ccro + (‘ML% lu c ||

Hence, we obtain an optimization problem where the unknowns have to be updated in an
iterative procedure. In the following, we execute a line search algorithm to ensure that
the unknowns do not violate some constraints, which we introduce later. The solution of
the minimization problem at the current position (fimicros Himicros Amicros ,uLg) leads to the
following vector

A= (D"D)"'D"(a-b), (6.21)

with
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H?itl Hl x1 A
het Hmicro
IS5 1P A
a= . b= , A= micro. | (6.22)
A)\micro
’ 2
het 1—[ . A/,LLC
Tmax X Mmax Tmax X Mmax
and
r DT b Oll1x1 Ol x1 Ol x1 Ol x1
1x1 a/‘LHliC!‘O ”fnicro OAmicro B;LLS
T
D1><2 Oll x2 Ol 2 Ol 2 Ol x 2
Oftmi op . OAmi ouL?
D — — Hmicro HFmicro micro HLE 7 (623)
T 81_[imax Xnmax 8Hin)ax Xnmax aI-Iimax Xnmax 81_IimaLx XN max
L imax XMmax - a;u‘miclro al“’fnicro OAmicro BuLg

where the vector A represents a preferred direction at the current position. The new
position has to be updated as

Nmicro /I'micro
:L)fm.icro — l)l\’m%cro + BA (624)
pL? L

new
where [ is the distance along the direction A. An exact strategy can be implemented to
optimize the identification of 5 with the criterion

Tmax Tmax

rf=miny |G,

n=1 i=1

- Hixn(,umicro + BAla M;knicro + 5A27 Amicro + BA37 HL?, + BA4)||2 .

(6.25)

The quantity Chicco — Chacro must be positive definite to keep C, positive definite, see
Equation (3.15), and therefore Cyicro must be stiffer than Cae0. Moreover, L. must be
strictly positive which yields then a maximum distance (. along the preferred direction
which satisfies

Hmicro + BmaxA1 > fimacro ;
Pricro T BmaxA2 > Hiacro »
Amicro + BmaxA3 + fmicro T BmaxA1 > Amacro + fimacro 5
PL? + BraxNy > 0.

(6.26)

For our implementation, inexact identification of g is implemented seeking simplicity by
evaluating the function at multiple points in the domain 8 € [0, min(1, Spax)] along the
preferred direction A and we choose the one with the least error 2.

The selection of the boundary conditions plays an essential role in the homogenization
theory. We choose Dirichlet boundary conditions that encompass both affine and non-
affine parts on the entire boundary
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with
| (B (B } - N B
B; = { (B)»r (B with (B;);r = random[—0.05,0.05] (6.28)
and

2

Com (Cnz (Ci)iza } . .
C; - [ ( th (C;); = random[—0.05,0.05].
LT (Ci)a11 (Ci)a1a (Cy)ao Z'g Wi (Ci)jw = random| )

(6.29)

Incorporating non-affine boundary conditions is anticipated, in analogy to the theories of
higher-order homogenization. Nevertheless, size-effects have been reported for both affine
and non-affine loading. The implemented algorithm can be seen in Algorithm 2 which is
searching for an optimized quantity puL? associated with the curvature. To represent the
order of L. with respect to the size of the unit-cell, we give a definition for the shear mod-
ulus p by using the isotropic elastic moduli closest to the cubic macroscopic moduli Cpaero
for the log-Euclidean norm NORRIS [2006]. This definition is unique and independent of
whether the difference in stiffness or compliance is considered. The isotropic equivalent
shear modulus reads

1= ) (amaceo)? (Hnaero)* = 1.537 kN /mm” . (6.30)

The results of the implemented algorithm for the parameter identification of the RMM are
shown in Figure 6.8. We employ 40 randomly generated deformation modes across three
distinct sizes. Consequently, we solve 120 boundary value problems for the heterogeneous
case before initiating the least squares optimization procedure.

The implemented optimization algorithm reaches the intended purpose, resulting in a final
error much less than the error of the given initial values. However, pu ;... tends towards
very large values which do not fit a classical shear modulus. Thus, we need to introduce
the concept of the stiffest possible response: the microscopic elasticity tensor cannot yield
a stiffer response than the homogeneous stiff matrix for any loading scenario. The stiffest
possible response concept stems from the relaxed micromorphic model operating between
two scales, both governed by linear elasticity with standard elasticity tensor.

The concept of the stiffest possible response ensures the preservation of the physical in-
terpretation of the upper bound, which cannot be logically stiffer than the stiff matrix,
at least from an engineering point of view. While the microscopic elasticity tensor Cicro
also exists in the classical micromorphic models, it lacks an associated bound. Thus, the
microscopic elasticity tensor in the classical micromorphic continuum is not reflected in
a microscopic scale (linear elasticity with elasticity tensor Cicro). Setting Cpyicro to infin-
ity aligns with the assumption of an infinitely rigid microstructure that can only rotate
(Cosserat model), which is a very unrealistic simplification. The goal of the stiffest re-
sponse constraint, likely resulting in a poorer fit, is to preserve a physical interpretation of
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begin
production of the reference data (heterogeneous material)
- define nyax deformation modes (i = 1, ...., imax) applied on the boundary

w, =B, - x+C;,-x®x on OB

- define number of cluster sizes considered in analysis with n X n unit-cells;
n=1,.., Nmax

- 80lVe Jmax = tmaxMmax boundary value problems of the heterogeneous
material

- calculate the vector a? = [ITh¢' TIhet, ... TIbet ]

max XMmax

defining the unknown (homogeneous relazed micromorphic continnum,)
- give initial values for the parameters fimicro, Miicros Amicros /LLE

repeat
- apply the deformation modes on the boundary

(u;=B;-x+C;-x®@x on 0IBb)
- calculate the vector bT = [[11,1, iy, ooy I s
- calculate the matrix D; row vectors read

