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”The most important step a man can take. It’s not the first one, is it? It’s the next one. Always the
next step.”

- Brandon Sanderson



Abstract

Metamaterials, being materials with exotic properties due to their artificially designed micro-structure,
are gaining popularity in the engineering community. The ability to design the micro-structure in
order to induce specific material properties is extremely useful and finds its applications in a variety
of fields. For example, band-gap metamaterials can be used to both isolate sounds as well as for
seismic shielding. However, the process of designing metamaterials is no easy task and usually met
with computational constraints. Due to the complex geometry of the micro-structure, viable solutions
require extremely fine discretizations of the displacement field when Cauchy continuum models are
employed. Alternative methods such as multi-scale computations are met with the same limitations
if the micro-structure is either non-periodic or if the computation is non-linear.

An alternative approach can be derived by using enriched continuum models. These theories
extend the kinematics of the material point by adding additional degrees of freedom, thus accounting
for perturbations stemming from the micro-structure. One such model is the relaxed micromorphic
continuum. The model introduces the microdistortion P for each material point, being an affine
deformation field, thus extending the kinematics of the material point with nine additional degrees of
freedom. Consequently, each material point is regarded as an affine deformable micro-body. The model
is unique in its definition of a free energy functional, where the Curl of the microdistortion Curl P
rather than its full gradient DP is applied. A direct consequence of the latter is the reduced continuity
of the microdistortion as well as its compatibility with the space of the deformation gradient, namely
H(Curl). Further, the micro-dislocation, being the Curl of the microdistortion, remains a second
order tensor, whereas DP is represented by a third order tensor. Another consequence is that on
the boundary, only the tangential component of the microdistortion can be controlled. As such, the
theory introduces the consistent coupling condition, which is energetically consistent with the lower
and upper bounds given by equivalent Cauchy continua. The ability of the theory to capture the
behaviour of meta band-gap materials has been shown in multiple works, thus making it an excellent
candidate for the computation of materials with a pronounced microstructure.

The challenge of the relaxed micromorphic model stems from its application of the Curl operator,
which is rather uncommon in the field of structural mechanics. A consequence of the operator is the
definition of the microdistortion in the Hilbert space H(Curl) of tangentially continuous fields. While
the construction of low order conforming subspaces for the Hilbert space H (curl) is well known, the
definition of higher order finite elements remains quite complex. The construction of higher order
finite elements is required in the framework of hp-finite element methods, where both the element size
as well as its polynomial order can be refined in order to obtain exponential convergence of the error
with respect to an analytical solution over the domain.

This dissertation discusses the relaxed micromorphic model, its kinematical reduction to plane
strain and antiplane shear, and its existence and uniqueness in the context of the Lax-Milgram theorem.
Further, several a priori error estimates using Cea’s lemma are derived and subsequently improved
for s-regular problems by the Aubin-Nitsche technique. The thesis also examines the implementation
aspects of low order finite elements and proposes simple solutions to both the orientation problem as
well as for the discrete consistent coupling condition. However, the main novelty of this work lies in its
conception of a new construction methodology for arbitrary order H (curl)-conforming finite elements
for a variety of polynomial bases. A short description of the methodology is as follows: the reference
element is equipped with a polytopal template respecting its geometry. The tensor product of the
template with an H'-conforming polynomial basis, where the base functions are clearly associated
with the polytopes of the reference element, yields an H (curl)-conforming element, such that the
base functions have a clear association with their polytopes. The biggest advantage of this approach
is that the H (curl)-formulation inherits many of the properties of the underlying H'-conforming



polynomial basis. In this work, we rely on Bernstein polynomials yielding optimal complexity through
sum factorization. Thus, we introduce an optimal basis for assembly in hp-finite element analysis.
Further, we discuss efficient methods for computing the base functions and their derivatives by means
of automatic forward differentiation via dual numbers. The newly defined finite elements are used to
investigate the behaviour of the relaxed micromorphic model, find viable approximations, and explore
its relation to micro-structured materials.

II
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1 Introduction

A continuum theory emerges under the assumption that a medium can be mathematically treated
as a continuum rather than a discrete set. In practice, this approach is feasible down to a certain
scale, where the effects of the micro-structure become too dominant to neglect. Since the structural
engineering community is mostly interested in the description of phenomena at the higher scales, con-
tinuum theories have been prevalent and successfully applied to the design of machines and structures.
Perhaps the most prominent theory of them all is the classical Cauchy continuum theory, where the
assumption of material points with three translational degrees of freedom is made. The continuum is
therefore a collection of an infinite amount of simple material points. While the Cauchy model is still
the dominant model in computational mechanics today, it is reaching its limits when materials with
exotic properties are considered. The exotic properties mentioned are, for example, negative Poisson
ratios [211/104], band-gaps |28], and solids with zero shear moduli [94]. The common denominator of
such materials is an underlying complex micro-structure arising either naturally or artificially with
specific intent. Examples of natural materials with a micro-structure are porous media, whereas for
artificial ones, namely metamaterials, the possibilities for the geometry of the micro-structure are
limitless.

Attempts to alleviate the modelling limits within the confines of the Cauchy theory can be divided
into two methodologies. The first and most straight-forward one is to fully resolve the underlying
micro-structure in the computational model. This means that each pore and complex geometry in the
model must be fully captured by the geometrical model. In terms of finite element methods, this can
only be done by using extremely fine meshes. As such, it is clear that the latter approach is bound by
computational capacity. The second approach splits the model into a macro and a micro scale. The
different scales are computed separately but are coupled by their respective results. For example, the
effect of the micro-structure can be considered by a separate computational model on each integration
point of the macro-model. In terms of finite element computations, this implies the existence of two
simultaneous discretizations, one for the macro-model and one for the micro-structure. The latter
methodology is commonly known under the name multi-scale methods [1136,37./43].

An alternative technique reconsiders the underlying mathematical application of solely the defor-
mation gradient, which restricts the material point to affine deformations. Higher gradient continuum
theories [11},67,76] challenge this approach by taking higher order gradients of the displacement field
into account when computing the work of a system. This results in a more complex mathematical
model and higher restrictions on the continuity of the displacement field. In comparison to Cauchy
models where C%-continuity is required for the displacement field, gradient elasticity for example, ne-
cessitates C''-continuity. While the development of C''-continuous computational methods has gained
popularity with the rise of the isogeometrical analysis method (IGA) [48,49], the problem of addressing
volumetric geometries has not been fully resolved as of yet [22]. Further, the assumption of higher
continuity on the displacement field might be counter-productive when considering materials with
a pronounced micro-structure, as the micro-structure may often induce perturbations, implying the
possibility of partially discontinuous solutions in the gradient of the displacement field.

It is to be noted that the main assumption of translational material points in the Cauchy model
also incorporates two major restrictions. Firstly, each material point is irrotational. Secondly, each
material point is non-deformable. Considering the limitations of the discussed approaches it is logical
to introduce new continuum theories, where the continuity of the displacement gradient is preserved
(CY) and still a more complex mathematical model arises, allowing for intricate kinematical behaviour.
The collection of such models is known under the name generalized continua. The first notable attempt
to alleviate these restrictions is due to the Cosserat brothers [25], who introduced the so-called micro-
polar model [38/52,53.72]. By equipping each material point with non-deformable directors, it was



possible to attach orientational information to each material point. Effectively, the micro-polar theory
turned each material point into a non-deformable solid sphere, implying the existence of a local moment
of inertia. Another consequence is the introduction of couple tractions, being higher order tractions on
the material point. Today the Cosserat theory is applied in the simulation of granular materials |107]
due to its obvious affinity to the natural behaviour of such media. In terms of energy, it is shown
in |78] that the latter allows for non-conventional displacement modes with lower energies than those
achieved by a straight line during simple shear. Clearly, this indicates the ability of the model to
capture certain micro-effects unaccounted for in Cauchy continua.

The next prominent step in the development of generalized continua is due to Eringen and Mindlin
[39,68], who removed the second restriction on Cauchy continua, namely the non-deformability of the
material point. This was achieved by making the accompanying directors of the Cosserat theory
deformable. The resulting theory is known as the full micromorphic theory. Essentially, the theory
implies that each material point is an affine deformable micro-structure with its own micro-stiffness.
The full micromorphic theory can be seen as a superset of the micro-polar theory and in fact, many
other subsets of micromorphic continua exist, where restrictions are imposed on the deformation modes
of the material point. Common examples are micro-stretch [57,(93] and micro-strain [41,/50]. In the
full micromorphic continuum theory the transformation of an infinitesimal body from the reference to
the current configuration is governed by the deformation gradient as well as by an independent tensor
field called the microdistortion. In energy formulations of the full micromorphic model, the gradient
of the microdistortion is taken into account, implying a minimal C°-continuity of the microdistortion.
Due to the strong interaction with the gradient of the displacement field and since the effective strain
on the infinitesimal element is defined to be a function of the gradient and of the microdistortion,
it becomes clear that the continuity of the strain is governed by a mixture of both. Observing
that the continuity of the deformation tensor is only tangential implies an increased continuity of
the strain due to the microdistortion. In [101] it is observed that the latter limits the ability of
the formulation to optimally capture C°-continuous displacement fields. Since the microdistortion
is a second order tensor, its gradient yields a third order tensor, making its implementation and
interpretation more challenging, as for example, a linear constitutive relation to it is given by sixth
order tensors, implying the more material parameters. The influence of the micro-stiffness is usually
governed by a parameter (or multiple parameters) called the characteristic length scale. Taking the
upper limit of the characteristic length in the full micromorphic theory reduces the microdistortion to
a constant field. As shown in [101] this leads to boundary layers if non-constant boundary values are
imposed for the microdistortion.

A remedy to the continuity problem of the strain is proposed in [75] where instead of the full
gradient of the microdistortion, only its skew-symmetric part, being equivalent to its Curl, is assumed
to produce non-negligible energies. Consequently, the regularity assumptions of the microdistortion
are reduced to tangential continuity and are compatible with the deformation gradient. The model is
dubbed the relaxed micromorphic continuum theory [46,(74]. A result of the tangential continuity of
the microdistortion is that only its tangential projection can be controlled on the boundary [99]. Con-
sequently, the theory introduces the so-called consistent coupling condition [27], where the tangential
projection of the gradient of the displacement field and the tangential projection of the microdistor-
tion are set to be equal. The consistent coupling condition is energetically consistent with lower and
upper bounds on the energy of the system given by equivalent macro and micro Cauchy continuum
models. We note that the Curl of the microdistortion remains a second order tensor. Further, tak-
ing the upper limit of the characteristic length scale reduces the microdistortion to a gradient field,
thus circumventing the problem of boundary layers for non-constant boundary conditions on the mi-
crodistortion [101]. The relaxed micromorphic model incorporates the Cosserat model by allowing
for a skew-symmetric stress tensor governed by a rotational coupling modulus [75]. In fact, under



the assumption of an infinite micro-stiffness the relaxed micromorphic model reduces to a micro-polar
continuum. However, by setting the rotational coupling modulus to zero the relaxed micromorphic
model retrieves a symmetric stress tensor while remaining well-posed [45,100]. Furthermore, analytical
solutions of the model for uniaxial extension [91], cylindrical bending [89], torsion [88], and shear [90]
have been derived, revealing the intrinsic behaviour of the model for boundary value problems. The
theory has been successfully applied in the modelling of acoustic metamaterials for band-gap materi-
als [6},7,/14}/15,126,64},65./77] and seismic shielding [92] and such, represents a promising approach for
the computation of micro-structured materials.

Analytical solutions of the relaxed micromorphic model can only be derived for special cases.
Consequently, the need for numerical discretization techniques for the solution of general geometries
and boundary conditions is evident. Amongst a multitude of numerical approximation schemes, the
finite element method (FEM) [16,18,19,23|111] remains the most prominent. The main advantages of
the method are its flexible application to a variety of variational problems, geometries, and boundary
conditions. Further, the method is based on a strong foundation of functional analysis, allowing for
mathematical proof of its effectiveness. The standard low order finite element method (h-FEM) relies
on so called h-refinement in order to approach the analytical solution. This refers to the decrease in
element size, thus yielding a finer discretization of the domain. Commonly, either linear or quadratic
polynomials underline the approximation capacity of each finite element in the mesh. One can show
that h-refinement leads to an algebraic decline in the error over the domain. An alternative approach
to h-refinement is the so-called p-refinement, leading to the so called p-Finite-Element-Method (p-
FEM) [12,]13]. In p-refinement, the elements do not change their size but rather their polynomial
order. In the case of highly smooth solutions, p-refinement leads to exponential convergence with
respect to the error over the domain. However, if the solution is of low regularity the convergence
of p-refinement reduces to an algebraic rate. Consequently, singularities over the domain lead to a
decay of the convergence rate, thus offering no advantage over h-refinement. However, by combining
both h- and p-refinement, such that the area of a singularity is localized by h-refinement, one can
retrieve exponential convergence. This gives rise to the so called hp-Finite-Element-Method (hp-
FEM) [29,311(103}/105].

Since the relaxed micromorphic theory introduces the Curl of the microdistortion in its energy
functional, the variational problem is well-posed for P € H(Curl). The development of H (curl)-
conforming finite elements with minimal regularity assumptions is due to Nédélec [70,71] and as such,
they are named after him. Their necessity in allowing to capture C%-continuous solutions of the
displacement field and the suboptimal convergence obtained by using Lagrangian (C°) elements in
their place is shown in [97,98|101]. The application of H (curl)-conforming subspaces in finite element
computations is usually found for Maxwell’s equations [69}/96,/110] and is not common in structural
mechanics. However, the appearance of the Curl operator in related works, such as plasticity with
dislocations [24] and micro-curl [35] continua or the novel TDNNS-formulation in elasticity [82,86]
makes their usage relevant for structural mechanics as well.

The investigation of efficient finite element methods for the relaxed micromorphic model is the
focus of this work and is outlined as follows:

1. First, we introduce classical linear elasticity and its kinematically reduced models. Linear elas-
ticity represents the limit cases for the relaxed micromorphic model and is a crucial component
in the comparison to fully resolved geometries with micro-structures.

2. Secondly, the relaxed micromorphic model is introduced along with comparably reduced kine-
matics to the ones introduced for linear elasticity. We derive the variational and strong form
and discuss limit cases.



8.

. Next we show proofs of existence and uniqueness of the relaxed micromorphic model in the

context of the Lax-Milgram theorem.

. Using the latter proofs we apply Cea’s lemma in order to present a priori error estimates of the

model.

. This is followed by an introduction of low order Lagrangian and Nédélec elements of the first

and second type on triangles and tetrahedra. The construction along with solutions to the
orientation problem and the discrete consistent coupling condition are demonstrated.

. Chapter six presents a new methodology for the construction of H (curl)-conforming finite el-

ements, being the main novelty of this work. The method allows for a simple construction of
vectorial finite elements independently of the choice of a polynomial basis. Here we make use of
Bernstein polynomials, thus leading to optimal complexity in the assembly process. Further, we
discuss an efficient approach of computing derivatives of the base functions and explore methods
of applying boundary conditions.

In chapter seven we test both the low and higher order finite element formulations for convergence
and accuracy and discuss their behaviour over a variety of examples. A special emphasis is
put on the efficiency of the methods to correctly capture the intrinsic behaviour of the relaxed
micromorphic model and reproduce its ability to interpolate between micro- and macro reactions.

Lastly, we draw our conclusions and discuss possibilities of further development.

The culmination of this work is the hp-finite element analysis software [Rayse, which is freely
available for Windows 64-bit computers on the PyPi-repository. The computational kernel of the
program is written in the Rust programming language for high performance and implements the
CRAC sparse matrix format [102] for parallel assembly and solution. For convenience and simplicity
of use, the program is controlled through a Python user interface.

1.1 Notation

The following notation is used throughout this work:

e Simple lower case letters are scalars a, A\. Vectors are denoted with bold lower case letters v, ¢.

Matrices and second order tensors are indicated by bold capital letters P, ®. Fourth order
tensors are identified by the blackboard-bold format C, J. Exceptions to this rule, such as the
linear strain tensor €, are clear from context.

The symbol 1 € R3*3 represents the second order identity tensor. The fourth order identity
tensor is designated by J € R3*3x3%3,

The physical domain is denoted by V' C R3 for three-dimensional bodies. Two dimensional
physical domains are given by A C R?, and one dimensional curves in the physical space by
s C R. Their respective counterparts on reference domains are Q C R3, I' ¢ R? and p C R.

The normal vector on boundaries of physical domains 9V C R? or A C R, is indicated by n.
On the reference domain v is used in its stead. Tangent vectors on the physical and reference
domains are denoted by t and 7, respectively.


https://pypi.org/project/rayse/
https://www.rust-lang.org/
https://www.python.org/

The scalar product operation is denoted by (-, -). The operation represents either single con-
traction or higher contraction, in accordance with its argument. The single contraction between
vectors and second order tensors is written without an operator Av € R?, A € R3*3, v € R3.

Likewise, the double contraction between fourth order tensors and second order tensors is implied
as CP € R3><3’ Ce R3X3X3X3, Pc R3><3.

Norms are indicated by the || - || operator, whereas | - | stands for the absolute value, and [-]
represents the jump operator.

The gradient operator for scalars is implied by VA, the curl operator by curlv = V x v, and
the divergence by divv = (V, v). The operator D defines the right-gradient for vectors, and the
Curl-operator applies the vector curl operator row-wise on second order tensors. Analogously,
the Div-operator applies the vector divergence operator row-wise on second order tensors.

For the remainder of this work, unless stated otherwise, vectors and higher order
tensors are defined using the Cartesian basis {ej, ez, e3}.
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Figure 2.1: The parametric domain, reference configuration and current configuration connected by
their respective mappings.

2 Linear Elasticity

This section is devoted to the introduction of the theory of linear elasticity [8,56]. The theory can
be considered as a subclass of the relaxed micromorphic continuum and is retrieved for certain limit
cases of the relaxed micromorphic model. Further, we employ the theory for comparisons with discrete
micro-structured geometries.

2.1 Kinematics

Let Vy C R? be an open and bounded domain with a sufficiently smooth boundary 0Vj, then the
reference configuration of a body can be defined by Vg = Vy U V. Further, for computational
purposes we assume that the reference configuration is mapped from some parametric space 2 with
Q C R3 such that

x: Q= V. (2.1)
The current configuration of the body V is given by the vector field (see [Fig. 2.1)
p: Vo=V CR3, (2.2)
and consequently, the displacement field is extracted from the difference
u(x) = p(x) — x. (2.3)

At each material point, the deformation gradient F' is given by the displacement field

Vuq Ul Uly Ulz U g
F =Dy =1 + Du, Du= |Vua| = |[u2,x u2y u2.|, Vu= |uy| , (2.4)
Vug U3z U3y U3z U



where D(+) and V(-) define the gradient operator for vectors and scalars, respectively. The deformation
gradient contains both deformations and rigid body motions. The metric of the current configuration
is represented by the Cauchy-Green strain tensor

C=F'F, |de||? = (F dx, Fdx) = (dx, C dx), (2.5)
and does not capture rigid body motions since
C=1 <+ ¢=a+Qx, acR® Q e€S0(3), (2.6)

where SO(3) is the space of special orthogonal second order tensors. As such, the strain can be
measured by taking the difference between the metric of the current and reference configurations

|de||? — ||dx||* = (dx, C dx) — (dx, I dx) = (dx, (C — I)dx) = (dx, 2E dx),
E- %(c 1) = %(FTF C1) = %([Du]TDu—i— Du)” + Du) (2.7)

which is represented by the Green-Lagrange strain tensor E. Linearisation of the Green-Lagrange
strain tensor with respect to u results in

1
e =symDu = 5([Du]T + Du), Du = sym Du + skew Du, (2.8)

being the so called engineering strains that are applicable to problems with small strains ||e||rp < 1
and small rotations || skew Du||p < 1. Here || - | denotes the matrix Frobenius norm and skew(-) the
extraction of a skew symmetric matrix

1P| = (P, P), skew P — %(P _p7). (2.9)

2.2 Constitutive equations

The relation between stresses and strains is given by constitutive equations. Deformation stems from
mechanical loads acting on the body. Elastic bodies return to their undeformed state after load
removal. Therefore, an hyperelastic material law can be defined by considering an energy density
function W of strains

o /V W(E)aV, (2.10)

where FE represents the total elastic energy of the body. A material is called isotropic if it exhibits
the same stress-strain relation in all directions. The latter implies that the energy density function is
invariant to rotations of its argument such that

W(E)=W(QTEQ), Q €S0(3). (2.11)

Since F' is assumed to be invertible (to prevent self-intersection of material points during deformation)
and real, the strain tensor F is symmetric positive definite and the energy density can be described
using solely its eigenvalues A

W(E)=W(VAVT) =W(A), V €S0(3), (2.12)



where E = VAV is the spectral decomposition. Commonly, the main invariants are used instead of
directly acting on each eigenvalue

W(E)=W(I,II,IIT) = W(tr E, (1/2)[(tr E)? — tr(E?)],det E) . (2.13)

Development of the energy density functional into a Taylor series yields
1
W(E)=Wy+ (VW, AI>—|—§<DVW, Al ® ALY+ O(|[I)?), I= [I 17 III]T . (2.14)

Since W (E) describes an hyperelastic material we assume the global minimum W = 0 at E = 0 while
dropping higher order terms, such that the Taylor series reduces to

— 10w ow

W(E)= - (tr E)* + —— tr E*. 2.15
E) =5 B+ 5 (2:15)
Setting the Lamé constants
*W ow
— = A — = 2.16
yields Hooke’s law
— A oW
W(E) = 5(trE)2 + 1l E|%, o= o5 = AtrE)1+2uE. (2.17)
The constitutive equation can also be described using higher dimensional tensors
oc=CE, C=A1l®1 +2u] e R3*3x3x3 (2.18)

where J is the fourth-order identity tensor. In the linear theory of elasticity the material tensor C is
applied to the engineering strains o = Ce.

2.3 Variational formulation

In the following we consider only the geometrically linear theory of elasticity, i.e., engineering strains
are employed and integration is performed over the reference configuration. The total energy of the
system is determined by the deformation energy and the work performed by volume forces

I(u) = / W (Du)dV — / (u, f)dV — min  wrt. u, (2.19)
\% \%
where equilibrium is defined as a minimizer with respect to the displacement field u, since it asserts
the equality of internal and external work. Taking variations with respect to the displacement field u
yields
0I(u) = / (sym(Déu), Csym(Du)) dV — / (0u, £)dV =0. (2.20)
\% \%

Using the Green-type formula

/<Dv, T>dV:/ (v, Tn>dA—/<v, DivT)dV ve[C®V)]3, Tec[c®V)**, (2.21)
\%4 oV \%



Ap

Figure 2.2: The domain with Dirichlet and Neumann boundaries under internal forces.

partial integration of [Eq. (2.20)| results in
—/ (0u, Div|C sym(Du)]>dV+/
\%4

(0u, [Csym(Du)|n)dA — / (0u, £)dV =0, (2.22)
ov \%4

from which we extract the elastostatic Navier-Cauchy equations and the boundary conditions

—Div[Csym(Du)] = f in V, (2.23a)
[Csym(Du)jn =0 on Ap, (2.23b)
u=nu on Ap, (2.23¢c)

where the boundary has been split to 9V = Ay U Ap and Ay N Ap = 0 (see [Fig. 2.2) and the
divergence operator for second order tensors reads

diV([Pll P12 Plg])
DivP = |div([Pxn P2 Pus))| , divp = (V, p). (2.24)
div([Ps1 P32 Pss)

Here, div(-) defines the divergence operator for vectors. The prescribed displacement u is set on the
Dirichlet boundary Ap and the natural Neumann boundary condition of zero tractions is employed

on Ay. From [Eq. (2.20)| one extracts the bilinear and linear forms

a(du,u) = /V(sym(Déu)7 Csym(Du))dV, (2.25a)

I(6u) = /V (5u, £)dV . (2.25b)

2.4 Reduced kinematics

The three-dimensional variational formulation introduced in|Eq. (2.25)|can be reduced to two-dimensional
formulations by making some assumptions regarding the kinematics of the model. In the following we
reduce the model to models of plane strain and antiplane shear.



2.4.1 Plane strain

In the plane strain model we assume a two-dimensional domain A C R? where the strain in the third
direction is set to zero. This implies no deformation can take place outside the plane

U Uy 1/2(uy + va)
u = 5 E =
v 1/2(uy + vz) Uy

)

(2.26)

Although the stress tensor does contain out-of-plane components, they do not produce work as their
strain counterparts are set to zero. Consequently, the material tensor can be reduced to C € R?*2*2x2,

Remark 2.1

The reduction of the material tensor in the latter case applies only to the energy functional and the
bilinear form. Computation of the stress tensor requires a different approach where the out-of-plane
components are considered.

As such, one can formulate the reduced problem as

— Div[Csym(Du)] = f in A, (2.27a)
[Csym(Du)jn =0 on sy, (2.27b)
u=nu on sp, (2.27¢c)

where the boundary is reduced to the curve 9A = s = sp U sy. The corresponding energy functional
reads

I(u) = % / (sym Du, C(sym Du)) dA — / (, £)dA - min  wrt u, (2.28)
A A
and the bi-/ linear forms are given by
a(du,u) = / (sym(Ddu), Csym(Du))dA, (2.29a)
A
[(6u) = / (6u, f)dA. (2.29b)
A

2.4.2 Antiplane shear

An alternative reduction of the model is achieved when considering antiplane shear [106]. In this
case, only out-of-plane displacements can occur. Consequently, the displacement vector is reduced to
a scalar and the strain tensor is given by a two-dimensional vector € = Vu. Further, the material
tensor is reduced to the shear modulus constant y. The energy functional takes the form

I(u) = ;/ p||Vul|* dA — / ufdA —min wrt. wu. (2.30)
A A
Variation leads to the bilinear and linear forms
a(ou,u) :/(V(Su, uwVu)dA, (2.31a)
A
l(ou) = / ou fdA. (2.31b)
A

10



Partial integration with the Green-type formula
/(Vq, v)dA = q(v,n)ds — / qdivvdA, q € C®(A), ve[C®A)?, (2.32)
A 0A A
yields
/ wou (Vu, n>ds/(5u),uAudA/5ufdA:O, (2.33)
9A A A

from which one extracts the strong form

—pnAu=f in A, (2.34a)
(Vu,n) =0 on sy, (2.34Db)
u=u on sp, (2.34c)

representing a classical Poisson problem. The boundary of the domain is split into Dirichlet and
Neumann boundaries 94 = sp U sy.

11



3 Relaxed Micromorphic Continua

This chapter is dedicated to the introduction of the relaxed micromorphic model [75]. The full three-
dimensional model is introduced and subsequently reduced to models of plane strain and antiplane
shear. Further, edge cases with respect to the characteristic length L. are expanded upon.

3.1 The relaxed micromorphic model

The relaxed micromorphic continuum is governed by a free energy functional, incorporating the gra-
dient of the displacement field Du, the microdistortion P and the Curl of the microdistortion, namely
the micro-dislocation

1
I(u,P) = B /V<sym(Du — P), Cesym(Du — P)) + (sym P, Cpjcro sym P)

+ (skew(Du — P), C.skew(Du — P)) + pimacro L2|| Curl P> dV

— / (u, f) + (P, M)dV — min w.rt. {u, P}, (3.1)
1%
where the Curl operator for second order tensors is defined row-wise as
curl([P11 P2 Pis]) Pi3y—Pra, Pii.—Pi3p Prog.— Py
Curl P = |cwrl([Po1 Pop Pa3])| = |Pazy — Poaz: Poro— Pazy Paog— Pory|
curl([Ps1 Psp Pssl) P33y — P3o. P31.— P33x Pioox— Py
curlp=V x p, p:V CR3— R3, (3.2)

and curl(+) is the vectorial curl operator. The displacement field and the microdistortion field are
functions of the reference domain

u:VcR SR, PV CR3 5 R3S, (3.3)

The tensors Ce, Cmicro € R3*3%3%3 are standard fourth order material tensors. For isotropic materials
they take the same form as

Ce =21l @1+ 2], Cricro = Amicrol @ 1 + 2fimicro J - (3.4)

The fourth order tensor C, € R3*3%3%3 ig a positive semi-definite material tensor related to Cosserat
micro-polar continua and accounts for infinitesimal rotations C. : s0(3) — s0(3), where s0(3) is the
space of skew-symmetric matrices. Consequently, one way to define the tensor for isotropic materials

is by using the fourth order anti-symmetry tensor (see [Appendix Al
Ce = 2uch € R3*¥3X3X3 A:R¥3 5 50(3). (3.5)

The macroscopic shear modulus is denoted by pimacro and L. represents the characteristic length scale
motivated by the geometry of the microstructure. The forces and micro-moments are given by f and
M, respectively.

Equilibria are found at minima of the energy functional. As such, we consider variations with
respect to its parameters, namely the displacement and the microdistortion. Taking variations of the
energy functional with respect to the displacement field u yields

ol = / (symDéu, Cesym(Du — P)) + (skew Déu, C.skew(Du — P)) — (0u, £)dV =0.  (3.6)
\%4
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The variation with respect to the microdistortion P results in
opl = /V(sym P, Cosym(Du — P)) + (skew 6 P, C. skew(Du — P))
— (sym 6P, Cricro Sym P) — pimacro L2 (Curl P, Curl P) 4 (5P, M)dV = 0. (3.7)
From the total variation we extract the bilinear form
a({ou,0P},{u, P}) = /V(sym(Déu —0P), Cesym(Du — P)) + (sym P, Cicro sym P)

+ (skew(Déu — 6 P), C¢skew(Du — P)) + fimacro L2 (Curl 6 P, Curl P)dV,

(3.8)
and linear form of the loads
I({6u,6PY}) = /V (5w, £) + (5P, M)dV . (3.9)
Applying integration by parts to [Eq. (3.6)| using [Eq. (2.21)| yields
/9V<5u, [Ce sym(Du — P) + C. skew(Du — P)|n)dA
- /V(ch , Div[Ce sym(Du — P) + C.skew(Du — P)] — f)dV =0. (3.10)

Likewise, integration by parts of |[Eq. (3.7)| using the Green-type formula
/ (Curl T, Q)dV = / (T, Q xn)dA + / (T, CurlQ)dV, T,Qc[C®(V)¥3,  (3.11)
1% v v
results in

/ (6P, Cosym(Du — P) 4 C.skew(Du — P) — Ciicro SYmM P — pimacro L2 Curl Curl P 4 M) dV
v

— pmacro L2 / (6P, Curl P x n) dA = 0. (3.12)
oV

The strong form is extracted from [Eq. (3.10) and [Eq. (3.12)| by splitting the boundary

A=ApUAy, ADﬁANzw, (313)

into a Dirichlet boundary with embedded boundary conditions and a Neumann boundary with natural

13



Figure 3.1: The domain in the relaxed micromorphic model with Dirichlet and Neumann boundaries
under internal forces and micro-moments. The Dirichlet boundary of the microdistortion is given by
the consistent coupling condition. The model can capture the complex kinematics of an underlying
micro-structure.

boundary conditions, such that no tractions are defined on the Neumann boundary

— Div[Cesym(Du — P) + C.skew(Du — P)| =f in V,
(3.14a)
—Cesym(Du — P) — C. skew(Du — P) 4 Cpicro Sym P + fimacro Lz CurlCurlP =M in V,
(3.14Db)
u=u on A%,
(3.14c)
Pxn=Pxn on AP
(3.14d)
[Cesym(Du — P) + C.skew(Du — P)jn =0 on A%,
(3.14e)
CurlPx n=0 on Aﬁ.
(3.14f)

We observe that the Dirichlet boundary condition for the microdistortion controls only its tangential
components. It is unclear, how to to control the micro-movements of a material point without also af-
fecting the displacement. As such, the relaxed micromorphic model introduces the so called consistent
coupling condition [27]

Pxn=Duxn on AL, (3.15)

where the prescribed displacement on the Dirichlet boundary u automatically dictates the tangential
component of the microdistortion on that same boundary. Consequently, the consistent coupling

condition enforces the definitions Ap = A}, = Ag and Ay = A%, = Aﬁ (see [Fig. 3.1). Further, the
consistent coupling condition substitutes [Eq. (3.14d)|

3.1.1 Lower limit of the characteristic length scale parameter L. — 0

In the relaxed micromorphic model the characteristic length L. takes the form of a scaling parameter
between the macro and the micro scales. This characteristic allows the theory to iterate between

14



materials with a pronounced micro-structure and fully homogeneous materials, thus relating the char-
acteristic length scale parameter L. to the size of the micro-structure in metamaterials. In the lower
limit L. — 0 the continuum is fully homogeneous and the solution of the classical Cauchy continuum
theory is retrieved [7,73]. This can be observed by reconsidering [Eq. (3.14b)|

—Cesym(Du — P) — C.skew(Du — P) + Cpicrosym P = M | (3.16)

which can now be used to express the microdistortion P algebraically
sym P = (C¢ + Cicro) " (sym M + Cesym Du), (3.17a)
skew P = C_ ' skew M + skew Du. (3.17b)

Setting M = 0 corresponds to Cauchy continua, where micro-moments are not accounted for. Thus,
one finds

Ceskew(Du— P) =0, Cesym(Du— P) = Cpjcrosym P, symP = (C,+ Cmioro)_lCe symDu.
(3.18)

Applying the upper results to [Eq. (3.14a)| yields

— Div[Ce sym(Du — P)] = — Div[Cicro(Ce + Cmicro)*l(Ce sym Du] = — Div[Cpacro sSymDu] = f |
(3.19)

where the definition Cpacro = Cricro(Ce + (Cmicro)_l(Ce relates the meso- and micro-elasticity tensors
to the classical macro-elasticity tensor of the Cauchy continuum. In fact, Cacr0 contains the material
constants that arise from standard homogenization for large periodic structures [7,/73] and
is equivalent to For isotropic materials one can directly compute the macro parameters

Hmacro = Mo fmicro > 2macro + 3Amacro =
e + Umicro (

(2,Ue + 3)\e)(2ﬂmicro + 3)\micro)
2,“6 + 3)\e) + (2Mmicro + 3Amicro) ’

(3.20)

We note that by [Eq. (3.17)| even if the micro-moments are given by a gradient field M = Dm for
some vector m, it does not imply P = Dv for some vector v. In other words, in the general case the
microdistortion field is not a gradient.