DT aHixn 81_Ii><n aHixn aHixn

xn = [a,ufmicro’ 8lurnicr07 a)\micr07 O,UL(Q; ]

- solve:

A= (D"D)' D" (a-0)

- define Bnax < 1 which keeps C, positive definite and L. positive

1 1 1 1 1 111
- try multiple values of S ={—, —, —, —, —, =, -, = 1} Binax

- choose 3 which delivers the least error 2 along the direction A
- update:
Hmicro — Hmicro + ﬁAla M:nicro A lu;icro + BAQ

)\micro < )\micro + ﬂAi’n ,UL?: < ,ULE + 6A4

- calculate the current error 72, to compare with the one form last
. . 2
iteration 1754

2
Told — Tnew
2
Told

until < tol

* 2
- the parameters fimicros Miicros Amicros #L7; are known
end

Algorithm 2: Algorithm for the optimization procedure of parameter identification
of the relaxed micromorphic model. Taken from SARHIL ET AL. [2024].
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Umacro = 5.9 kN/mm? |

set initial values:

Amacro = 1.748 kN/mm? |

*
:umacro

= 0.627 kN/mm?,
p = 1.537 kN/mm?

We consider forty random modes iy, = 40 applied on three sizes Ny = 3

w;, =B, - x+C;-x®@x on IB
components of B; and C; are randomly generated, see Equations (6.28) and (6.29)

known from previous analysis in Equations (6.13) and (6.30):

Amicro = 11.3 kN/mm?,

L. =0.882 mm = 0.882 L.

Pmicro = 26.32 kN/mm?, i, = 26.32 kN/mm?,

Amicro = 51.08 kN/mm?, L. = 1mm

The algorithm delivers:

iteration [bmicro Hornicro Amicro L r’
[kN/mm?] [kN/mm? [kN/mm? [mm] [(kN-mm)?|

0 26.32 26.32 51.08 1 0.015237
1 19.66 50.85 38.46 0.788  0.00273407
2 15.38 143.12 27.98 0.697  0.0011551
6 10.18 344.45 11.29 0.883 0.000352264
7 10.19 358.87 11.3 0.882  0.000352236
10 10.19 354.77 11.3 0.882 0.000352234
11 10.19 354.88 11.3 0.882 0.000352234
12 10.19 354.87 11.3 0.882 0.000352234

final parameters set:

Pmicro = 10.19 kKN/mm?  p*,.. = 354.87 kN/mm?,

Figure 6.8: Results of the parameter identification algorithm for the relaxed micromorphic
model. We refer to the obtained final parameters set here as parameter set 1. Taken from

SARHIL ET AL. [2024].
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the microscopic scale appearing solely in the relaxed micromorphic model. Here, the coef-
ficients of Ciero are expected to have a reasonable range, avoiding arbitrary magnitudes
of the material parameters found in other generalized continua. However, the reasonabil-
ity of this assumption remains an open question for future research. This bound on the
stiffness will be expressed in terms of energy norms (Léwner order) as

€:Chico:€ < €:Chauix:€, Ve€Sym(3). (6.31)
The latter condition can be rewritten as

- T

€12 [ 2,umicro + )\micro )\micro 0 €12
€22 )\micro 2,umicro + )\micro O €22 S
| 2e12 _ L 0 0 Mrnicro 215
_ - T r
€12 2,umatrix + )\matrix /\matrix O €12
€22 )\matrix 2H’matrix + >\matrix 0 €22 ; (632)
L 2812 _ L 0 0 :u:(natrix 2612
€12
V| €99 € R? ,
€12
and the solution reads, see NEFF ET AL. [2020],
/’L*micro S Hmatrix »
Hmicro S HMmatrix (633)
Hmicro + )\micro S Hmatrix + )\matrix .

The first optimization gives a shear modulus p,;.., = 354.87 kN/mm? which violate the
criterion of the stiffest response in Equation (6.33) since pf ... = 26.32 kN/mm?. Accord-
ingly, we refine the optimization algorithm. In each iteration, if the new value(s) break
the constraints in Equation (6.33), we project the parameter that violates the constraints
back into the acceptable domain. We then repeat the current iteration, omitting this
parameter. Regardless, in the next iteration, we include all parameters again. In our al-
gorithm, only the parameter p ... attempts to break the upper limit constraint, leading
to its projection back into the admissible domain in each iteration. The results of the
revised algorithm are depicted in Figure 6.9. The obtained parameters from the optimiza-
tion procedure with upper constraints lead to a larger error than when no constraints
are considered. There is a concern, particularly with gradient-based algorithms, regarding
whether they converge to a global minimum and the potential for a much more satisfactory
solution. To investigate this, we calculated the error for 11* parameter sets, employing
10 divisions within the permitted domain for each parameter between the macroscopic
and matrix parameters. The set exhibiting the least error was chosen as the algorithm’s
starting point. The algorithm consistently converges to the same solution shown in Figure
6.10 for any starting point (we have tried many other starting points). The advantageous
behavior of the relaxed micromorphic model is acknowledged as a two-scale model. It is
bounded by two limits, each with distinct physical interpretations, and all the unknown
parameters have well-defined ranges. Therefore, employing a gradient-based optimization
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procedure was demonstrated to be effective. Vice versa, utilizing a gradient-based opti-
mization for the classical Eringen-Mindlin micromorphic theory, lacking an upper bound,
does pose challenges due to the higher number of parameters and the uncertainty about
the magnitude of these unknowns. We tried to enhance the fitting by introducing an ad-
ditional skew-symmetric term in the energy, i.e. p.||skew(Vu — P)||?, representing the
micro-rotation coupling, where p.. is the Cosserat modulus. However, the Cosserat couple
modulus trended towards negative values and needed to be projected back to zero, de-
livering symmetric force stress o as before. This highlights the importance of using the
consistent coupling boundary condition and meets the results of our principle investiga-
tions in Chapter 5.