3.1.2 Upper limit of the characteristic length scale parameter L. — +0o0

In the upper limit L. — +oo, the stiffness of the micro-body becomes dominant. As the characteristic
length L, can be viewed as a zoom-factor into the microstructure, the state L, — 400 can be inter-
preted as the entire domain being the micro-body itself. However, this is only theoretically possible
as in practice, the limit is given by the size of one unit cell. Since the energy functional is being
minimized, on contractible domains this implies the reduction of the microdistortion to a gradient
field P — Dv due to the classical identity

CurlDv =0 Vv e [C®(V)]?, (3.21)

thus asserting finite energies of the relaxed micromorphic model for large characteristic length values.
Since only the micro-body is considered, one sets f = 0 to find

— Div[Ce sym(Du — P) + C.skew(Du — P)] =0, (3.22)
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for [Eq. (3.14a)l As such, taking the divergence of [Eq. (3.14b)| yields
Div(Cicro sym Dv) = Div M . (3.23)

The divergence of the micro-moments Div M can be interpreted as the micro body-forces. The latter
implies that the limit L. — +o00 defines a classical Cauchy continuum with a finite stiffness governed by
Chricro, representing the upper limit of the stiffness for the relaxed micromorphic continuum. Further,

note that due to|Eq. (3.22)| and the consistent coupling condition [Eq. (3.15)| there holds v = u since

the solution is unique.

Remark 3.1

If we assume Cpicro — 00 then there follows P € s0(3) for finite energies such that the material
point becomes non-deformable and the relaxed micromorphic model reduces to an equivalent Cosserat
micro-polar model [75].

3.2 Reduced kinematics

In the following we introduce analogues to the plane strain and antiplane shear models of linear elastic-
ity for the relaxed micromorphic model. The reduction follows the assertion that the microdistortion
field has as many components as the gradient of the displacement field. Further, the reduction makes
use of the two-dimensional versions of the curl operator

: 0 1
div(Rp) = p2.2 — Py » RVp = [p]j’ } : R= [1 0] . (3.29)

for vectorial and scalar fields, respectively. The operators arise by considering bivariate fields on a the
(x,7)-plane in the R3-space, where vectors are written using the first and second components, and
scalars are in the third position of a vector.

3.2.1 Plane strain

Analogous to [Section 2.4.1| plane strain assumes the displacement field u = [u U]T, such that the
gradient and the microdistortion read

Cuge uy P P2
u [ie 5] o[ nl -

The material tensors are reduced to C, Ce, Cjero € R2¥2X2%2,

Remark 3.2
Note that the material tensors are only used in the energy functional and the bilinear form. Compu-
tation of out-of-plane stress components requires a different approach.

While the energy functional
1
I(u,P) = B / (sym(Du — P), Cosym(Du — P)) 4 (sym P, Cyicro sym P)
A
+ (skew(Du — P), Ccskew(Du — P)) + pimacroL?|| Curl P||? dA

/<u, £) + (P, M)dA — min wrt. {u,P}. (3.26)
A
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and the (bi)linear forms
a({6u, 6P}, {u, P}) = /A (sym(Ddu — 6P), Ce sym(Du — P)) + (sym P, Cpicro Sym P) (3.27a)
+ (skew(Déu — 6 P), C¢skew(Du — P)) + fimacro L2 (Curl 6 P, Curl P) dA,
I({6u,5P}) = /A (Gu, ) + (5P, M)dA, (3.27h)

maintain their notation with the exception of the adaption to a two dimensional domain, we note

that by [Eq. (3.24)| Curl P now reads

diV(R[PH Plg] )} |:P12 «— P ]
CwlP = |, = ’ v 3.28
ur |:d1v(R[P21 PQQ]) P22,:c - P21,y ( )

such that a vector is produced by the operator. Furthermore, in two dimensions the Curl-Curl oper-
ation is a combination of the two two-dimensional curl operators (see [Eq. (3.24)) and yields

RVdiV(Rpl)] [P12 ay — Pn1 Py yy — P12 zx:|
Curl Curl P = , = Y i Y L 3.29
[Rlev(Rpg) P vy — Po1yy Po1yz — Po2.2x ( )

such that the strong form with boundary conditions adapted to two dimensions reads

— Div[Ce sym(Du — P) + C;skew(Du — P)| =f in A,

(3.30a)
—Cesym(Du — P) — C¢skew(Du — P) 4 Cujero sym P + pimacro L2 Curl Curl P = M in A,
(3.30b)
u=nu on sph,
(3.30¢)

(3.30d)

[Ce sym(Du — P) + C.skew(Du— P)jn=0 on sy,
(3.30€)

(Curl P, t) =0 on sk.
(3.30f)

Here the boundary is reduced to the curve A = s = sp U sy.

3.2.2 Antiplane shear
We introduce the relaxed micromorphic model of antiplane shear by reducing the displacement field

to

0
u=|0], (3.31)
u
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such that u = u(z,y) is a function of the x — y-plane. Consequently, its gradient reads

0 0 0
Du=]10 0 0]. (3.32)
Ug Uy O

The structure of the microdistortion tensor is chosen accordingly

0O 0 O
P=|0 0 of. (3.33)
p1 p2 O

Analogously to the displacement field u, the microdistortion P is also set to be a function of the
{z,y}-variables P = P(x,y). We observe the following sym-skew decompositions of the gradient and
microdistortion tensors

0 0 m 1 0 0 Uz — P1
symP=-(0 0 pof, sym(Du — P) = 3 0 0 Uy —p2f,

lp1 p2 0 Ug —P1 Uy — P2 0

1 [ 0 0 b1 — u,m

skew(Du — P) = 3 0 0 P2 — Uyl . (3.34)
(U —P1 Uy — P2 0
Clearly, there holds
tr[sym P] = tr[sym(Du — P)] = tr[skew(Du— P)] =0, (3.35)

such that the contraction with the material tensors reduces to
Cesym(Du — P) = 2pe sym(Du — P), Chicro sym(Du — P) = 2pmicro sSym P,
C¢ skew(Du — P) = 2. skew(Du — P). (3.36)
As such, the quadratic forms of the energy functional are given by
(sym(Du — P), Cesym(Du — P)) = 2pue(sym(Du — P), sym(Du — P))

24
= 4e ([uz —p1]* + [y — pa)* + [uge — p1)* + [uy — p2]?)

— jel| v — |2, (3.37a)

(skew(Du — P), C.skew(Du — P)) = 2u.(skew(Du — P), skew(Du — P))

= 2ZC ([pl - U,x]2 + [pz — U7y]2 + [u,x —p1]2 + [u,y _ p2]2)

= pe[|Vu = p|?, (3.37b)

(sym P, Cpicro SYym P) = 2pimicro(sym P, sym P)

2l
= Tmﬁ+£+ﬁ+mf

= ,Uumicro||l-)||2 s (3370)
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with the definitions

U 5 b1
Vu=1| "], = . 3.38
L‘J/] P [pz] (3.38)
The resulting energy functional for antiplane shear reads
1 .
I(u,p) = 5 /A(Me + pie) [Vu — p||2 + Mmicr0||p|’2 + :umacroLg||le(Rp)H2 dA - /Auf +(p, m)dA.

(3.39)

In order to maintain consistency with the three-dimensional model we must choose p. = 0. The
reasoning for this choice is explained upon in Consequently, the energy functional is
given by

1 .
I(u,p) = 5 /A:ue”vu - p||2 + MmicrOHPH2 + :umacroLg||le(Rp)H2 dA

— /Auf +(p, m)dA — min  w.r.t. {u,p}. (3.40)
Taking variations with respect to the displacement field results in
0l = /A,ue(v&t, Vu—p)—oufdAd=0, (3.41)
and variation with respect to the microdistortion yields
opl = /A 11e(0P, Vo = P) — fimicro (6P, P) — fimacro Lediv(RIp)div(Rp) + (0p, m)dA = 0.  (3.42)

Consequently, one finds the bilinear and linear forms

a({du,dp},{u,p}) = / pe{Vou — 6p, Vu — p) + fimicro (6P, P) + ,UmacroLgdiV(R(sp)diV(Rp) dA,
A

(3.43a)
[({0u,0p}) = /A(Suf + (0p, m)dA. (3.43Db)

Partial integration of [Eq. (3.41)| using [Eq. (2.32)| results in
9 0u (te(Vu — p), n) ds — /45u [te div(Vu —p) + f]dA =10. (3.44)

Applying the Green-type formula

/div(Rv)qu: (v, t>qu+/<v, RVq)dA, v € [C®(A)]?, g C™(A), (3.45)
A 0A A
to [Eq. (3.42)] yields

/ (0p, pe(Vu —P) = fmicro P — NmacroLgRVdiV(RP) +m)dA — / (dp, NmacroL?:diV(Rp) t> ds =0.
A 0A
(3.46)
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Consequently, the strong form reads

—pe div(Vu —p) = f in A, (3.47a)

—11e(V — P) + fmicro P + Mmacro L2 RVdiv(Rp) = m in A, (3.47b)
u=u on s, (3.47¢)

(p, t) = (p, t) on sh, (3.47d)

(Vu, n) = (p, n) on sy, (3.47e)

div(Rp) = 0 on sk . (3.47f)

3.2.3 Limits of the characteristic length scale parameter L. in antiplane shear

We reconsider the case of a homogeneous material by setting L. — 0 in the reduced model for antiplane
shear. Thus, we find the algebraic identity

—pe(Vu = P) + fmicro P = M, (3.48)

derived by using [Eq. (3.47a)|and [Eq. (3.47b)l Note that if m = Vm for some scalar field m one finds

m+ fe U )
=vV|{——— . 3.49
P (Me + Mmicro ( )

In other words, the microdistortion is reduced to a gradient field if the right hand side given by the
micro-moment has a scalar potential and the characteristic length vanishes. Setting m = 0 leads to
the Poisson equation

_div (Me“mlcrovu> - _ (Me“mmro> At = —fimaero At = (3.50)
e + Hmicro Me + Hmicro

where the first identity in [Eq. (3.20)|is used for the definition of the macro parameter.

Remark 3.3
The latter identity forces to choose u. = 0 in the antiplane shear model, since otherwise the result
would read

_ ( Mmicro[ﬂe +/«Lc] > Ay — f7 (351)
Me + e + Mmicro

where the relation to the macro parameter fimacro in is lost. Further, the limit defined in
with M = 0 yields the contradiction

sym P = (C, + Cmicm)_lce sym Du, C.skew P = C.skew Du, (3.52)

since the equations degenerate to

He

= ——Vu, P = i Vu. 3.53
He + Hmicro He e ( )

p
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Choosing pimicro = 0 leads to a loss of structure in the strong form|Eq. (2.34)), while satisfying|Eq. (3.53)]
As such, we choose . = 0, thus preserving the structure of the equations and satisfying both|Eq. (3.20)

and|Bq. (3.53),

Although the relaxed micromorphic model includes the Cosserat model as a singular limit for
Mmicro — 00, it is impossible to deduce the Cosserat model of antiplane shear as a limit of the re-
lazed micromorphic model, since one needs to satisfy for pe > 0 and pimicro — 00, which is

impossible.

Taking the upper limit of the characteristic length L. — oo implies
p=Vp, (3.54)

on contractible domains, thus ensuring finite energies. By setting f = 0 in[Eq. (3.47b)|and taking the
divergence of |[Eq. (3.47a)| one finds the Poisson equation

LmicroAp = divim (3.55)

where divm can be interpreted as the volume force acting on the micro-body.
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4 Variational Framework

This chapter is dedicated to the introduction of the natural function spaces [69] for the variational
formulation of relaxed micromorphic models, and the demonstration of the well-posedness of the
models via classical existence and uniqueness theorems.

4.1 Hilbert spaces

The common differential operators are usually not defined for finite elements due to jumps in the
continuity of piece-wise approximations. As such, we introduce the generalized differential operators
[110] by using test functions on elements of the Lebesgue space

V)= {u: V>R ullzy <oty Nl = (0} 2y = /V 2av, (1)
denoting finite square integrable functions on the domain. The operators are defined using continuous
test functions with compact support

G=(7) ={ac c=W)la| =0} (1.2
ov
Definition 4.1 (Generalized differential operators)
The generalized differential operators are defined as follows:
1. Letu € L2(V), we define v = Vu to be its generalized gradient if there holds

—/udiquV—/<v, a)dV Vqe[C5e(V)),
174 1%

where d € {2,3} is according to the dimensionality of v.

2. Letu € [L*(A))?, its generalized two-dimensional curl, v = div(Ru), is defined if there holds
/(u, RVq)dA = / vgdA Vqe C§°(A),
A A
3. Let u € [L3(V)]3, its generalized curl is given by v = curlu if there holds
/ (u, curlq) dV = / (v, q)dV Vqe[CV)].
\% \%
4. Letu € [L2(V)]?, one can define its generalized divergence with v = div u if there holds
—/(u, Vq)dV:/ vqdV Vqe C§P(V).
1% 1%
Next we define Hilbert spaces with norms based on scalar products, where the differential operators

are understood in the generalized sense. The following Hilbert spaces are based on the Lebesgue space
and define scalar products and norms derived from it

HY(V)={ue L*(V) | Vu e [L*(V)]}, ullF 1y = llullfe + VullZe (4.32)
H(divR, A) = {u € [LX(A) | div(Ru) € L*(A)},  |ullfyaivr.a) = lull72 + ldiv(Ru)[|7.,  (4.3b)
H(curl,V) = {u € [L2(V)]’ | curlu € [L2(V)P},  [lullfyeunyy = [allfe + [curlullz,,  (4.3¢)
H(div,V) = {u € [LA(V)]’ | divu e L*(V)}, lullFr ey = lullZe + [ divalZ.. (4.3d)
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R L, HY(V) v—, H(curl, V) ﬂ, H(div, V) L I2(V)

R4, H(A) —Y s H(divR, 4) VR, L*(A)

Figure 4.1: Classical de Rham exact sequences for three- and two-dimensional contractible domains.
The range of each operator is exactly the kernel of the next operator in the sequence.

Using the vectorial space H (curl, V') we also introduce the tensor-valued H(Curl, V') space

H(Curl, V) = {P € [L*(V)]?*3 | Curl P € [L*(V)]3*3} (4.4)

where each row of P is an element of H(curl,V). On contractible domains the Hilbert spaces are
connected by exact de Rham sequences [32,85], see [Fig. 4.1l The exact de Rham sequence compactly
portrays the following relations

VH' (V) = ker(curl) N H(curl, V), (4.5a)
curl[H (curl, V)] = ker(div) N H(div, V), (4.5b)
div[H (div, V)] = L*(V), (4.5¢)

for the three-dimensional case. In two dimensions there holds
VH'(A) = ker(divR) N H(divR, A), (4.6a)
div[R H(divR, A)] = L*(A). (4.6b)

In this work, the sequence is used in the embedding of appropriate boundary conditions and the
construction of conforming finite elements.
For the following results, a restriction of the domain to a Lipschitz domain is required.

Definition 4.2 (Lipschitz domain)

A domain V is called Lipschitz if its boundary OV is given by a Lipschitz continuous function or by
the finite union of piece-wise Lipschitz continuous functions OV = J; 4; with A; N Aj = 0 for i # j,
where a Lipschitz continuous function is defined as

Fk>0: |f(xe) — f(x1)| < klzg — 21| V1,22 €R. (4.7)

The usage of a Lipschitz boundary allows for the definition of the outer surface normal almost
everywhere on the boundary 0V. Further, for Lipschitz domains one can define the Hilbert spaces by
density as

—|I'll ;1 2||'HH<divR)

HY (V) = C>=(V) , H(divR, A) = [C>(A)] ,
H(curl, V) = W”'”H““” : H(div,V) = W”'”H(‘“V) , (4.8)

thus allowing to extend properties of the continuous spaces onto the Hilbert spaces.
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4.2 Trace theorems

The embedding of boundary conditions into variational problems depends on so called trace theorems
[47]. The latter extend the well known Green type formulas to Hilbert spaces. The following traces
are defined for a Lipschitz domain with V C R? where d € {2,3}.