6.3.1 Skew-symmetric micro-distortion field instead of the full one

By setting C o — 00, the relaxed micromorphic model retrieves the Cosserat model,
see Section 2.6.3. The micro-distortion field P must then be skew-symmetric, c.f. ALAVI
ET AL. [2022a], BLESGEN AND NEFF [2023|, GHIBA ET AL. [2023], JEONG AND NEFF
[2010], JEONG ET AL. [2009], KHAN ET AL. [2022], NEFF AND JEONG [2009], NEFF
ET AL. [2010a]. The energy function of the relaxed micromorphic model is modified then
with setting A := skew P € s50(3) to

1
Woosserat (VU, A, Curl A) = 5( sym Vu : Chaco : Sym Vu

+ (skew Vu — A) : C, : (skew Vu — A) (6.34)
+pL?CurlA : L : CurlA).

which turns out for the cubic anisotropic case into as

Yoosserat (Vu, A, Curl A) = fimacro (u%l + u§2) + %(Ul,z + ug)?

Amacro c
+ (ul,l + U2,2>2 + M_<U1,2 — U1 — 2A12)2 (635)

2 2
pL’ 2 2
+ 5 ((Curl A)j; + (Curl A)35) .

Here, u,. must be strictly positive for the Cosserat model to be operative, otherwise the
coupling of the fields (u, A) vanishes. We applied the optimization algorithm for the
Cosserat model where only two unknown parameters (L. and p.) must be identified. The
results are demonstrated in Figure 6.11. We explored two boundary condition scenarios
for the micro-distortion field: (I) consistent boundary conditions applied to the entire
boundary, and (IT) free boundary conditions. The results obtained with consistent bound-
ary conditions delivered significantly better fitting. Consequently, the following analysis
focuses on the results obtained under consistent boundary conditions.
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We consider forty random modes i,,,, = 40 applied on three sizes Ny = 3

where components of B; and C; are randomly generated, see Equations (6.28) and (6.29)
known from previous analysis in Equations (6.13) and (6.30):

Pmacro = 5.9 kN/mm?, g = 0.627 kN/mm?,
Amacro = 1.748 kN/mm?, p = 1.537 kN/mm?

set initial values:

Pmicro = 26.32 KN/mm?,  pk. .. = 26.32 kN/mm?
Amicro = 51.08 kN/mm?, L. = 1mm

The algorithm delivers:

iteration  fmicro W iero Amicro L. r?
[kN/mm?] [kN/mm?] [kN/mm?] [mm] [(kN-mm)?|
0 26.32 26.32 51.08 1 0.015237
1 19.37 26.32 19.33 1.039  0.0048919
2 13.73 26.32 10.8 1.083  0.00124667
3 10.07 26.32 7.83 1.126  0.000695682
4 10.57 26.32 8.19 1.122  0.000674557
5 10.55 26.32 8.22 1.123  0.000674545
6 10.55 26.32 8.22 1.123  0.000674545
7 10.55 26.32 8.22 1.123  0.000674545

final parameters set:

Pmicro = 10.55 kN/mm?, — pf. = 26.32 kN/mm?
Amicro = 822 kN/mm?, L. = 1.123mm = 1.123 L

Figure 6.9: Results of the parameter identification algorithm for the relaxed micromorphic
model. Here, we impose a constraint on the microscopic elasticity tensor Cpicro to ensure
it is not stiffer than the stiff matrix. We refer to the obtained final parameters set here as
parameter set 2. Taken from SARHIL ET AL. [2024].
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We consider forty random modes i,,,, = 40 applied on three sizes Ny = 3

u;,=B;-x+C;,-x®x on 0B
components of B; and C; are randomly generated, see Equations (6.28) and (6.29)

known from previous analysis in Equations (6.13) and (6.30):

Pmacro = 5.9 kN/mm? | g = 0.627 kN/mm?,
Amacro = 1.748 kN/mm? | = 1.537 kN/mm?

set initial values:

fmicro = 10.03 kKN/mm? | pf. = 26.32 kN/mm?,
Amicro = 6.7 kN/mm?, L, = 1.36 mm

The algorithm delivers:

iteration [micro iero Amicro L. r?

[kN/mm?] [kN/mm?] [kN/mm?] [mm] [(kN-mm)?|
0 10.03 26.32 6.7 1.36  0.00153283
1 10.74 26.32 7.9 1.057 0.000785925
2 10.42 26.32 8.17 1.128 0.000674967
3 10.56 26.32 8.22 1.122  0.000674548
4 10.55 26.32 8.22 1.123  0.000674545
5 10.55 26.32 8.22 1.123  0.000674545

final parameters set:

Pmicro = 10.55 kN/mm?,  pf. = 26.32 kN/mm?
Amicro = 8.22 kN/mm?, L, = 1.123mm = 1.123 L

Figure 6.10: Results of the parameter identification algorithm for the relaxed micromorphic
model. Here, we impose a constraint on the microscopic elasticity tensor Cpicro to ensure it
is not stiffer than the stiff matrix. We start with different initial values and the algorithm
delivers the same values as in Figure 6.9. Taken from SARHIL ET AL. [2024].
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We consider forty random modes i,,,, = 40 applied on three sizes Ny = 3

u;=B;-x+C;,-x®x on 0B
components of B; and C; are randomly generated, see Equations (6.28) and (6.29)

known from previous analysis in Equations (6.13) and (6.30):

Pmacro = 5.9 kKN/mm?, . .= 0.627 kN/mm?,
Amacro = 1.748 kN/mm?, p = 1.537 kN/mm2

further assumptions: (= Cyicro — 00)

fmicro = 10000 fimacro ;  fmicro = 10000 fi00r0 » Amicro = 10000 Amacro
set initial values:

fe =1 kN/mm2 , L.=1mm

The algorithm delivers:

with consistent boundary condition without consistent boundary condition
iteration e L. r2 iteration e L. r2
[kN/mm?] [mm] [(kN-mm)?] [kN/mm?] [mm] [(kN-mm)?]
0 1 1 0.01967 0 1 1 0.0261827
1 4.04 0.615 0.00265 1 2.04 0.711  0.0258911
2 12.97 0.59 0.002517 2 14.51 0.51 0.0257639
10 1739.03  0.614 0.002128 10 64.43-10* 5.133  0.0114968
11 1408.36  0.614 0.002125 11 64.82-10* 5.132  0.0114965
17 452.64 0.616  0.00211923 19 67.49-10* 5.132  0.0114945
18 452.6 0.616  0.00211923 20 67.52-10* 5.132  0.0114945

final parameters set (with consistent boundary condition):

e = 452.6 kN/mm? and L, = 0.616mm = 0.616 L.

Figure 6.11: Results of the parameter identification algorithm for the Cosserat model.
Taken from SARHIL ET AL. [2024].
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6.3.2 Full gradient of the micro-distortion field instead of its Curl

Another comparison can be conducted between the results obtained by the relaxed cur-
vature (Curl P) within the relaxed micromorphic model and the full curvature (VP)
within the classical micromorphic model. The energy function of the Eringen-Mindlin
micromorphic model reads (using the relaxed micromorphic model notation)

1
Vtringen (Vai, P, VP) = = (sym(Vu — P]: C, : sym[Vu — P)
+sym P : Cpicro : sSym P

+ skew[Vu — P] : C, : skew[Vu — P] (6.36)
+ (Vu — P) : Cyixeq : sSym P

L? Lo
+ M—ZC VP:L: VP) .

n

Here, IL is a sixth-order tensor and Crnixea 18 a fourth-order tensor. For the planar cubic
case, the tensor L associated with the curvature requires already the definition of 10
independent parameters D’AGOSTINO ET AL. [2024]. Thus, we have

VP:L:VP =
Py "/ L Linee Liesr Lo 0 0 0 0 Py
Pias Lit1122 Li22122  Li22221  Li22212 0 0 0 0 Piaoo
Py Li11221  Li22221  Lo21221  Lazi2i2 0 0 0 0 Py
Poy o Li11212 Li22212  Lo21212 Loi2212 0 0 0 0 Poy o
Po o 0 0 0 0 Lit1111 Litnize Litie2r Litizie Pos o
Poy 1 0 0 0 0 Li11122 L1212 Li22221  Li22212 Py 1
Py 0 0 0 0 Li11221  Li22221  Lo221221  Lazi212 P
Pisq 0 0 0 0 Li11212 Li22212  Lasi2iz Loi2212 Pio
(6.37)

where Liii111, Litiiee, Liti221, Liii2i2, Liaziee, L1221, L122212, Loo1221, Log1212 and  Lajgo12
are to be determined. The total number of unknown parameters for the Eringen-Mindlin
full micromorphic model equals 14 for the 2D case (3 for Cyicro, 1 for C. and 10 for L) if
we already exclude the mixed term (Vu — P) : Cpixeq : sym P. Dealing with such many
unknowns is not feasible for a gradient-based optimization. Therefore, for the sake of
simplicity, we restrict our analysis to the most simplified curvature formulation to reduce
the number of unknown parameters. Thus, the curvature will only be associated with a

single scalar p L2, i.e. L:VP =VP. However, it is clear that optimizing the coefficients
of the tensor L. (with cubic symmetries) will provide a better fit. The energy function of
the simplified micromorphic model for a cubic material turns into
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Yhringen (Vu, P,V P) = [i ((Ul,l - P11)2 + (u29 — P22)2)
+ %(Ulz +ugy — Prp — Py)?
Ae
+ ?(Ul,l +ugo — Py — P22)2

:nicro (638)
+ fmiero(Ph 4 Psp) + MT(PH + Py)?

)\micro c
+ 5 (P11 + P22)2 + %(Ul,z —Uugy — Pia + 1'321)2

pLe
2n?

2
+

VP,

where the parameters fimicros Mimicros Amicros e a0d L. need to be defined. The optimization
follows the same approach as for the relaxed micromorphic model by enforcing the consis-
tent boundary conditions on the whole boundary. The results are displayed in Figure 6.12.
The optimization gives fimicro = 5.959 kN/mm? | pf. = 80.82 kN/mm?, Apicro = 12.06
kN/mm? | y. = 1138.34 kN/mm? and L. = 0.695 mm with an error r* = 0.000612487
(kN-mm)?. The simplified full micromorphic model prefers an asymmetric force stress
o, disagreeing with the relaxed micromorphic model. Moreover, C,i;o for the full mi-
cromorphic model is not associated with an upper limit stiffness property, which makes
the obtained tensor C,., not physically based and, therefore, incomparable with any
measurable quantity from an engineering point of view.