Theorem 4.1 (Traces)
The traces are defined for each Hilbert space as follows:

1. The trace of the function u € H*(V) is defined by the linear bounded operator

S H1/2(3V) , de>0: || trov u||H1/2(aV) < CHUHHl(V) Yu € HI(V) . (49)
oV

trgv u = u

Thus, the trace of the field trgy u considers its values only on the boundary of the domain.

2. The trace of the H(divR, A) space is given by the restriction of a function to the boundary while
considering solely its tangential projection

e HY2(04),
0A

trh, u = (t, u)

de>0: || tI‘taA uHHfl/Q((?A) < CHuHH(divR,A) Yue .FI(ChV]‘{7 A) . (410)

3. The trace of the H(curl,V') space is similar to the previous trace. However, on a surface the
tangent vector is not unique, and as such the projection is defined using the normal vector and
the cross product

e [H "2 v)P,
ov

trgvu:nxu

Je>0:  |trhy ull g-1/200vy < cllullgeunyy Vu€ H(curl, V). (4.11)
4. Lastly, the trace of the H(div, V') space is defined by the normal projection at the boundary

e H'2oV),
oV

trjy u = (n, u)

Fe>0:  [trgyvullg-12v) < clullp@v,y) Yue H(div,V). (4.12)

The positive fractional Hilbert space is given by
HY2(0V) ={ve L}0V) |Jue H' (V) : trgyu =0}, (4.13)
and the negative fractional Hilbert space is its dual. A general derivation of fractional Sobolev spaces

is given in [33].
With the latter traces at hand one can define the classical Green-type formulas for Hilbert spaces.
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R —9 s gy ——s Hy(ewrl, V) = (v, V) — s 1201

R —9 s g14) —— Hy(divR, 4) R, 120y

Figure 4.2: De Rham exact sequences for Hilbert spaces with vanishing traces. The Lebesgue zero-
space is characterized by functions with a vanishing integral over the domain.

Theorem 4.2 (Integration by parts)

The following integration by parts formula hold with the trace operators defined in for
Lipschitz domains

/(Vu, q)dV:/ (travu)trqudA—/udivvdV Vue HY(V), Vv € H(div,V),
v v v
(4.14a)

/ div(Ru) ¢dA = / (trha ) troy gds + / (u, RVq)dA Vu € H(divR, A), Vq € H'(A),
A 0A A

(4.14D)
/ (curlu, q)dV = / (trhy u, trov q) dA + / (u, curlq)dV Vu e H(curl, V), Vq e [HY(V)]?.
\% ov 14

(4.14c¢)

Furthermore, using the trace operators one can define Hilbert spaces with vanishing traces
(V) = fue I3V | / wdV = 0}, (4.152)

1%

HY(V)={uec H' (V)| trgy u = 0}, (4.15D)
Ho(divR, A) = {u € H(divR, A) | try, u = 0}, (4.15¢)
o(curl, V) = {u € H(cuwrl, V) | tryu = 0}, (4.15d)
Hy(div, V) ={u € H(div,V) | trgyu=0}. (4.15e)

Subsequentially, these spaces are used to define Dirichlet boundary conditions. The spaces with
vanishing traces are also connected by a de Rham complex, see In other words, applying the
differential operator on a function with a vanishing trace in one Hilbert space leads to a function with
a vanishing trace in the kernel of the next space, as defined by the differential operator. Finally, the
traces are used to identify finite element spaces by interface conditions [81},103].

Theorem 4.3 (Interface conditions)
A finite element space is a conforming subspace of a Hilbert space if and only if the jump of the trace of
its elements vanishes for all arbitrarily defined interfaces Z;; = V; N Vj i # j where V. =V;UV; C R3
and Z;; C R? (and analogously for two-dimensional domains)

uwe HY(V) — [trovul| =0 VE;=V;,nV;, (4.16a)

uec H(divR, A) = [tria u]

=0 VEZ']' =A; N Aj , (4.16b)
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u € H(curl, V) — [trhyul| =0 VE;=VinV;, (4.16¢)

u € H(div,V) = [tryy u]

=0 VEZ']‘:‘/;QV}. (4.16d)

(=151

4.3 Existence and uniqueness

The relaxed micromorphic model defines a symmetric positive definite bilinear form. As such, its
existence and uniqueness can be shown using the Lax-Milgram theorem [18,|19].

Theorem 4.4 (Lax-Milgram)
Let X be a Hilbert space equipped with the norm || - || x,

1. if a bilinear form a : X x X — R is bounded (and therefore continuous)

Ja>0: a(u,q) <alullxllglx YVue X, Vge X, (4.17)

2. and is strongly coercive

3B>0: a(u,u)>Blul}k YueX, (4.18)

3. then by the Lax-Milgram theorem there ewists a unique solution for every right hand side f € X'
with the stability estimate

1
Jullx < ZI1fllx, (4.19)
B
where X' is the dual space of X and || - || x/ is the corresponding dual norm.

4.3.1 Inequalities

In the following we state several classical inequalities [18,|19] used in our proofs.

Lemma 4.1 (Cauchy-Schwarz inequality)
Let X be a vector space equipped with a scalar product, then there holds

(z, y)x <llzllxllylx Va,yeX. (4.20)

Lemma 4.2 (Triangle inequality )
Let X be a normed vector space, then there holds

e +yllx <llzllx +llyllx Ya,yeX. (4.21)

Lemma 4.3 (Young’s inequality)
Let X be a vector space endowed with a scalar product, then there holds

Izl | elyly  feyex
< ’ . 4.22
(o, y)x < K 4 Sy JV S (422)
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Lemma 4.4 (Poincaré-Friedrich’s inequality)
Let V be a connected and bounded Lipschitz domain with non-vanishing Dirichlet boundary Ap C OV
with |Ap| > 0, then there holds

Jep >0:  ullzz < cpl|Vu|z Yue H},D(V), (4.23)
such that cp depends only on V and Ap.

Lemma 4.5 (Korn’s inequality)
Let V' be a connected and bounded Lipschitz domain with Ap C OV and |Ap| > 0, then there holds

dexg >0:  ||Dul[2 <cgl|symDul|;2 Vue [H};D(V)]?’, (4.24)
such that cx depends only on V and Ap.

We note that specifically for the relaxed micromorphic model, the generalized Korn’s inequality
[60-62,79] is crucial for existence and uniqueness in the case of a semi-positive-definite rotational
coupling tensor C..

Lemma 4.6 (Generalized Korn’s inequality)
Let V' be a connected and bounded Lipschitz domain with Ap C OV and |Ap| > 0, then there holds

Jeg>0:  |P|32 + || Curl P|3; < cg(||sym P32 + || Curl P||3.) VP € Hy,(Curl, V), (4.25)
such that cq depends only on'V and Ap.

4.3.2 Antiplane shear

We start proofs of existence and uniqueness of the relaxed micromorphic model for antiplane shear |101]
and postpone the treatment of more complex models to the subsequent subsections.

Theorem 4.5 (Well-posedness for antiplane shear)
Let the material constants e, hmicro, fbmacros Le > 0, then the problem

a({du,op}, {u, p}) = I({0u, 6p}) V{du,dp} € X(A), (4.26)
where the bilinear and linear forms are according to|FEq. (3.43), has a unique solution
{u,p} € X(A) = Hy(A) x H(divR, A), {u, p}lx = llullgr + Pl @vr) (4.27)

and there holds the stability estimate
1
[{u, p}lx < B(HfHLQ + [lm[.2), f e *(4), me [L*(A), (4.28)

with 5 = ﬂ(ﬂey Hmicros Mmacros Lc) > 0.
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Proof. The continuity of the bilinear form can be shown by employing the Cauchy-Schwarz and triangle
inequalities

a({ou,op},{u,p}) = pe(Vou — ép, Vu — p) 12 + Lmicro (0P, P) 12 + MmacroLg(div(Rcsp), div(Rp)) 2

cs
< Hel|Vou — 0P 12[[Vu — Pl 22 + fmicro 6P| 2 || 22

+ timacro Lz | div(ROP) | 12 [|div(Rp)|| .2
< a[|Vou = 0pll2[Vu — pllz2 + 0Pl 2Pl 2 + [|div(ROp)|| 12| div(Rp) | 12]

T
< al(Voullz +10pll2)([IVull2 + lIpll2) + [16pll 22 [Pl 22

+ ||div(Rop)|| 2 [|div(Rp)|| 2]
<3cifl{du, opHix|{u p}H|x  V{ou,dp}, {u,p} € X(4), (4.29)

where ¢; = max{/te, fmicros umacmLz} such that the continuity constant reads o« = 3 ¢;.
In order to prove coercivity we use Young’s, and Poincaré-Friedrich’s inequalities

a({u,p}, {u,P}) = pel|Vu — pH%ﬁ + :umicmeHzL2 + MmacroLgudiV(Rp”&?
= Vul|2, — 2(V 2 2 i 2 L?|div(Rp)|?
fre (] U”L2 (Vu, p>L2 + HPHL2)+Mmlcr0||p”L2 + fmacro Lg ||div( p)HLQ
N Va2 — | Vaul2s — 2 ; 2 L?||div(Rp)|?
2 pe([[Vullze — el Vullze = ZlIpllzz + [Plz2) + smicrol P72 + HmacroLe || div(RP) 72
> (|| Vull72 + Ipll72 + [|div(Rp)||72)

PF 1 1 .
> ez llullfe + 5 I Vulf: +lIpll7: + lldiv(Rp)[72)
F

C2 1 .
> 5(67”””%2 + [ VullZz + [[p[l72 + [|div(Rp)|72)
F
> ¢ es(||ull72 + [IVulZ2 + [[pll72 + [Idiv(Rp)|172)
Y Co C3
> 29w} v{up} € X(4), (430
with the constants
. ]- 2 ]. . 1 1 (&
2 = mln{ﬂe(l —¢), He(1 — =) + Hmicros ,U/macroLc}ﬂ =3 Hlln{l, 7}7 Cx = 2max{1, 5 7} :
€ 2 cE 2e’ 2
(4.31)

Note that due to co the constant € must satisfy

M ce<l, (4.32)
e + MUmicro
which is always possible for pie, ttmicro > 0. Therefore, the coercivity constant is given by 8 = 2
CxX
The continuity of the linear form I({du, dp}) is obvious and thereby omitted. O

In the case of antiplane shear we can show, that the microdistortion p reduces to a gradient field
whenever the right hand side is given by a scalar potential.
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Theorem 4.6 (Gradient condition)
Let the micro-moment take the form m = Vm for some scalar field m € H'(A), then the microdistor-
tion field is compatible

Ipe HY(A): p=Vp, (4.33)
and independent of the characteristic length scale parameter L.

Proof. We make the ansatz p = Vp with p € H'(A) and insert it into [Problem. 4.26| while choosing
ou = 0 to find

/ te{0p, Vp — V) + limicro (0P, Vp)dA = / (0p, Vm)dA Vop € H(curl, A). (4.34)
A A
As such, we can express Vp in the form

1
Vpo——
fe + Mmicro

Inserting the latter result into while setting dp = 0 yields the Poisson problem

V(im + peu) . (4.35)

/ _ Hmiero g5y, V) dA = / Suf+ —L  (Vou, Vm)dA Voue H'(A),  (4.36)
A Me + Umicro A fe + Mmicro

which is uniquely solvable. Since by the Lax-Milgram theorem the solution is unique, it follows that
p = Vp and the resulting displacement field u are the only possible solutions. ]

The case L. = 0 is also of interest, since it represents the scenario of a completely homogeneous
domain.

Theorem 4.7 (Homogeneous antiplane continuum)

Let fie, pte > 0 and Le = 0, then [Problem. 4.26 has a unique solution in X (A) = H'(A) x [L*(A)]?.

Proof. The proof of continuity follows the same lines as [Eq. (4.29). The curl term is dropped such
that the continuity constant is given by

a=2c, ¢1 = min{ e, fmicro} - (4.37)
The proof of coercivity is analogous to [Eq. (4.30)| where the dependence on pimacrol? is dropped in
Co. O
Remark 4.1
Note that if L. = 0 and m = Vm it follows by[Theorem 4.4 that
p = Vp C ker(divR) N H(divR, A) C H(divR, A) C [L*(A))?, (4.38)

such that the problem remains well-posed in X (A) = Hi(A) x H(divR, A).
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4.3.3 Three-dimensional model

For the proof of the three-dimensional model [100] we first define the bounds of the material tensors
on their respective spaces

ke, ce >0 k| T||? < (T, C.T) < co||T|? VT € R33, (4.39a)
3 kmicro; Cmicro > 0: kmicroHT”2 S <T7 Cmicro T) S Cmicro”TH2 VT ¢ R3X37 (4-39b>
ke, cc >0 k| T|? < (A, Cc A) < | Al VA €s0(3), (4.39¢)

where the positive definiteness of C. on s0(3) is assumed for the first part of the proof. This restriction
is later relaxed to semi-positive-definiteness on s0(3) using the generalized Korn’s inequality.

Theorem 4.8 (Well-posedness three-dimensional model I)
Let pmacro, Le > 0 and Cq, Chicro be positive definite on R3%3. Further let C, be positive definite on
50(3), then the problem

a({0u,dP}, {u, P}) = {({6u,6P}) V{6u,6P} e X(V), (4.40)

where the bilinear and linear forms are according to|Eq. (3.8)] and|Eq. (3.9)], has a unique solution

{u, P} € X(V) = [Hy (V)] x H(Curl, V), {w, P}lx = llall g + 1Pl (4.41)

and there holds the stability estimate
1
[{u, P}x < B(HfHL? + [[M][2) , fe[l2(V)P, M e [L2(V)]*?, (4.42)

with 5 = ﬂ(Cev Cmicroa CCa Hmacro Lc) > 0.

Proof. Continuity of the bilinear form follows from the Cauchy-Schwarz and triangle inequalities

CS
a({0u, 6P}, {u, P}) < co| sym(Dou — 6 P)|| 2| sym(Du — P)[[ 12 + Cmicro| sym 6P| 2 || sym PJ| .2
+ ¢.|| skew(Déu — 6 P) || 12| skew(Du — P)|| 2 + fmacro LZ|| Curl 6 P|| 12 || Curl P ;2
< c1[[lsym(Déu — 6 P)|| 2 || sym(Du — P)|[ 12 + || sym 6P| 12 || sym P[>
+ || skew(Dou — 6 P)|| 12]| skew(Du — P)|| 72 + || Curl 6 P|| ;2|| Curl P|| z2]

< c1 (| sym D]l 2 + || sym 6P| ) || sym Dl gz + || sym P 2) + || sym 6P| 2 | sym P2
+ (| skew Déul[ 2 + || skew 6P| 12) (|| skew Dul| 2 + [| skew Pl 2)
+ || Curl 6P| g2 || Curl P 1]
< a1 [2(Doul[z2 + [|6P| z2)([[Dull 2 + [|1Pl[ g2) + |6 2| P| 2
+ || Curl 6P| p2 || Curl P 1]
< 2c1[([IDdul| g2 + [P 2) (IDul[ g2 + [Pl 2) + [0 P 12| P]| 2
+ || Curl 6P| 2| Curl P 1]
< 6ci [[{ou, 0P}|x|{u, P}|x V{ou, 0P} {u, P} e X(V), (4.43)
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with the constant ¢; = max{ce, Cmicro, Ce, ,umacng}. The continuity constant reads @ = 6 ¢;.
Coercivity is shown using Young’s, Korn’s, and Poincaré-Freidrich’s inequalities

a({u, P}, {u, P}) > k(|| sym Dul|%, — 2(sym Du, sym P) 12 + || sym P|[%) + knicrol| sym P|2

+ ke(|| skew Dul|2, — 2(skew Du, skew P) > + | skew P||22) + pimacroLe|| Curl P2,

V=

1
Fe([[sym Dulf7z — el sym Dul|z — — [ sym P|[7z + [ sym Pl[72) + Emicrol| sym P72

1
+ ke(|| skew Dul|2, — ¢|| skew Du||?, — EH skew P2, + || skew P||%,)

+ NmacroLcH Curl P||%2

IV =

1
Fe (|| sym Dulf7z — el sym Dul|z — [ sym P|[7z + [ sym Pl[72) + Emicrol| sym P72

1
+ ke(|Dul[Z> — ¢ Dul[7. — - Il skew P||7. + || skew PJ|7,)

+ NmacroLcH Curl P||%2

1

K
> ke(T
Kk

1

[IDu||?> — &][Dul|7.] — gl! sym P||7; + || sym P|[72) + Fmicrol| sym P17,
1
+ ke(||Dull72 — €[[Dul|7, - 2 skew P||7, + || skew P|[72) + ptmacroLe|| Curl P17
> ¢y (|Dul|72 + |P[|72 + || Curl P|3,)
¥ 1 2 1 2 2 2
> c2 (5 g llullze + 5 Dulzz + || Pll7. + || Curl Pl72)
Cr

> ey ez (||lullfz + [Dull7z + | P7 + || Curl P|72)

Y ¢y
223

o {u, P}%  V{u,P}eX(V), (4.44)

where we used the orthogonality of sym-skew scalar products. The star * indicates the definition
1 — e < 0. Consequently, the constants read

. k 1 1 1 . 1
co =min{(1 — &)= + (1 — €)ke, (1 — =)ke + Emicro, (1 — = )ke, fmacroL2 }, 3 = —min{1, -},
cy € € 2 cE
2max{l, -, ¢} (4.45)
cx =2max{l, —,=}. .
X ’ 267 2
Further, one finds
ke (1 —€)ke 3 ( ke > ke
— <e<1l4 —"= l<e<1+4(1- ) 4.46
ke + Emicro ke ke + Emicro ) ke C%{ ( )
which is always satisfied for kmwicro, ke > 0. The coercivity constant reads § = %. O
Cx

For the second part of the proof we assume positive semi-definiteness such that C. = 0 is allowed
as long as the Dirichlet boundary of the microdistortion does not vanish Ag # (). Note that due to
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the definition of the consistent coupling condition this is always the case, since a Dirichlet boundary
for the displacement field u is always required.