We can enhance the fitting by introducing a simplified isotropic curvature characterized
by three independent parameters (aq, e, a3). This isotropic curvature in the full micro-
morphic model has the form Rizzl ET AL. [2021b]

2
L 2
VP:L:VP = g (oq” dev sym P;||* + ayl|| skew P;||* + 903 tr2(P,i)> : (6.39)
i=1

The optimization outcomes are demonstrated in Figure 6.13 assuming L. = 1 mm. The op-
timized parameters read fimicro = 5.967 KN/mm? | .. = 392.15 kN/mm? A\ icro = 10.77
kN/mm?, p1. = 808.94 kN/mm? a; = 0.187 , ap = 0.318 and a3 = 5.65 . However, the error
r? for the isotropic curvature (0.000528 [(kN-mm)?]) does not show a notable enhancement
compared to the simplified curvature (0.000612 [(kN-mm)?]). Note that the calculated
parameters (Cicro, fc) for the two formulations of curvature in the micromorphic model
show a significant difference, leaving doubts about the physical interpretations.
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We consider forty random modes i,,,, = 40 applied on three sizes Ny = 3

u;=B;-x+C;,-x®x on 0B
components of B; and C; are randomly generated, see Equations (6.28) and (6.29)

known from previous analysis in Equations (6.13) and (6.30):

Pmacro = 5.9 kKN/mm?, p* .= 0.627 kN/mm?,
Amacro = 1.748 kN/mm?, p = 1.537 kN/mm?

further assumptions:
(Cmixed =0
set initial values:

fmicro = 26.32 KN/mm? | pf... = 26.32 kN/mm?,
Amicro = 51.08 kN/mm?,  p.=1kN/mm?, [L.=1mm

The algorithm delivers:

iteration Mhmicro Hoicro Amicro e L. r?
[kN/mm?] [kN/mm? [kN/mm? [kN/mm? [mm]| [(kN-mm)?|
0 26.32 26.32 51.08 1 1 0.029915
1 8.48 46.8 6.14 4.27 0.7 0.0023058
2 8.33 82.89 9.32 11.54 0.621  0.0018288
11 5.959 85.5 12.28 1057.11  0.688 0.000612789
12 5.959 82.99 12.16 1070.65  0.692 0.000612667
25 5.999 80.83 12.06 1138.32  0.695 0.000612487
26 5.999 80.82 12.06 1138.34  0.695 0.000612487

final parameters set:

Pmicro = 5.959 kKN/mm? | p¥... = 80.82 kN/mm?, Ao = 12.06 kN/mm?,
pe = 1138.34 kN/mm?, L. = 0.695mm = 0.695 L .

Figure 6.12: Results of the parameter identification algorithm for the simplified full mi-
cromorphic model. Taken from SARHIL ET AL. [2024].
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We consider forty random modes i, = 40 applied on three sizes nya.x = 3

w;, =B, - x+C;-x®@x on IB

components of B; and C; are randomly generated, see (6.28) and (6.29)

known from previous analysis in Equations (6.13) and (6.30):

Pmacro = 5.9 kN/mm? |
1.748 kN /mm?

>\macr0

further assumptions:

L. = 1mm,

set initial values:

*
:umacro

(Cmixed =0

= 0.627 kN/mm?,
p = 1.537 kN/mm?

Pmico = 26.32 kKN/mm? | pfi.. = 26.32 kN/mm?,  Apico = 51.08 kN/mm?
pe=1kN/mm? oj=ay=a3=1
The algorithm delivers:
iteration  fimicro Hmicro Amicro fhe o a a3 r?
[kN/mm2] [kN/mmﬂ [kN/me] [kN/me} [(kN-mm)Q]
0 26.32 26.32 51.08 1 1 1 1 0.018407
16.21 35.89 —0.714 1.966 0.8 0.702 2.254  0.00180853
2 11.76 62.89 3.425 4.12 0.673 0.355 3.09 0.00122141
13 10.33 249.7 5.974 189.27 0.398 0.212 3.69 0.000956095
14 10.2 266.56 6.24 523.67 0.373 0.212 3.77 0.000945068
25 5.974 430.96 11.41 773.63 0.148 0.325 5.883 0.000534085
26 5.959 406.16 11.05 784.36 0.166 0.318 5.758 0.000532797
49 5.966 392.15 10.77 808.91 0.187 0.318 5.65 0.000528028
50 5.967 392.15 10.77 808.94 0.187 0.318 5.65 0.000528028
final parameters set:
Pmicro = 5.967 KN/mm?, g = 392.15 kN/mm?,  Apicro = 10.77 kN/mm?
pe = 808.94 kN/mm?, «; =0.187, ay =0.318, a3 =>5.65

Figure 6.13: Results of the parameter identification algorithm for the full micromorphic

model with isotropic curvature. Taken from SARHIL ET AL. [2024].
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6.4 Comparisons and validation

The average error of the relaxed micromorphic model concerning 120 reference hetero-
geneous solutions equals 5.3% for parameter set 1 (not constrained) in Figure 6.8, and
7.5% for parameter set 2 in Figure 6.9 (constrained). The Cosserat case gives an average
error of 13.7%. The full micromorphic model leads to an average error of 7.2% for the
simplified curvature and 6.3% for the isotropic curvature. Figure 6.14 shows the results
of fitting 7 deformation modes from the 40 random modes. We expand the results to
encompass not just the first 3 sizes (n = 1,2, 3) employed in the optimization algorithm
but also the first 6 sizes (n = 1,..,6). Further after these sizes, size-effects do not occur,
and standard homogenization theory becomes valid. The relaxed micromorphic and the
full micromorphic models demonstrate good agreement with the heterogeneous solutions.
While the Cosserat model delivers the poorest fitting among the investigated models, no
obvious superior model stands out, but the unconstrained relaxed micromorphic model
(parameter set 1) illustrates the least error.

We validate the optimization procedure results in Figure 6.15 for four different defor-
mation modes that were not considered in the optimization algorithm. Two deformation
modes are first-order modes and the other are second-order modes. The models show, in
general, satisfactory results. Due to the relaxed curvature expression in the relaxed mi-
cromorphic model, we do not expect to reach a perfect fitting, considering that only four
unknown parameters describe the relaxed micromorphic model. The Cosserat model re-
produces no size-effects for axial loading and displays good results for shear loading, which
is expected. However, the relaxed micromorphic model exhibits better overall agreement
with the fully resolved solution. Using the full-gradient of the micro-distortion with a
single characteristic length parameter does not enhance the overall fitting (the simplified
Eringen-Mindlin micromorphic model). We tested if a better fitting can be achieved using
an isotropic curvature with 3 independent parameters. However, this did not lead to a
significant enhancement.