Theorem 4.9 (Well-posedness three-dimensional model II)
Let pimacro, Le > 0 and Ceq, Chyiero be positive definite on R3%3. Purther let C. = 0 and Ag # (0, then
the problem

a({ou,0P},{u, P}) =1({0u,dP}) Y{ou,oP}c X(V), (4.47)

where the bilinear and linear forms are according to|Eq. (3.8)| and [Eq. (3.9), has a unique solution

{u, P} € X(V) = [Hy (V) x Hp(Curl, V), I{w, PYlx = llullgr + [Pz (cur (4.48)

and there holds the stability estimate
1
{u, P}lx < B(Hf”LQ + M 2) fe[L2(V), M e [L2(V)]?, (4.49)

with 5 = ﬂ(Cev Cmicro; Hmacro Lc) > 0.

Proof. The continuity of the bilinear form follows the same lines as in|Eq. (4.43), The skew-symmetric
part is dropped and the continuity constant results in a = 3 ¢;.

In order to prove coercivity we make use of Young’s, Korn’s, Generalized Korn’s, and Poincaré-
Friedrich’s inequalities

a({u, P}, {u, P}) > k(|| sym Du||7, — 2(sym Du, sym P) > + || sym P||%.)
+kmiCr0”SymP”%2 +,umacr0Lc||Cur1PH%2
Sk Dul?, — Dul[2, — - P|? P|?
2 ke(llsym Dul[zz — el| sym Dul|z, — = sym P|[7. + [|sym P|7.)

+ kmicro” Sym PH%Q + ,UmacroLc” CurlPH%ﬁ

> ¢ (|| symDul[7; + || sym PJ[7; + || Curl P|72)

S o (= D2, + || sym P2, + || Curl P|12)
2 c2 (- [IDulzz + || sym Pz, + || Curl Pz
K
GK 1 1
> ¢3 (= |Dul2 + —[l|P[|7> + || Curl P|[7])
3 e
br L1 2 1 2 1 2 2
S (L Lip e Curl P
_02(0%[2C%||UHL2+2H u||L2]+CG[H |72 + || Carl P||7.])

> caes ([ullz2 + [Dulge + [|P||7: + || Curl P|72)

Y ¢
Z23

p [{u, P}||% V{u,P}cX(V). (4.50)

The corresponding constants read

. 1 1 . 1 1
Co = mln{(l - E)kea (1 - g)ke + Emicros MmacroLg}a c3 = 5 mln{lv %7 a}a

1
ex = 2max{l, o °y, (4.51)

e’ 2
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with

ke
— <e<1. 4.52
ke + kmicro ( )
soe . . Co C3
The coercivity constant is given by 8 = . O
cx

The case of L. = 0 yields a loss in regularity for the microdistortion P € [L?(V)]3*3. Unlike in
the reduced model of antiplane shear, this does not imply P = Dv for some vector field v € [H(V)]3,
such that the H(Curl)-space does not guarantee well-posedness.

Theorem 4.10 (Homogeneous relaxed micromorphic continuum)

Let Co, Crnicro, Ce be positive definite, Le = 0 and X = [H*(V)]3 x [L2(V)]?*3 then |Problem. 4.4( is

uniquely solvable.

Proof. The proof of continuity and coercivity is analogous to with the modification of
the constants to

. k 1 1
a=3c; c¢1 =max{ce, Cmicro; Cc}, €2 =min{(l — E)CTQ + (1 —€)ke, (1— g)ke + Kmicro, (1 — Z)kC}’
K
(4.53)
where the coercivity constant follows accordingly. O

Remark 4.2

Note that the semi positive-definite case C. = 0 is no longer well-posed since the space L*>(V') does not
allow for boundary conditions, such that the lower limit cannot be bound using the generalized Korn
inequality. Setting Lo = 0 and C. = 0 results in a loss of control over the skew-symmetric part of the
microdistortion skew P leading to unstable results. Consequently, only the gradient of the displacement
field Du remains controllable.

Remark 4.3
In [58,83] it is shown that for certain sufficiently smooth data, the regularity of the microdistortion
can yet be improved to P € [H'(V)]3*3.

4.3.4 Plane strain

The proof of well-posedness of the plane strain model is analogous to the proof of the full three-
dimensional model.

Theorem 4.11 (Well-posedness plane strain I)
Let pimacros Le > 0 and Ce, Cricro be positive definite on R2X2. Further let C.. be positive definite on
50(2), then the problem

a({ou, 0P}, {u, P}) =1({0u,6P}) V{ou,0P}ec X(A), (4.54)
where the bilinear and linear forms are according to|Eq. (3.27), has a unique solution
{u, P} € X(A) = [H; (A)]* x H(Curl, A), {w, P} x = [[all g2 + [Pl » (4.55)

and there holds the stability estimate
1
{u, P}|x < B(HfHLz + M 2), fe[X(V)]%, M e [L2(V)]*2, (4.56)
with B = 5(Cea (CmicrOa Cca Hmacro Lc) > 0.
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Proof. The proof follows the same lines as with an adaption of the space and boundary
conditions for two-dimensional domains. O

Theorem 4.12 (Well-posedness plane strain 1)
Let fimacros Le > 0 and Ce, Cpicro e positive definite on R?*2. Further let C. = 0 and sg # (0, then
the problem

a({0u,dP},{u, P}) =1({0u,0P}) VY{ou,dP}ec X(A), (4.57)
where the bilinear and linear forms are according to|Eq. (3.27), has a unique solution
{u, P} € X(A) = [Hy (A)]* x Ho(Curl, 4), H{w, PYlx = llullzr + [ Pllacurn (4.58)

and there holds the stability estimate
1
[{u, P}|[x < E(Hf\lm + M| 12), f e [L*(A)f, M e [L*(A)]?, (4.59)

with B = /8(C67 (Cmicroa Hmacro Lc) > 0.

Proof. The proof follows the same lines as with an adaption of the space and boundary
conditions. Specifically, the tangential projection is computed using the scalar product instead of the
cross product. ]

The case of L. = 0 follows analogously to the three-dimensional case.

Theorem 4.13 (Homogeneous plane strain model)

Let Ce, Chicro, Ce be positive definite, Le = 0 and X = [H'(A)]? x [L?(A)]?>*? then [Problem. 4.5} is

uniquely solvable.

Proof. The proof is the same as in [Theorem 4.10{and only holds for a positive definite C; on s0(2). O
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5 The Finite Element Method

The finite element method [18}19,123,/111] is a specific approach for computing discrete solutions for
partial differential equations using Galerkin projections

Findue X: a(u,v)=f(v) VvelX, (5.1)
such that the discrete problem reads
Find v € X" :  a(u",o") = f(o") Vo' e X", (5.2)

and the discrete space X" is spanned by so called finite elements, leading to a system of algebraic
equations. This work deals with conforming finite elements such that X* C X. Under certain
assumptions, one can show that the discrete solution u” converges towards the analytical solution u
for an element size tending to zero h — 0.

This chapter is devoted to the introduction of the theory of finite element approximations. Further,
this chapter demonstrates a priori convergence estimates for relaxed micromorphic continua.

5.1 Triangulations

A preparatory step in the finite element method with triangular elements is the so called triangulation
also known as meshing [44,/66,/95]. The domain is decomposed into a finite number of triangles in
two dimensions or tetrahedra in three dimensions (other geometric forms such as quads, hexahedra,
prisms, or pyramids are also used but can be represented by triangles or tetrahedra).

Definition 5.1 (Regular triangulation)
A triangulation A" of A is called regular if

1. The elements are non-overlapping and their intersection is either an edge s;; or a vertex vi;

AinAj= {zﬂ : A Aj e AP it (5.3)
ij

2. The domain is given by the finite union of the elements

A=] A, A, e A, (5.4)

For affine maps each triangle is mapped from the reference domain I' into the physical domain A,
by the barycentric mapping

X(faﬁ):(l—f—n)X1+nX2+§X3, X:F_>A67 P:{(§777)€[071]2’§+77§1}7 (55>

where x; represent the coordinates of the vertices of one triangle in the physical domain, see
The corresponding Jacobi matrix reads

J=Dx= [Xg —X] X — Xl] e R?X2, (5.6)
Analogously, one defines a regular tetrahedralization.

Definition 5.2 (Regular tetrahedralization)
A tetrahedralization V" of V' is called reqular if
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Figure 5.1: Barycentric mapping of the reference triangle to an element in the physical domain.

¢

A

X4

Figure 5.2: Barycentric mapping of the reference tetrahedron to an element in the physical domain.

1. The elements are non-overlapping and their intersection is either a surface A;j, an edge s;; or
a verter vi;

’l)ij
VinVi=4qsij Vi,Vyevh, i (5.7)

2. The domain is given by the finite union of the elements

V=], V.cvh. (5.8)

The tetrahedra are mapped from the reference tetrahedron by the three-dimensional barycentric

coordinates (see
X(&n,0) = (1 =&=n—x1+(x2+nx3+ X4, x: Q= Ve,
Q={En¢ 0.1 [E+n+ (<1} (5.9)
and the corresponding Jacobi matrix reads
J=Dx= [X4—X1 X3 — X1 X2—X1] e R3*3 . (5.10)

Remark 5.1
An important consequence of affine maps is that the polynomial space is preserved on the physical
domain, thus allowing for error estimates based on polynomials [@/
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Remark 5.2

The introduced orientation of the element is clockwise. This is a deviation from the classical counter-
clockwise approach but is intrinsic to the subsequent construction of higher order elements based on
Bernstein polynomials.

The Frobenius norm of the Jacobi matrix is an indicator of the change in size from the triangle on
the reference domain to the triangle on the physical domain such that

h=I1T]e. hy = max h(4). (5.11)

where hy represents the maximum size of an element of the discretization. The following definitions
of shape regularity and uniformity arise accordingly [19]

Definition 5.3 (Shape regularity and uniformity)

1. A triangulation is called shape-reqular if the condition number of the mapping is bounded for all
elements

Jer,ea>0: o <|J|p||J Hr<co VA€ AP, (5.12)
2. The triangulation is quasi-uniform if
Jer,c0>0: cgh<hy <coh Vhespan{h(xe A)}. (5.13)

3. The triangulation is uniform if
dh>0: h=he Vhe€span{h(x e A)}. (5.14)

The definition can be applied analogously to tetrahedra.

In shape regular triangulations the elements do not degenerate for h — 0, meaning the angles
of the triangles are bound away from 0 and 180 degrees. A quasi-uniform triangulation implies the
elements have a nearly uniform size throughout the domain. In a uniform triangulation, every element
has the same size.

Next, we introduce the definition of a finite element according to Ciarlet [23].

Definition 5.4 (Finite Element)
The triplet {Q, S, D} is called a finite element if

1. the element’s domain Q C R3 is a bounded and closed set with a non-empty interior and a
piece-wise smooth boundary,

2. the space of shape functions S is finite dimensional,

3. the set of degrees of freedom spans the dual space of S
span{dl,dg,...,dn} = Sl, dl,dg,..‘,dn eD. (515)

With the definition of the triangulation and the finite element we can define the finite element
space.

Definition 5.5 (Finite element space)
Let A" be a regular triangulation on A C R? where each triangle is equipped with a finite element
{A¢, S(Ae), D(Ae)}, the finite element space is given by

=D(u)
A;

X'={ue |J S(4) | D)
A€ Al

VD e D(A;) ND(A))}, (5.16)
Aj

where the degrees of freedom shared between elements coincide.
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5.2 A priori convergence estimates

In this section we give a priori convergence estimates for relaxed micromorphic continua models.
Although the relaxed micromorphic model is proved to be well-posed using the Lax-Milgram theorem,
such that the employment of the de Rham complex is not strictly necessary (the relaxed micromorphic
model is not a mixed formulation and does rely on kernel coercivity), we note that both the consistent
coupling condition and convergence estimates can be treated with its apparatus. In fact, the consistent
coupling condition can only be exactly satisfied in the general sense by using polynomial sequences.
Further, the error estimates are bound by the convergence of the displacement field, such that using a
higher order polynomial for the microdistortion in comparison to the displacement does not improve
the convergence rate. Further, re-stabilization of the formulation with respect to the characteristic
length parameter L. can be done with mixed formulations relying on the de Rham complex [100,/101].

The basis for the following estimates is Cea’s lemma [19], which can be applied due to the proofs
of existence and uniqueness using the Lax-Milgram theorem.

Lemma 5.1 (Cea’s quasi-best approximation)

Let X be a Hilbert space, u € X be the analytical solution and u" € X" the finite subspace approz-
imation. Further, let the corresponding bilinear form satisfy the Lax-Milgram theorem, then there
holds

a .
lu —u"||x < qu}(fh lu = allx , (5.17)

where o and B are the continuity and coercivity constants, respectively.

Further, a few results of interpolation theory are required in order to frame the convergence rate
with respect to the element’s size and polynomial power.

Lemma 5.2 (H '-interpolation estimates)
Let 11§ be an element-wise projection-based interpolant from HY (V) to a subspace of piece-wise poly-
nomials with global C-continuity, then there holds [110]

Je>0:  fu—THullgr < chP T ) o re{0,1}, peN, (5.18)

for a uniform and reqular triangulation where the constant is not a function of element size or the
analytical solution ¢ # c(h,u). The latter is a consequence of the Bramble-Hilbert lemma.

Lemma 5.3 (H (curl)-interpolation estimates)
Let TIZ be an element-wise projection-based interpolant from H(curl, V') to ./\/'Ip, then there holds (see
[70,71))

Je>0: |p—1Pp|2 < chPMp|gpsr, p € Ng, (5.19)

for a uniform and regular triangulation such that the constant does not depend on the element size or
the analytical solution ¢ # c(h,p).

Lemma 5.4 (H(div)-interpolation estimates)
Let II% be an element-wise projection-based interpolant from H(div, V) to RTP (see [87]), then there
holds

Je>0: |p—IEplge < ch”p| e, peNy, (5.20)

for a uniform and regular triangulation with ¢ # c(h,p).
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Lemma 5.5 (L2-interpolation estimates)
Let TI5 be an element-wise projection-based interpolant from L*(V') to PP(V'), then there holds [110]

36> 05 fJu—Tull gz < eh?ul o peNy, (5.21)
for a uniform and regular triangulation such that ¢ # c(h,u).

We employ the projection-based interpolants based on the works of [20,[30}70,(71,87] for the
application of Dirichlet boundary conditions. The corresponding degrees of freedom are specified in
the following sections. The interpolants commute on the de Rham complex for contractible domains
and sufficiently smooth functions. The first complex is based on the Nédélec elements of the first
type and Raviart-Thomas elements, see An alternative construction of the complex can be
achieved with Nédélec elements of the second type and Brezzi-Douglas-Marini elements, see
One can also introduce complexes where the element types are mixed.

Remark 5.3

The canonical interpolation operators assume additional smoothness on the function spaces, as for
exzample point evaluation is not well-defined for u € H'(V). As such, for our theoretical convergence
proofs we make use of the L?-bounded commuting projections recently introduced in [10] whereas the
usual projection operators are employed in the finite element implementation.

The degree reduction of the polynomial spaces is given by the exact polynomial sequences (see
Fig. 5.5)), where P(V') and P (V) are the respective spaces of polynomials and homogeneous polynomials
on the domain

PP(V) = span{z'y’ 2" | i,j,k € No, i+ j + k < p},
]BP(V) = span{z'y/2F | i,j,k € Ng, i+ j + k = p}. (5.22)

The diagrams commute if for sufficiently smooth functions there hold the relations

VI,u = M.Vu Yue HY(V),
curl II.p = I curl p Vp € H(curl,V),
divII,d = I, divd vd e H(div,V), (5.23)

in three-dimensions. In two dimensions the curl operator maps directly to the Lebesgue space

div(RILp) = I,div(Rp) Vp € H(divR, A). (5.24)

5.2.1 Antiplane shear

We state the convergence estimate for the reduced relaxed micromorphic model of antiplane shear [101].

Lemma 5.6 (Antiplane shear convergence)

Let {u,p} € HP*1(A)x HP(divR, A) be a smooth exact solution with HP(divR, A) = {p € [HP(A)]? | div(Rp) €
HP(A)}. Further, let X"(A) = UP(A) x Nf_l(A) C X(A), then the approzimate solution converges

at an optimal rate

Hu,p} = {u",p"}lx < el (lulgoes + [p|ae + |div(RP) 1), €= c(te, Hmicro, Hinacro, LE) ,  (5.25)
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r_id HY(V) v H(curl, V) _curl | H(div, V) _div_, L2(V)

_ —1 _
11 et I st

R—— » Up(v) v—, N};—l(v) Lﬂ,RTp—l(V) L prl(v)

(a)

R —9 s 1) Y H(divR, A) ~B L 24

I e !

R—m» UP(A) V—’ N})—I(A) Mpp—l(A)

(b)

Figure 5.3: De Rham complexes for (a) three- and (b) two-dimensional domains using Nédélec elements
of the first type and Raviart-Thomas elements. The differential and interpolation operators commute
between the continuous and discrete spaces.

R —9 s gy s F(ewl, V) = H(div, v) — s 21

_ -2 _
m - i, 13

R— » Up(V) V_» N};;l(v) ﬂ, BDMP72(V) dl_V» Pp*?)(v)

(a)
rR—4d H(A) Vv, H(divR, A) AR, L*(A)
T} ! I~
\Y divR

R —— UP(4) ——> N}JI—I(A) PP=2(A)

(b)

Figure 5.4: De Rham complexes for (a) three- and (b) two-dimensional domains using Nédélec elements
of the second type and Brezzi-Douglas-Marini elements. The differential and interpolation operators
commute between the continuous and discrete spaces.
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Pr(v) —Y—s [P (V)P @ x x [Pr (V)P = et (V)P @ PPt (V) x — I o1y

PP(V) ———> [P~ (V)P ———> [PP2(V)]? — > PP73(V)
(b)
\Y divR

PP(A) —— [PP"Y(A)]2 @& RPP1(A)x

pp(A) v—, [Pp—l(A)]? M, Pp—Z(A)

(d)

Figure 5.5: Polynomial sequence of first type Nédélec and Raviart Thomas spaces (a) followed by
the polynomial sequence of second type Nédélec and Brezzi-Douglas-Marini spaces (b) on three-
dimensional domains. (c¢) and (d) depict the polynomial sequences of the first and second type Nédélec
spaces on two-dimensional domains, respectively.

Proof. By using Cea’s lemma, Young’s inequality and inserting the interpolation operators of the
commuting diagram one finds

h _h]2 . h h |12
[{u, p} —{u", P Hi% Sc{éuh,grr’l,f}exh [{u, p} — {ou”, op" %

< c(lu = Wullm + |p — 27'pll gaivr))?

< e~ Tull3s + o~ 2Bl i)

> gUll g1 p ¢ PllH@ivR)

= c(lu — Wu[F + |lp — I~ 'p|| 72 + [|div(Rp) — div(RIZ™'p)|[7.)

= c(|lu = ullZn + [[p = T~ 'p172 + [|(id =TI~ 1) div(Rp)|[72)

< e (RO, + hPpl, + H|div(Rp) )

< eh® (Juf3per + PIEe + [div(RP) 7)., (5.26)
where | - |» denotes a Sobolev semi-norm. O

If the Nédélec space of the second type N7y is employed instead of the Nédélec space of the first
type N7, then the next interpolant in the sequence becomes 1152 and one order of convergence is lost
in the curl term. However, as shown in several cases reduce the microdistortion to a
gradient field p = Vp such that optimal convergence is maintained.

5.2.2 Three-dimensional model

Next we consider the convergence of the full three-dimensional relaxed micromorphic model [100].

Lemma 5.7 (Relaxed micromorphic model convergence)
Let {u, P} € [HP*1(V)]3 x HP(Curl,V) be an exact and smooth solution. Further, let {u", P"} ¢
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[UP(V)]? x [./\/i,p_l(V)}3 C [HPYY(V)]? x HP(Curl, V), then the discrete solution {u”, P"} € X" con-
verges at the optimal rate

||{ll, P} - {uhyph}HX < Chp(‘u|HP+1 + ‘P|Hp + | CurlP‘Hp) y €= C(CeaCmicr07CCaMmacrOaLc) .
(5.27)

Proof. We apply Cea’s lemma, Young’s inequality and the commuting interpolants to find

{w, P} —{u", P}k <c inf |{u P} {ou",0P"}|%
{ouh sP"}exh

< c(u—Tull g + [P = 27 Pl g cun))?

< (- Tl + [P~ T P2 o)

=c(lu—TPul}, + |P -T2 P||7, + || Curl P — Curl I~ P||3,)

= c(|lu—THulf + | P = T2 P|7. + || (id ~T15 ") Curl P||7.)

<c (hz(pﬂ)\uﬁ{pﬂ + h?P|P%, + h?| Curl P|3,)

< ch® (Juffpp + Pl + | Carl Pl (5.28)
relating to the Sobolev semi-norms. O

The application of the Nédélec element of the second type instead of the first type leads to a
lower order of convergence in the Curl terms (HZ_Q Curl P) when the microdistortion P is not a
gradient field. Unlike in antiplane shear, there are fewer scenarios for which the microdistortion field
is reduced to a gradient field. As such, we take a closer look at the convergence behaviour. We start
by considering an s-regular problem.

Definition 5.6 (s-regularity)

We call[Problem. 3.1]] s-reqular if there holds for the solution {u, P} € X
lulgstr +[[Pllgscuty < Ifllz2 + M| 22, (5.29)
with s € (0,1] and
1P cuny = IPIFs + || Curl PFs (5.30)
such that an improved stability estimate is found.

We can now introduce an improved convergence estimate for the s-regular problem with an Aubin-
Nitsche technique using the Nédélec elements of the second type.

Lemma 5.8 (Improved convergence estimate I)
Let {u, P} € [HP*1(V)]3x HP(Curl, V) be an exact smooth solution for the s-reqular problem and X" =
[UP(V)]3 x [./\ffl_l(V)]3 C [HPYY(V)]3 x HP(Curl, V) then the discrete solution {u”, P"} converges with

Ju—u"|g: + [|P — P"|2 < ch? " (Ju|gpsr + |Plge + | Curl P|gp-1), s€(0,1].  (5.31)
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Proof. In order to prove the improved estimate we formulate a dual problem. We define the right
hand side as

f=u-—u", M =P - P". (5.32)
As such, the dual problem reads: find {v,Q} € X such that

a({6v,0Q},{v,Q}) = /V<5v, u—u")+(6Q, P-P"YAV  V{év,0Q} € X, (5.33)

where the bilinear form of the three-dimensional relaxed micromorphic model [Eq. (3.8)|is employed.
By using the Galerkin orthogonality with the test functions {§v,dQ} = {u — u*, P — P"}

a({fu—u". P - P} {v-Ilv +1fv, Q - I27'Q + I"'Q})
=a({u-u", P~ P} {v-Illv, Q -TI27'Q}), (5.34)
the continuity of the bilinear form and the improved stability estimate one finds

GO _
lu—u"|%; + |P - P"3. = a({u—u", P - P"} {v-1v, Q -TI7'Q})

C
< af{u—u", P~ P"}Ix(Iv —Tv]m +1Q — T Qll meun)

< ah®|[{u—u", P — P"}||x (1] go+1 + 1Ql s (cur))

2 ¥ |{fu —u", P — P" _— P ph 5.35
< ah’|{u—u", Hix(la — a2 + || ll£2) » (5.35)

where the term on the left is the right hand side of the dual problem. The right hand side can be
estimated using Young’s inequality

la —u"|[7: + 1P~ P"|72 = (Ju— 0|2 + [P = P"|12)* — 2[[u — u"|| 2| P — P"||

Y
> (Ju ="z + 1P = P"|12)* = u—u"|[3, — [P~ P

=2[lu— uhHL2HP - PhHm

> 2 (lu—u*l + P~ P* )2, (5.36)
Thus, we can reformulate to find
(lu=u"|[p2 + [|P = P"||12)? < 2ah°|[{u —u", P = P"}|x(|u—u"|[p2 + | P = P"|12). (5.37)
Dividing by the error estimate and applying the convergence estimate for [|[{u—u”, P — P"}||x yields
= w]l 2 + [P — P2 < 20h°[{u — u*, P — P"}|x
< 20" (|ulfpi + [Pl3p + | Curl P, 0), (5.38)

completing the claim for the L?-norm of u and P. The improvement to the H'-norm of the displace-
ment u follows by first considering the Galerkin orthogonality over a vanishing J P-test field

a({0u”, 0}, {u —u", P — P"}) = /V(symD(Fuh, Cesym[D(u — u®) — (P — P")))

+ (skew Dou", C.skew[D(u — u") — (P — P")])dV =0.
(5.39)
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We shorten the form by defining C, = C.S with S : R3*3 — Sym(3) and using Cc = pcA with
A : R3*3 — 50(3). Further, we add and subtract IThu to find

a({ou",0},{u ~ Iu + Iu — u", P - P"}) = / (Dsu”, (€, + Co)[D(u — M + Mu — u*) — (P — P")))dv
Vv
= a({ou”, 0}, {u - [P, P — P}
+ / (Déu", (C, + Ce)D(IPu — u")) dV = 0. (5.40)
\%

Consequently, we can formulate

h (C Pu —u?
\/ / D(IL,u — uh), (€. 1 COD(I,u— uh) dV =  sup [, (Déu", (C. + iCC)D(Hg )) dV
v suheUP \/fv<D5uh, (Ce + C¢)Déul)y dV
Ly o000} fu - T, P P

sretr [ [ (Dsut, (€, + C)Dout) dV
(5.41)

We estimate the numerator with the Cauchy-Schwarz and triangle inequalities

—a({6u",0}, {u —Ilu, P — P"}) = — /V<D5uh, (Ce + Co)[D(u — Pu) — (P — P")))dv

_ / (Do, (€, + Co)[D(IPu — ) + (P — PM)])dV
Vv

< ID6u" | 2 |(C. + CHDIM — w) + (P — Pz

< 1 [DS | 2 D(ITu — w) + (P — PP

T

< 1 DS | 2 (ID(Pu — )]l 2 + | P — P 12)

< 1 DS 2 ([TPu — wl g + | P — PP 2) (5.42)

The denominator is estimated using the infimum of the material tensors

\// (Déu”, (C, + C.)Déul)dV > \// co (DOU”, DéuP) dV = o || Dou”|| 2 . (5.43)
1% \%

Thus, we can reduce [Eq. (5.41)|to
c _
5w — ull g1 + [P — P"[| 2 < éll{u, P} —{u", P"}|x < ch?""*|{u, P}| i1, (5.44)

completing the proof for the case of a positive definite material tensor C.. In case of a semi positive
definite C. the proof follows by using the generalized Korn’s inequality for incompatible tensor fields.
O

Remark 5.4
From the proof it is clear that the convergence rate of the displacement field u" is not better for the
L?-norm in comparison with H'-norm.
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Remark 5.5
The s-regularity of |Fq. (3.8)| is not discussed in this work. However, we mention that for both the
Laplace as well as Mazwell’s equations there holds s = 1 for convex domains V.

The s-regularity of the problem also allows us to improve the error estimates for the formulation
using the Nédélec element of the first type.

Corollary 1 (Improved convergence estimate 1)
Let {u, P} € [HP*1(V)]3x HP(Curl, V) be an exact smooth solution for the s-reqular problem and X" =
[UP(V)]3 x [/\/'})_I(V)]‘3 C [HPHL(V)]? x HP(Curl, V) then the discrete solution {u”, P"} converges with

lu— "] + [P — P2 < chP*(Julgpss + |Plge + | Curl Plgs),  se(0,1].  (5.45)

Proof. The proof follows the same lines of the proof for where the interpolation error in
Curl of the microdistortion Curl P is now estimated with the Nédélec element of the first type, thus

retrieving o

5.3 Low order triangular elements

5.3.1 Linear and quadratic Lagrange elements

For the lowest order H'-conforming subspace we consider Lagrangian elements [16,[111]. Lagrangian
elements are defined using the point-evaluation degrees of freedom

§;

and the polynomial space PP over some triangular domain. Consequently, the Lagrangian finite
element in the reference domain is defined by the triplet £P = {I", P?,span{l;;}} with I" = {({,7n) €
[0,1]* | €+ < 1}. The evaluation points &; on the boundary of the element are shared with
neighbouring elements to enforce C%-conformity. In the lowest order p = 1, the resulting base functions
are simply the barycentric functions

ni(§,n) =1-&—n, na2(§,m) =1, n3(§,m) =¢. (5.47)

Taking the polynomial degree p = 2 and choosing the edge middle points as additional evaluation
points yields the base functions of the quadratic Lagrangian triangle element

ni(€n)=m+E-D2n+26-1),  na(én) =2nn—1), n3(&mn) =26(€ - 1),
na(§,n) =4n(l —n—-¢), ns(§,m) =461 —n—=E&),  ne(&,n) =4ng. (5.48)

Due to the simple nature of the degrees of freedom, the projection of a continuous function reduces
to an evaluation of the function at the element’s nodes. A sample of the barycentric and Lagrangian
base functions is depicted in
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(b) ()

Figure 5.6: The first barycentric base function (a), the first quadratic Lagrangian vertex base function
(b) and the quadratic Lagrangian edge base function (c).

5.3.2 Linear Nédélec elements of the second type

The lowest order Nédélec elements of the second type are characterized by degrees of freedom of
tangential projections on edges of the triangle element

i) = [ aslrop)du, 4 € PL(). (5.49)
i

Here, the degrees of freedom are formulated on the reference domain, see Consequently, the
finite element triplet reads N7, = {T, P1,span{l;;}}. We note that the resulting base functions are
directly dependent on the choice of test functions g;. Choosing the test functions

q1(p) =4—6p, q2(p) = 6p — 2, (5.50)
on the left and bottom unit edges with p € [0, 1] , and
q1(p) =2v2 =3y, 0(p) = 3u— V2, (5.51)

on the right slanted edge with p € [0, \/5], results in the Lagrange-Nédélec basis

men=|,_¢_ [ wen=[" wen="57T
outen = 2] ssen =0 osen =5 (5.52)

The base functions for the first edge 91 and ¥ are depicted in [Fig. 5.7}

5.3.3 The lowest order Nédélec elements of the first type

The lowest order Nédélec elements of the first type contain the space N7; with a minimal en-
richment of solenoidal polynomials, such that the discrete kernel of the next polynomial space in the
sequence is complete. The corresponding degrees of freedom are given by

li(p) = , p)du, 5.53
)= [ trp)an (5.5
with the polynomial space on the reference element

(P 0 RP(DE = [P @ R =spand g [1]. [ 4] (550
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Figure 5.7: The first (a) and second (b) base functions for the Lagrange-Nédélec element of the second
type, belonging to the first edge.

Figure 5.8: The base functions of the lowest order Nédélec element of the first type on the reference
triangle belonging to the left (a), bottom (b) and slanted (c) edges.

Consequently, the lowest order Nédélec element reads N} = {I, [PY]> & R &, span{l;}}. Applying the
degrees of freedom to the reference triangle results in the base functions

wen=[" ] =[] wew=[1].  ew

depicted in

Remark 5.6
Note that the base functions are in fact linear combinations of the base functions of /\/}11, such that
O =91 + 9l 9L = 91T + 91 and 9 = 9L 4+ 9L

5.4 Low order tetrahedral elements

5.4.1 Linear and quadratic Lagrange elements

In three-dimensions one can construct a low-order H '-conforming subspace using the same Lagrangian
degrees of freedom as for triangles

lZ](u) = (5Z~ju . (5.56)
§;
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Figure 5.9: The barycentric function of the first vertex on the reference tetrahedron.

In three-dimensions the result of the linear polynomial space are the barycentric coordinates (see
Fig. 5.9))
nl(fﬂ?,():l_g—n—C’ TLQ(&,?’],Q):C, n3(§7n7<—):n7

Taking the quadratic polynomial degree p = 2 and choosing the midpoints of the edges as additional
evaluation points yields the quadratic Lagrangian base functions

n3(&m,¢) =n(2n—1),

712(5’7770 = C(2C - 1) )
n4(£777’<.) = 5(25 - 1) )

7’L5(£,7’],C):4<(1_£—7’]—C) )
n7(€7n7<):4§(1_5_77_<.) )
n9(§77770 = 45(7

716(5,777() :477(1_5_77_4) ’
ns(fﬂ%() = 477<7

Evaluation of boundary conditions is done by computing the value of the function at each node.