Discussions

We successfully established a computational approach to define the unknown material
parameters of the relaxed micromorphic model. We first conducted a short consistency
check of the presented methodology for linear elasticity under affine and periodic bound-
ary conditions. The implemented algorithm delivered the correct results of the classical
homogenization theory. We expanded our approach to the relaxed micromorphic model.
Due to the simplicity of the model, only the microscopic elasticity tensor C,.o and a
scalar associated with curvature have to be defined via the suggested computational ap-
proach, given that the macroscopic elasticity tensor Cacro is known and C, is uniquely
determined once Cicro 18 known.

Only four parameters were included in the algorithm for our specific unit-cell with cubic
symmetry. The algorithm is based on the Hill-Mandel energy equivalence applied to vari-
ous deformation modes and sizes. It employs a least squares fitting of the energies of the
fully resolved metamaterial and the equivalent homogenous continuum. Thus, we have
avoided the classical microscopic-macroscopic transition schemes and the identification of
a representative volume element. Moreover, we eliminated the need to deal with various
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..... Cosserat case
—— full micromorphic model with isotropic curvature
— simplified micromorphic model

— rclaxed micromorphic model, parameter set 2
— relaxed micromorphic model, parameter set 1
0.01- ] ® fully discretized metamaterial
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Figure 6.14: The total energy of the heterogeneous material, the relaxed micromorphic
model, the Cosserat case, and the Eringen-Mindlin full micromorphic model with both the
simplified and isotropic curvature. We show 7 random deformation modes with the deformed
shape for n = 1 scaled by a factor of three. Taken from SARHIL ET AL. [2024].
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Figure 6.15: The total energy of the heterogeneous material and the homogeneous relaxed
micromorphic model is examined for the two parameter sets, varying the size for four modes
that were not included in the algorithm. We also show the outcomes of the Cosserat and
the simplified Eringen-Mindlin micromorphic model. Dirichlet boundary conditions are set
on the whole boundary u =@ on B. The deformed shape is shown for n = 1 enhanced
by a factor of three. Taken from SARHIL ET AL. [2024].

stress quantities and their microscopic equivalents, which are unknown to us yet.

The implemented algorithm delivered a good fit, but we found it is necessary to add
an additional criterion, from an engineering point of view, ensuring that the microscopic
elasticity tensor cannot exceed the stiffness of the homogeneous stiff matrix for any defor-
mation mode. We compared the obtained parameters with and without this criterion, and
the results showed satisfactory agreement. Moreover, we conducted a comparison between
the results of the relaxed micromorphic model and those obtained by the Cosserat model,
which uses a skew-symmetric micro-distortion field, as well as the simplest case of the full
Eringen-Mindlin micromorphic model. For the full Eringen-Mindlin micromorphic model,
we utilized the full-gradient of the micro-distortion field for the curvature but associated
with a single scalar characteristic length. We attempted to enhance the fitting of the full
Eringen-Mindlin micromorphic model by employing an isotropic curvature, resulting in a
slight enhancement. The relaxed and full micromorphic continuum shows a comparable
fitting level to the fully resolved heterogeneous solution, while the Cosserat continuum
performs the worst.

We recognize that the full Eringen-Mindlin micromorphic model can exhibit better fitting
than the relaxed micromorphic model. The full Eringen-Mindlin micromorphic model
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has, in the most general formulation, 903 material parameters. However, compared to the
relaxed micromorphic model, no improvement is achieved for simplified forms of the full
micromorphic model with a remarkably reduced number of parameters but comparable
to the number of parameters of the relaxed micromorphic model. Thus, the relaxation
of the curvature to consider only the Curl, as in the relaxed micromorphic model, is a
reasonable simplification leveraging the strength of the very simple Cosserat model and
the highly complex full micromorphic model.
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7 Conclusions and outlook

Despite their potentials, the complex mathematical formulations and the high number of
parameters of generalized continua theories have prevented their widespread adoption for
real-life engineering problems. However, the advantageous behavior of the relaxed micro-
morphic model, as a true two-scale elasticity model, simplifies the physical interpretation
of material parameters, which other generalized continua cannot offer.

We introduced the basic principles of continuum mechanics of solids within the frame-
work of the Cauchy continuum, including kinematics, stress concept, balance equations
and variational principles. We expanded this framework to encompass more advanced en-
riched continua, thus offering a more comprehensive understanding of these continua. We
presented in detail the main components of the relaxed micromorphic model, including
energy function, material parameters, and the variational problem that leads to the weak
and strong forms with the associated boundary conditions. We analyzed the limiting cases
analytically when the characteristic length parameter approaches zero or infinity, causing
the model’s advantageous behaviors as a two-scale elasticity model. The relaxed micro-
morphic model operates between a macroscopic linear elastic scale with a uniquely defined
macroscopic elasticity tensor and a microscopic linear elastic scale with a to-be-defined
microscopic elasticity tensor.

The finite element formulation of the relaxed micromorphic model must be conforming
in H(B) x H(curl, B) space. The basic principles of the finite element method and dif-
ferent approximation spaces were introduced in detail. We comprehensively described the
construction of H(curl, B)-conforming elements with Nédélec shape vectors. In several nu-
merical examples, we tested the different finite elements’ behavior with their convergence
rates for the case of a discontinuous solution favoring H'(B) x H(curl, B) elements. Fur-
thermore, we examined the different stress measures in the relaxed micromorphic model
for the limiting cases of the characteristic length parameter.

We observed that the boundary conditions of enriched continua have not been studied
meticulously in the literature. However, they play a crucial role in accurately identifying
the unknown parameters since the behavior of generalized continua varies depending on
the set of boundary conditions used. The consistent coupling boundary condition ensures
that the intended upper bound of the relaxed micromorphic model is realized. This upper
bound happens to be linear elasticity with a microscopic elasticity tensor. Thus, identi-
fying the microscopic elasticity tensor makes sense only when the consistent boundary
condition is enforced. We investigated numerically applying the consistent boundary con-
dition for different problems (via a penalty approach when necessary), such as bending,
shearing, and classical cantilever, and the microscopic elasticity tensor was always seen as
an upper bound. This applies to displacement-driven and traction-driven problems. Thus,
this flexibility has not been observed in other enriched continua since the consistent cou-
pling boundary condition can always be used.

Significant efforts have been devoted to the identification of material parameters of
enriched continua in the mechanics community. The relaxed micromorphic model, being
a two-scale model, exhibits unique behavior that allows a physical interpretation to help
identify the unknown parameters. The microscopic elasticity tensor is determined by the
concept of the stiffest possible response of the assumed microstructure. First, the micro-
scopic elasticity tensor was assumed to be given by the Lowner matrix supremum of elas-
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ticity tensors appearing under affine Dirichlet conditions on different unit-cells, which was
found to be too soft for capturing size-effects. Therefore, we introduced another approach
based on calibrating the microscopic elasticity tensor via non-affine bending deformation
modes. Finally, the curvature was fitted to the reference fully resolved solutions. While
both approaches provided initial estimates, it is important to continue exploring and de-
veloping more accurate methods in this direction. Thus, we implemented an optimization
procedure that determined the unknown material parameters for the relaxed micromor-
phic model after a consistency check for linear elasticity, which successfully delivered the
results of classical homogenization theory. The optimization procedure is based on the
least squares fitting of the energy of the equivalent homogeneous continuum with the
energy of the fully resolved microstructure. Both the microscopic elasticity tensor and
the characteristic length parameter in the relaxed micromorphic model were identified via
the presented optimization. Two different scenarios were introduced during the optimiza-
tion implementation (constrained or non-constrained by the stiff matrix from above). We
compared the results of the optimization procedure of the relaxed micromorphic model,
the Cosserat model, and the classical micromorphic theory with two different curvature
formulations. The relaxed micromorphic model delivers the least error and best fit among
them.

Future investigations are needed in the context of the higher-order homogenization theory
into the relaxed micromorphic continuum. However, the microscopic-macroscopic transi-
tion relations must first be available for the relaxed micromorphic model. Further chal-
lenges are expected, such as the choice of the representative volume element and the
boundary conditions on this representative volume element. It would be interesting to
compare the results of the higher-order homogenization approaches to the ones from the
implemented optimization and see if they can deliver better fitting.
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A Nédélec shape functions

A Second-order triangular element NT2

Triangular elements are defined on a domain 7reA ={0<¢<1,0<n<1-—¢}. The finite
elements with the respective edge numbering are shown in Figure 4.2. The Nédélec space
of a second-order triangular element (NT2) reads

o= (31§10 12 L2 L)L)

and the general form of shape functions reads

v2:(a1+a2§+a377—a7772_a85727>’ (A.2)
as+as&+agn+ar§n+agé

where a;,7 = 1, ..., 8 are coefficients yet to be defined based on the dofs. Explicit functions
rj,j =1,2 and q;,7 = 1,2 in Equations (4.19) and (4.20) are assumed as

edge 1 : r=E£, ro=m,
edge 2 : ro=mn, ro=1-—mn,
edge 3 : rn=1-¢, ry =&, (A.3)
inner : ql_{l}, CI2—{0},
0 1

and the tangential vectors of the element edges are the same as in Equation (4.24).
The inner and outer dofs are calculated according to Equations (4.19) and (4.20) using
&+ n =1 on the first edge, £ = 0 on the second edge and 1 = 0 on the third edge, such as

1
mi' = < (3a1 + 202 + a3 — 3as — 2a5 — ag — a7 — 20g),
1
mgl = 6(36L1 + as + 2a3 — 3a4 — a5 — 2a¢ — 2a7 — a8) )
1 1
my? = 6(3(14 + 2a) my’ = 6(3a4 + ag) ,
6 0 (A.4)
my’ = 6(3% + az), my’ = g(gal +2a,)

) 1
m11nner _ ﬁ(lQal + 4@2 + 4&3 — 2Cl7 - QS) )

. 1
my™ = (1204 + das + dag + a7 + 2as)



132 Appendix

and the resulting shape functions shown in Figure A.1 are obtained by an analogous
procedure as described for NT1 element in Section 4.3.2, leading to

edge 1 : vf:2<;gjjg§), 1,;:2(_5277_"27;2772)7

easer: wi=2( _ T ) vi=2(, g1 e )
s a(G ) ()
fmner ;b7 = 2( §Z£_+8g;£_+42§2 ) ’ vs = 2( ;‘2”_*;;?_* 88£Z§ )

(A.5)

B First-order quadrilateral element NQ1

Quadrilateral elements have a domain 7TE ={-1<¢<1,-1<n <1} The Nédélec
space of a first-order quadrilateral element (NQ1) reads

ot {[3].[2) (2] 2],

and the general form of shape vectors reads

vlz(a1+“277), (A7)

as + CL4£
where a;,7 = 1,..,4 are coefficients yet to be defined based on the dofs. Starting from
Equation (4.19), we set r; = 1 for all edges. The tangential vectors for the first and third
edge are t; = t3 = (1,0)7 and for the second and fourth edge t, = t, = (0,1)7, see Figure
4.2 (left). We calculate edge dofs taking into consideration that n = —1 on the first edge,

¢ = 1 on the second edge, n = 1 on the third edge and £ = —1 on the fourth edge, leading
to

mit =2(a1 —az), my =2(a3+as), mP=2a1+a), my'=2az—a). (A8)

We solve the system of equations obtained by an analogous procedure to the one described
for NT1 element in Section 4.3.2 leading to the shape functions demonstrated in Figure

B.2, which read
( (—77461)/4 ) v} = ( (§+O1)/4 )

”§:< (Holw)’ vl = < (—§£1)/4)’

where v} is associated with edge ¢; fori =1,..,4.