5.4.2 Linear Nédélec elements of the second type

The degrees of freedom of the lowest order Nédélec element of the second type are same as for triangles,
see However, the reference domain changes to the unit tetrahedron such that the finite
element is given by the triplet N7, = {Q, PL,span{l;;}} with Q = {(£,7,¢) € [0,1]3 | E+n+ ¢ < 1}.
Using the test functions from [Eq. (5.50) and [Eq. (5.51)|for the straight and slanted edges, respectively,
yields the base functions

0 ¢ 0
"91(57777€) = 0 ) Il92(§7”7€): C ’ 193(£7777C): 1_5_77_4- s
[1-&—n—¢ IS i 0
K [1—-¢-n—¢ B
194(€7U7C) = (nf > 795(577770 = 0 196(577774-) = € )
K I 0 i3
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(b)

Figure 5.10: The first (a) and second (b) base function for the Lagrange-Nédélec element of the second
type on the reference tetrahedron. The base functions belong to the first edge.

0
97(€,1,¢) = |¢
10
[0
910(§,m,¢)=| 0
=3

1'98(57 7, C) =

1911(57 m, C) =

0

0 ) 199(§777’ C) =
i
n
0 ) 1912(67777 C) =
0

The base functions of the first edge are depicted in

5.4.3 The lowest order Nédélec elements of the first type

(5.59)

The degrees of freedom of the lowest order Nédélec element of the first type for tetrahedra are analogous
to [Eq. (5.53)| with the adjustment of the polynomial space to

[P @ & x [PU(Q)]* =span{ |0| , [1|,{0], | ¢

0] [o 0 —C n
SR (5.60)
0] (0] |1] [-n ¢ 0

Applying the degrees of freedom to the unit tetrahedron Q = {(£,71,¢) € [0,1]2 | € +n+ ¢ < 1} yields
the lowest order base functions (see [Fig. 5.11])

791 (57 7, C) -

194(57 7, C) =

Remark 5.7

0

¢
=1

¢
¢

1-&—n

9

I

n
192(577774-): 1—5—4 ) 193(&7770:
L n
[ ¢
195(57777 C) = 0 ) 196(£a777 C) =
=€

[1—-n—¢
§ ,
§

U
=<
0

(5.61)

Here too, the base functions are in fact linear combinations of the base functions of the N};-space,

such that

97 = 9" + 95",

0y =97 + 0y,

= o1 +911

0= o4 + 013
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Figure 5.11: The base functions of the lowest order Nédélec element of the first type on the reference
tetrahedron, belonging to their corresponding edges: (1-6):(a-f).

5.5 Consistent transformations

5.5.1 Piola transformations

In this work, base functions are defined on the reference elements. Consistent transformations are
employed to map the base functions from the reference element to the physical element , and every
element in the physical domain is mapped from the same reference domain. Since the mapping of
the physical space is achieved via barycentric functions, the polynomial degree is maintained across
transformations.

The scalar base functions transform via

n(x) =no[x1(¢)], Ven=J TVen, (5.62)

where the result concerning the Jacobi matrix is a direct consequence of the chain rule.
Nédélec elements are defined via their action on the tangent vectors of the element. Consequently,
a consistent transformation is given by the equality

(8, t)ds = (0, ds) = (0, Jdp) = (I, du) = (I, 7)dpy = O=J 19, (5.63)

known as the covariant Piola transformation. This is the same transformation as for gradients, thus
respecting the commuting property Further, due to

Vox J T =V, xV,£=0, (5.64)
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vectors mapped by the covariant Piola transformation exhibit the following transformation of the curl
operator

1

curl, @ =V, x 0 = (J " V¢) x (J ') = cof (J ) (Ve x 9) -

Jcurle ¥, (5.65)

being the so called contravariant Piola transformation. For two-dimensional domains the formula
reduces to
1

divy(RO) = —— dive(RY) R— [0 1} , (5.66)

since the two-dimensional curl operator transforms via

/ q div;(RO)dA = q (6, t)ds+ / (RV.q, 0)dA
A A

0A
= ]{ (I "9, Jr)dp+ / (RI™TV¢g, JT9) det J dT
or r

1
27{ GJ"e, Jr) du+/<JRVgC}, J~T9) det J dT
or r detJ

:f i (9, ) du+/(RV§(j, 9) dr
or T

1 _
_ / i dive(R®9)dl — / ¢ dive(R9) ——dA Vg e C®@),  (5.67)
T A det J
with the special identity in two dimensions
cof J = (detJ)J T =RTJR, J € R, (5.68)

The contravariant Piola transformation is compatible with the commuting diagram and preserves
normal projections on the element’s boundary. To see this characteristic define the base function ¢ in
the reference domain and ¢ in the physical domain and equate their normal projections on the outer
surface of both domains

B 1
~detJ

(p, n)dA = (@, dA) = (¢, cof(J)dT) = (¢, dT) = (p, YA < o Jo.  (5.69)

5.5.2 The orientation problem

Due to differing edge and face mappings between neighbouring elements the co- and contravariant
Piola transformations do not suffice to assert the consistent orientation of the tangential or normal
projections of the base functions. The transformations control the size of the projections, but not
whether these are parallel or anti-parallel with respect to neighbouring elements. Consistent projec-
tions are a key requirement in ensuring no jumps occur in the trace of the respective space and as
such, there exist various methods for dealing with this so called orientation problem such as correc-
tion functions, reparametrization, and multiple reference elements [4.|9,42,101,|110]. In this work we
present a solution based on the sequencing of vertices and the separation of orientational data. We
define the following rule for the orientation of edges

e = {v;, v} st. i<y, (5.70)
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This means each edge starts at the lower vertex index and ends at the higher vertex index. This

definition determines the orientation of the edge tangent vector, compare and consequently,
the tangential projection of the Nédélec base functions. Analogously, for surfaces we define
f= {’Ui, vy, Uk} st i<y <k, (5.71)

such that each surface is given by a sequence of increasing vertex indices. The orientation of the
surface normal is given according to the left-hand rule. In other words, the direction of the normal is
determined by the cross product of the vectors arising from the edges {v;, v;} and {v;, vi}

n;;p = tij X ik . (572)

The orientation of the Nédélec base functions is according to these rules. Consequently, in order
to map each tetrahedron in the mesh to this orientation, we define each element as an increasing
vertex-index sequence

T = {v, vj, v, v} st i<i<k<l, (5.73)

as depicted in The latter ensures the consistent orientation of the base functions, since
they are all mapped from the same reference domain. However, integration in the reference element
is achieved using the determinant of the Jacobi matrix

/ dV:/detJdQ, (5.74)
e Q

which may become negative if the mapping from the reference to the physical domain contains a
reflection. This can be circumvented by taking only the absolute value of the determinant

/ dV:/ | det J| €. (5.75)
e Q

Consequently, consistency is guaranteed by mapping from a single reference element such that, cor-
rection functions or considerations of neighbouring elements are not required.

Remark 5.8
The absolute value |det J| is only used for the integration over the element. In all other use-cases,
the information of the sign is necessary and det J is employed.

5.6 Embedding of boundary conditions

The Dirichlet boundary conditions of the displacement are applied using the point-wise evaluation of
the Lagrangian functionals [Eqgs. (5.46)| and |(5.56). As such, on each edge of the Dirichlet boundary
there exists the following parametrization for « € [0, 1]

(H;u) oca| =u| ni(a)+u| n2a)
S V1 v2
=u|l (1-a)4+u| «a, (5.76a)
v1 v2
(qu) oal| =u| ni(a)+u| npla)+u| n(a)
S v1 Um, V2
=u|l 2a—D(a—1)+u| 4a(l—a)+u| al2a-1), (5.76b)
V1 Um v2
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f1 =A{v1, va, v3}

(S

fo = {v2, vs, va}

Ty = {v1, v2, v3, v4}

V4

T2 — {U17 V2, U3, U5}

Figure 5.12: Consistent orientations on two-dimensional (a) and three-dimensional domains (b) using
vertex sequences. Edges are oriented from the lower to the higher vertex and faces according to the
left-hand rule starting from the lowest vertex across the middle to the highest. On two-dimensional
domains the orientation of the surface normal is determined by a rotation of the edge tangent. On
three-dimensional domains the cross product of the surface tangents belonging to the lowest sequences
determines the orientation of the surface normal.
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where the first equation is the linear case and the second equation is the quadratic case. The vertices
v1 and vy represent the start and the end of the edge, respectively. The midpoint of the edge is given
by V.

In order to exactly satisfy the consistent coupling condition in the discrete setting, we first build
the Lagrangian interpolation of the displacement field on the Dirichlet boundary. The gradient of the
discrete displacement field is then used to construct the boundary condition of the microdistortion

(6, p")| =t M(VILu) | (5.77)
Ap Ap

where we consider one row of the displacement and the microdistortion fields at a time. Each edge of
the finite element mesh is mapped from the unit domain by the barycentric coordinates (see|Fig. 5.13]-
the same is valid in three dimensions)

x(a) = A\ix1 + Aexe = (1 — a)x1 + axa. (5.78)
For the purpose of consistency, we apply this also for the reference element such that
Consequently, the chain rule yields

d
~(woxo€)(a) = (Veu, 7) = (Vau, 1), (5.80)
such that the consistent coupling condition reduces to
p"t)| =-—Tu (5.81)
ap da ! Ap

In case of the lowest order sequence £! AV IO the Nédélec base functions yield a constant tangential
projection of unity on the edges and the evaluation simplifies to

d d
h ~ ~ ~ ~ ~
cg: PLt)| ={(ab1,t)| =a=—Iu| =—|u| l-a)+u| a|=u| -u| ,
S; S; dOé I S; da V1 v2 v2 v1
(5.82)
for each edge s; in Ap. Thus, on each edge of the Dirichlet boundary we find
(t, Ip) | = (t, c101) (5.83)
S; S;

In the quadratic sequence £? YN ]1[ on each vertex of an edge, the Nédélec base functions produce a
tangential projection of unity. As such, the evaluation can be carried out via

d (. ~ ~
c: (Pt =(ab,t)] =c=— U Qa-1D(a-1)+u| 4a(l—a)+u| a2a—1)
V1 V1 da V1 Um v2
=-3u| +4u| -—u| , (5.84)
U1 Um Vo
. d (- _
ca: (P t)| =(cb2,t)| =co=—|u| Qa—1(a—1)+u| 4a(l—a)+u| al2a—-1)
V2 V2 dOé V2 Um v2
—u| —4u| +3u| , (5.85)
U1 Um v2
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:0 :1 > X1
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— > & T

Figure 5.13: Barycentric mapping of edges from the unit domain to the reference triangle and onto
the physical domain.

for each edge s; in Ap. The microdistortion on each edge of the Dirichlet boundary is therefore given
by

<t, Hcp> = <t, 101+ co 02) . (5.86)

Si Si

5.7 Assembly of element matrices

The base functions on the physical element allow for the element-wise computation of stiffness matrices
[16]. These matrices are then assembled into a global (sparse) matrix, representing the total stiffness
of the system. The assembly process is derived from the definition of the trial and test functions as

n n
uh(xa Y, Z) - U ’U,Z' ) 5uh(:v,y, Z) - U 5”2 ) (587)
e=1 e=1
such that the global stiffness matrix and load vector read
n n
K=|JK., 1= J*f, (5.88)
e=1 e=1

where (-)¢ represents discrete values. The correspondence between the local and global stiffness terms
is derived from node sequencing. Following the assembly, the solution of the discrete system

u? = K14 (5.89)
can then be computed.

Remark 5.9

In the hp-FEA software Raysel the conjugate gradient method is employed to compute the solution, since
both linear elasticity and the relaxed micromorphic model induce symmetric positive definite bilinear
forms.

5.7.1 Element matrix

We define the element-wise interpolation operators as matrices of the base functions. For antiplane
shear this results in

ue(€,m) = N(&,n)ud, pe(£,m) = O£, m)p? (5.90)
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where the matrices are given by
N = [nl ng ... nm] s VN = [an Vng Vnm] N
e = [91 0, ... Hm] , curl ® = [curl@l curl@y ... curl Gm] , (5.91)

such that the element stiffness matrix and load vector read

K, = / 1e(VN — ©)T (VN — ©) + fimicro® © + pimacro L2 (curl ©)T (curl ©) dA,
Ae

f, = / fNT +@"mdA. (5.92)
Ae

In case of the full three-dimensional model one finds

w(&,7,¢) = N(&n,¢uf, P.(&,n,¢) = ©(&,n,Q) P, (5.93)
with
N = [77,1.[ ngI . nmI} y
[Vn, o o Vn, O o
DN=| o Vn, o - o Vnp o ,

e o Vny o o Vi,
[0, o o 6, o o
o o 6 o o 6,
[curl 6, o o curl 9,, o o

Curl® = o curl 6, o e o curl 6, o , (5.94)
| o o curl 61 o o curl@,,

where o € R? is a vector of zeros and I € R3*3 is the identity matrix.
The material tensors are reinterpreted as nine dimensional matrices and the symmetry and matrix-

trace operators are directly embedded in their definition (see |[Appendix Al)
AMe1l+2ul)symP =A1®@1L+2u])SP=(AN®1+2uS)P=CP. (5.95)

Consequently, the element stiffness matrix and load vector are given by

K.= [ (DN —0)T(C.+C¢)(DN = ©) + O  Cpicro® + piamacro L2 (Curl )7 (Curl @) dV
Ve

f.= [ N'f+eTmav. (5.96)
Ve

The stiffness matrix and load vector for the case of plane strain is analogous to the three-
dimensional case but reduces of the dimensions of the matrices.
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5.7.2 Partitioning

In general, the global stiffness matrix contains terms related to the boundary conditions. This a result
of the embedding

u=d-+1, (5.97)

where u is the total displacement field, 1 is the unknown displacement field and u is the prescribed
displacement field on the Dirichlet boundary. This leads to a natural partition of an element’s discrete
displacement vector and stiffness matrix

_ |uy _ | Ky Kyp
ue - |: :| 9 Ke - |:Kpf Kpp . (598)

There are various approaches to deal with the partition such as assembling multiple global matrices or
using only parts of the total global matrix. In this work we apply the partition directly at the element
level such that

Kfof = f}k N f}k = ff - Kfpup . (599)

Thus, the procedure follows by assembling a single global stiffness matrix for Ky and a single global
load vector for f;.
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6 Higher Order Finite Elements

The previous chapter introduced the classical finite element method, where convergence is achieved
by mesh-refinement, i.e., h-refinement. As per the error estimates, h-refinement yields algebraic con-
vergence. An alternative methodology suggests increasing the polynomial degree instead, being the so
called p-refinement [12,|13]. Reconsidering the error estimates, it becomes clear the latter implies ex-
ponential convergence for highly smooth fields [110]. If the solution is piece-wise smooth and contains
singularities, p-refinement yields algebraic convergence |110]. The idea of hp-FEM [29}31,|103},105] is
essentially the combination of both refinement methods, thus allowing to recover exponential conver-
gence.

In this section we introduce methods for the construction of efficient higher order finite elements
for classical Hilbert spaces. The methods represent a general approach, independent of the polynomial
basis and a specification of degrees of freedom. Further, a clear split of the base functions between
the kernel and range of the corresponding space with the exception of the lowest-order base functions
is possible with the method and derived intuitively.

Since the construction is introduced independently of degrees of freedom, the degrees of freedom
from [30] are used to embed boundary conditions and uphold exact sequence properties.

This work relies on Bernstein polynomials and Bézier triangles and tetrahedra for the definition
of higher order finite elements. In [2] it is shown that Bernstein polynomials allow for optimal com-
plexity in the assembly procedure of finite element programs. This feature is a result of their natural
factorization by the Duffy transformation. For a thorough treatment of Bernstein polynomials we
recommend [59).

6.1 Preliminaries

Traditionally, higher order finite elements are constructed using hierarchical polynomials [103}[110].
The latter has the advantage that the basis does not change between p-refinements, but rather a
new base function is added to the previously employed basis. Further, the Legendre polynomial
basis for example, is orthogonal in the L?-scalar product over the domain [—1,1] and as such, yields
better matrix condition numbers. However, this characteristic is restricted to problems with constant
coefficients. In addition, the hierarchical basis is not intrinsically nodal (in the sense of symmetry) in
contrast to the Lagrangian and the Bernstein polynomials used in this work.

6.1.1 Bernstein polynomials

Bernstein polynomials of order p are given by the binomial expansion of the barycentric representation
of the unit line
1=t aP = (-0 +er =3 (V- =Y P oda-gr 6

!
i - il(p — 1)

=0 =

where £ € [0,1]. The Bernstein polynomial reads

AGE (f) £1-gr. (6.2)
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1/2

0 1/2 1

Figure 6.1: Bernstein base functions of degree p = 4 on the unit domain. Their sum forms a partition
of unity. The base functions are symmetric for & = 0.5 with respect to their indices and always
positive.

A direct result of the binomial expansion is that Bernstein polynomials form a partition of unity (see

Fig. 6.1)

P
b(E) = 1. (6.3)
1=0
Another consequence is that Bernstein polynomials are non-negative and smaller equal one
0<H(E) <1, ¢efo.1]. (6.4)

A necessary condition for the use of Bernstein polynomials in finite element approximations is for
them to span the entire polynomial space.