1
Uy

(A.9)
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Figure A.1: Tangential-conforming vectorial shape functions of NT2 element. Blue circles
indicate the position where the dofs are defined. Taken from SCHRODER ET AL. [2022].

C Second-order quadrilateral element NQ2

The Nédélec space of a second-order quadrilateral element (NQ2) reads

)
_
NN
Il
—
| — |
O =
| I
l\.—|

(A.10)
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Figure B.2: Tangential-conforming vectorial shape functions of NQ1 element. Blue circles
indicate the position where the dofs are defined. Taken from SCHRODER ET AL. [2022].

and the vectorial shape functions have the following general form

2 a1+ as €+ azn + asn + asn® + ag En?
o? = ) 5 | (A.11)
a7 +as& +agn + apén + an & + a1 né

where a;,7 = 1,..,12 are coefficients yet to be defined based on the dofs. Starting from
Equations (4.19) and (4.21), explicit functions r;,j = 1,2 and g;,7 = 1,2, 3,4 are set as

edge 1: :%(1 - &), T2 :%ﬂ +€),

edge 2: 1, :%(1 -n), T2 =%(1 +n),

edge 3: 1 :%(1 +¢), ) :%(1 ),

edge 4: 1, :%(1 +1n), Ty Z%(l —1), (A.12)
inmer - qlz[%(l(;%)}, q2:[%(10—5)}7

""’3:[§<10+n)}’ q“:[%(lo—n)}'

The edge and inner dofs are calculated according to Equations (4.19) and (4.21) consider-
ing that tangential vectors and coordinates coloration are identical to the NQ1 element,
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such that
. 1
= 3 (3ay — ag — 3as + a4 + 3as — ag) ,
1
ml :g ( Q10 + 3(111 — a1 + 3@7 + 3(18 — ag) s
1
m §(3a1+a2+3a3+a4+3a5+a6)
1
m§ =3 (—ao + 3a11 + a1z + 3a7 — 3as + ay)
2
mllnner _5(9011 + 3&2 + 3CL5 + a6)
2
mglner —5(3a11 + ap + 9&7 + 3&9)

msgt = %(3a1+a2—3a3—a4+3a5+a6),
my? = % (@10 + 3ai1 + a1z + 3az + 3as + ag) ,
ms? = % (3ay — ag + 3az — a4 + 3as — ag) ,
mgt = % (a10 + 3a11 — aiz + 3ar — 3ag — ag)
myter = S(Qal — 3ay + 3as — ag) ,
my"e = 3(3%1 — a2 + 9a7 — 3ag) .

(A.13)

Tangential-conforming shape functions demonstrated in Figure C.3 are obtained by an
analogous procedure as described for NT1 element in Section 4.3.2, leading to

edge 1 v? = ( —1/8 —n/4+31/8 +03£/8+3n€/4—9n2£/8 )
o2 — ( —1/8 —n/4+3n*/8 — 3¢/8 — 3n& /44 In°E/8 )
V2= 0
0
edge 2: vy = ( —1/8 4+ 3/8 + £/4 — 3nE/4 + 362/8 — IE?/8 )
0
vi = ( —1/8 —3n/8 + &/4 + 3n& /4 + 3% /8 + INE?/8 >
edge 3 w2 — ( —1/8+n/4+31°/8 035/8+3n£/4+9n2£/8 )
o — ( —1/8 +n/4 +3n?/8 + 3£/8 — 3n& /4 — In*E/8 )
6
0 (A.14)
dee 4: v2 = ( 0 )
cde U7\ —1/8 — 3n/8 — £/4 — 3nE /4 + 3€2/8 + Ine?/8
0
05 = ( —1/8+30/8 — £ /A + 3¢ /A + 3¢2/8 — Ine?/8 >
. 3/8 — 32 /8 + 9¢/8 — 92 /8
mner: S ( 0 ) ,
B ( 3/8 — 3n2/8 — 96 /8 + 92 /8
B 0
0

0

N
-

3/8+9n/8 — 3¢2/8 —

3/8 — 9n/8 — 3¢2/8 + Ine2/8

InE*/8

).
).
).
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Figure C.3: Tangential-conforming vectorial shape functions of NQ2 element. Blue circles
indicate the position where the dofs are defined. Taken from SCHRODER ET AL. [2022].
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B Voigt notation

Because this thesis concentrates solely on two-dimensional case, Voigt notation will be
introduce within this context. The fourth-order elasticity tensor C written in 4 x 4 matrix
notation based on the vector notation of the stresses & = [011, 092, 012, 091] and the strains
é\: [611, €99, €19, 6’21] reads

Cllll C1122 Clll? Cll21

— 62222 C2212 C2221 (B 1)
C1211 C1222 C1212 C1221 . .
C2111 C2122 62112 C2121

o
%

For the symmetric case, i.e. 019 = 091 and €15 = €91, the fourth-order elasticity tensor
C written in 3 x 3 matrix notation based on the vector notation of the stresses o =
[011, 092, 2015] and the strains € = [e11, €92, 2€15] reads

Ciin Ciize (Ci112 + Cri21)
C= Caan1 Ca22 5(Ca212 + Cozzn) , (B.2)
%(@1211 + Ca111) i(cmzz + Ca122) %(61212 + Car12 + Cra21 + Co21)

=0 | =

which leads with the symmetries C;ji = Cpiij = Cjim to

B Ciin1 Cize Cinne
C= Caz22 Cao12 | - (B.3)

sym Ci212
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