Theorem 6.1 (Span of Bernstein polynomials)
The span of Bernstein polynomials forms a basis of the one-dimensional polynomial space

PP(s) = span{b’}, sCR. (6.5)
Proof. First we observe
dim(span{b’}) = dim PP(s) = p+ 1. (6.6)

The proof of linear Independence is achieved by contradiction. Let the set span{b’} with 0 < i <p
be linearly dependent, then there exists some combination with at least one non-zero constant ¢; # 0
such that

d p
et () =0, g (e = 0. (67)
However, by the partition of unity property [Eq. (6.3), only the full combination (0 < i < p) generates
a constant and by the exact sequence property the kernel of the differentiation operator is exactly the

space of constants ker(d) = R. The linear independence of the full span also follows from the partition
of unity property, since constants cannot be constructed otherwise. ]
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On the unit domain, the integral of Bernstein polynomials reads

! 1
[ e = v e spani), (65)

thus allowing for fast evaluation of integrals with constants. Further, the multiplication of two Bern-

stein polynomials
(i + j>
¢ bp+q

g\ it
()

yields a scaled Bernstein polynomial. The derivative of a Bernstein polynomial is given by the linear
combination of two Bernstein polynomials of a lower degree

b ()b} (&) = (&), (6.9)

d _ _
i€ =pUZ© - b)) (6.10)
Lastly, Bernstein polynomials can be evaluated using the recursive formula
_ ___=0E : B

which allows for fast evaluation of the base functions.

Remark 6.1

Note that the formula implies lim¢_,q be (&) = 00. As such, evaluations using the formula are required
to use & < 1 preferably with an additional tolerance. The limit case & = 1 is zero for all Bernstein
function aside from the last function belonging to the vertex, which simply returns one.

6.1.2 Dual numbers

Dual numbers [40] define an augmented algebra, where the derivative of a function can be computed
simultaneously with the result of the function. This enhancement is also commonly used in forward
automatic differentiation [17,/80], not to be confused with numerical differentiation, since unlike in
numerical differentiation, automatic differentiation is no approximation and yields the exact derivative.
The latter represents an alternative method to finding the derivatives of base functions, as opposed
to explicit formulas or approximations. Dual numbers augment the classical numbers by adding a
non-zero number ¢ with a zero square €2 = 0 (this is analogous to how complex numbers add i in
order to allow for i2 = —1).

Definition 6.1 (Dual number)
The dual number is defined by

T+ ', ek 1, (6.12)

where ' is the derivative (only in automatic differentiation), € is an abstract number (infinitesimal)
and g2 = 0.

The augmented algebra results automatically from the definition of the dual number.

Definition 6.2 (Augmented dual algebra)
The standard algebraic operations take the following form for dual numbers
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1. Addition and subtraction
(x+2e)E(y+ye)=axty+ (' ¢ )e. (6.13)
2. Multiplication
(z+a'e)(y +y'e) = zy + (ay' +2y)e, (6.14)
since €2 = 0.

3. Division is achieved by first defining the inverse element

1
(z+2e)(y+ye)=1 <+ Y= ;,y’:—— (6.15)
such that
(z+2'e)/(y+ye) =a/y+ (2 Jy — 2y Jy)e. (6.16)

Application of the above definitions to polynomials

00 oo 1
p<$+5):ZCi(ﬂU+5)i:ZZCi() gl = Zczm —i—echZ =p(x)+p'(x)e, (6.17)

allows the extension to various types of analytical functions with a power-series representation (such
as trigonometric or hyperbolic).

Definition 6.3 (General dual numbers function)
A function of a dual number is defined generally by

flz+e) = f(z)+ f(2)e, (6.18)
being the fundamental formula for forward automatic differentiation.

The definition of dual numbers makes them directly applicable to the general rules of differentiation,
such as the chain rule or product rule, in which case the derivative is simply the composition of previous
computations with €.

The logic of dual numbers can be understood intuitively by the directional derivative

%f(l’) = O f(z) = d%f(x +oe) = lim flo+ x’i) ~ f(x)

, (6.19)

where dividing by ¢ and setting € = 0 are deferred to the last step of the computation, being the
extraction of the derivative and equivalent to the operation f(z + ¢) — f(x) with the augmented
algebra of dual numbers.

Remark 6.2
In the implementation of the finite element software|Rayse the Bernstein polynomials and their deriva-
tives are computed simultaneously using the recursive formula with dual numbers.

61


https://pypi.org/project/rayse/

6.1.3 Polytopal functions

In the following section the construction of higher order H'- and H (curl)-conforming spaces is pre-
sented. The construction is based on a polytopal association of base functions. The following defini-
tions are employed

Definition 6.4 (Polytopal base functions)
Each base function is associated with its respective polytope and the underlying Hilbert space as follows:

1. A vertex base function has a vanishing trace on all other vertices and non-neighbouring edges
and faces.

2. An edge base function has a vanishing trace on all other edges and non-neighbouring faces.
3. A face base function has a vanishing trace on all other faces.

4. A cell base function has a vanishing trace on the entire boundary of the element.

The latter definition is general and the respective trace may change according to the corresponding
Hilbert space.
6.1.4 Commuting interpolants

We state the degrees of freedom introduced in [30]. A slightly modified version of the degrees of
freedom is used to embed Dirichlet boundary conditions into the respective spaces.

Definition 6.5 (The H!-interpolant)
The H'-conforming interpolant is defined using the following degrees of freedom.

1. Vertex point evaluation functionals

li(u) =u (6.20)
2. The edge functionals read
Ou 0q;

l”(u) = . %87; ds ‘v’qj S Pg(s) . (6.21)

3. On each face the degrees of freedom are given by
l”(u) = /A <Vfu, Vf(]j> dA qu S Pg(A), (6.22)

where Vy represents the surface gradient.

4. Lastly, the cell functionals are tests of gradients

li(u) = / (Vu, Va)dV  Vqe PI(V). (6.23)
v

The degrees of freedom define an H'-conforming finite element and can be used to construct the
interpolant II, : H' - UM
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Definition 6.6 (The H (curl)-interpolant)
One defines the H (curl)-interpolant by employing the following functionals

1. On each edge the degrees of freedom are given by

1 (p) = / il t)ds Va5 € P(s). (6.24)

7

2. The face-type functionals read

lij(p) = /A (curly p, curly q;) dA Vq; € [PY(A))? Nkert(curl), (6.25a)

lij(p) = /A _<p, Vg;) dA Vg € PPTH(A), (6.25b)

where curly is the surface curl.

3. Finally, the cell degrees of freedom are given by

li(p) = / (curlp, curlq;)dA Vai € [PY(V)]® Nkert(curl), (6.26a)
v

li(p) = / (P, Vg;) dA Vg e PPYY(V). (6.26h)
%4

The degrees of freedom define a unisolvent H (curl)-conforming finite element. Further, using the
degrees of freedom one can construct the projection based interpolant I, : H(curl) — N7.
6.2 Higher order triangular elements

6.2.1 Bézier elements

The base functions on the triangle reference element are defined using the binomial expansion of the
barycentric coordinates on the domain I' = {(¢,7) € [0,1]? | £ +7n < 1}

L=+ 2 +2)" = (L =&=nl+n+)", (6.27)

where the barycentric functions |Eq. are employed to map the domain. As such, the Bézier base
functions read

P\ (P—7\ \p—i—jyjyi
i 0n ) = (7) (7). (6.28)
with the equivalent form
— i i
e = (1) (777 ) a-gmnr e, (6.29)

of which some examples are depicted in The Duffy transformation

£:00,1> > T, {a, 8} = {&n}, (6.30)
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(b) ()

Figure 6.2: Cubic vertex (a), edge (b) and cell (c) Bézier base functions on the reference triangle.

8 n
(0,1) (1,1) (0,1)
E:a—>T )
r
> o > > &
(0,0) (1,0) (0,0) (1,0)

Figure 6.3: Duffy transformation from a quadrilateral to a triangle by collapse of the coordinate
system.

given by the relations
{;“:0“ 77:(1_04)/87
n
«a 5’ 6 1 _ g Y ( )
allows to view the triangle as a collapsed quadrilateral, see [Fig. 6.3] Inserting the Duffy map into the
definition of the Bézier base function yields the split

e =(2) (77 1) a-g-wrtme

i)\ j

~(1)(*; ) a-a-n-asr o apsia

—(9) (777 ) - apia - s - st

— (B a-apa (P ) am g

=t (a)bh (). (6.32)

In other words, the Duffy transformation results in a natural factorization of the Bézier triangle into
Bernstein base functions [2]. The latter allows for fast evaluation using sum factorization. Further,
it is now clear that Bézier triangles are given by the interpolation of Bézier curves, where the degree
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outer Bézier curve with p =3
—————— inner Bézier curves with p < 3

rrrrrrrrrr control polygon of n-curves

outer Bézier curves with p = 3

—————— inner Bézier curves with p = 3

Figure 6.4: Bézier triangle built by interpolating Bézier curves with an ever decreasing polynomial
degree.

of the polynomial decreases between each curve, see In order to compute gradients on the
reference domain one applies the chain rule

_ 1 0 _ 1 l—a B

P T — T _

The factorization is naturally suited for the use of dual numbers since the a-gradient of a base function
reads

J
Vabi;(a, B) = d 1> (6.34)

such that only the derivatives of the Bernstein base functions with respect to their parameter are
required.

The Duffy transformation induces an intrinsic optimal order of traversal of the base functions,
compare namely

(1,7) = (0,0) = (0,1) —» ... > (2,2) = ... = (i,p— i) = ... = (p,0), (6.35)
which respects a clockwise orientation of the element and the global consistency definitions from
Thus the order of the sequence of discrete values on common edges is determined by the

global orientation. In order to relate a base function to a polytopal piece of the element, one observes
the following result.

Observation 6.1 (Triangle base functions)
The polytope of each base function bfj(ﬁ,n) can be determined as follows:

e The indices (0,0), (0,p) and (p,0) represent the first, second and last vertex base functions,
respectively.

e The indices (0,7) with 0 < 7 < p and (i,0) with 0 < i < p represent the first and second edge base
functions, respectively. Base functions of the slanted edge are given by (i,p — 1) with 0 < i < p.

o The remaining index combinations are cell base functions.

With the latter observation, the construction of vertex-, edge- and cell base functions follows the
intrinsic traversal order induced by the Duffy transformation and relates to a specific polytope via
index-pairs.
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>3

Figure 6.5: Traversal order of base functions. The purple lines represent the order in which the base
functions are constructed by the factorized evaluation. Note that the traversal order on each edge is
intrinsically from the lower to the higher vertex index.

n n
0 T
] ]
] ]
1 1

V3 U1
— e
{v1,v2,03}—{v1,v3,v2} {v1,v3,02}—{v3,01,02}
| - | -

» »

P ¢ ¢

U1 v —> €1 v3
Figure 6.6: Derivation of a template vector on the remaining edges via permutations of the reference

triangle using covariant Piola mappings.

6.2.2 Nédélec elements of the second type

Note that the continuity characteristic of tensor valued Hilbert spaces such as Nédélec and Raviart-
Thomas is geometrical in nature. In fact, it is possible to define a template based on the polytopal
building blocks of the reference element and assert the desired reduced continuity by the dyadic
product with an H'-conforming polynomial space UP. The construction is independent of the degrees
of freedom and allows for a simple definition of the base functions on the reference element using for
example, the Lagrangian basis, or in this work the Bernstein basis.

We consider the decomposition of the reference triangle in On the first vertex vy we define
a vector with a projection of one on the tangent vector of the first edge e12 and a zero projection on
the second edge e13. Next we define a vector with a projection of one on the tangent vector of the
first edge e12. Further, we construct a normal vector on the first edge e1o. Lastly, we define two unit
vectors in the cell. The remaining vectors for their respective polytopes can be computed by mapping
the triangle c123 to various permutations of ¢;j;, on the unit domain and adjusting the sign to ensure
a positive projection on the tangent vector, see |[Fig. 6.6

Remark 6.3

The polytopal set is not unique and depends on the starting definition on the first polytopes and the
resulting mapping. Further, one can change pure edge-type template vectors by adding or subtracting
normal vectors without influencing the tangential projection.
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— Vertex-edge template vectors
----- » Edge template vectors
- » Edge-cell template vectors

--------- » Cell template vectors

Figure 6.7: Template vectors for the reference triangle on their corresponding polytope.

The resulting template is given by the superset of the sets for the respective polytopes
T: {71775a7§7712a733775377123}7 (636)

where the polytopal sets are defined via Cartesian base vectors, reading

Ti = {ez, e}, T2 = {e1 +ez,e}, T3 = {e1 + e2, —ea},
Ti2 = {ez, —e1}, Tiz = {e1, €2}, Toz = {(1/2)(e1 — e2),e1 + €2},
Ti2s = {e1, ez} . (6.37)

Theorem 6.2 (Linear independence)
The tensor product of the template with an H'-conforming polynomial basis UP yields a unisolvent
Nédélec element of the second type

3
/\G"I:{@Vf@bﬂ}@ DTt o Oy Tsh,  T={1,2.03,23), (639

i=1 JjeJ

where VP are the sets of the vertex base functions, 5]7-’ are the sets of edge base functions, Clay is the
set of cell base functions, and the & indicates summation over non-overlapping spaces.

Proof. Under the assertion that the underlying H!'-conforming polynomial basis U? is unisolvent,
unisolvence of the N7, basis follows automatically, since each base function of U? is multiplied with
two linearly independent vectors, thus inheriting linear independence of the basis on the vectorial
level. Further, the resulting basis has the required dimensionality

dim[UP(T)]? = dim[PP(T")]? = dim N7,(T), (6.39)
of the Nédélec finite element space. O

Theorem 6.3 (H(divR, A)-conformity)
The constructed element on the reference domain is conforming under covariant Piola transformations
of the base functions and contravariant Piola transformations of their respective curls.
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Proof. By construction, the tangential projection of each non-cell base function on the tangential
vector of its respective polytope is the underlying H'-conforming base function

(T, 9i) =n;. (6.40)

Since the templates are constructed by permutations of the reference element, this characteristic is
extended to every corresponding polytope. Lastly, the respective Piola transformations uphold the
tangential and normal projections in the physical domain, such that conformity is guaranteed by the
underlying UP-space. O

Using the Bézier basis one finds the following base functions, which inherit the optimal complexity
of the Bernstein basis.

Definition 6.7 (Bézier-Nédélec II triangle basis)
The following base functions are defined on the reference triangle.

e On the edges the base function reads

€12 9(&,m) = byeez, I(&,m) = bp,(e1 + e2),
9(&n) =bhe2, 0<j<p,

e : I(€,n) = bhoer , 9(E,n) = bpo(er +e2),
9, n) =byer, 0<i<p,

€23 : (&, n) = byer, 9(E,n) = —bpez,
9, n) = (1/2)b£p_i(e1—eg), 0<i<p, (6.41)

where the first two base functions for each edge are the vertex-edge base functions and the third
equation generates pure edge base functions.

o The cell base functions read

€123 I(E,n) = —bper, 0<j<p,
19(5#7):5?092, 0<i<p,
I(En) =0, ;(e1 +ea), 0<i<p,
9(&n) = b ez, 0<i<p, 0<j<p-—t,
I n) = bjer, 0<i<p, 0<j<p-—i, (6.42)

where the first three are the respective edge-cell base functions. The remaining two are pure cell
base functions.

A depiction of each of the polytopal base function for the cubic Bézier-Nédélec element is given in

Q
O
g. 0.6

Remark 6.4
The Brezzi-Douglas-Marini element for H (div, A)-conforming subspaces can be constructed in a similar
manner or by rotating the current template by 90 degrees and adjusting the normal projections to one.
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Figure 6.8: Cubic vertex-edge (a), edge (b), edge-cell (c) and pure cell (d) base functions of the Nédélec
element of the second type on the reference triangle.

6.2.3 Nédélec elements of the first type

The Nédélec element of the second type has the disadvantage that its curl is a polynomial space of a
lower degree diV(R/\/'Ip ) = PP~1. Consequently, one loses one order of convergence in the curl terms.
In order to ameliorate the convergence rate one can employ the Nédélec elements of the first type,
which enhance the polynomial space with base functions orthogonal to the kernel 9¥; € ker'(divR).
This is not easy to do, as one must be able to split the space between kernel functions and non-kernel
functions while maintaining conformity. Here we follow the ideas presented in [3,5,96L[110], where one
explicitly applies the operators in the exact polynomial sequences to construct the kernel of the next
space. In this work, we complement the kernel space with our new approach and introduce a specific
and intuitive polytopal template leading to non-kernel base functions.

We start with the kernel of N7 by taking gradients of the base functions of the U P+1 space while
excluding the vertex base functions

9i(&,m) = Ven? . (6.43)

This yields (p + 2)(p + 1)/2 — 3 base functions. We augment the space by adding the lowest order
Nédélec (N?) base functions of the first type from|Eq. (5.55)] Next we need to enhance the space with
a minimal amount of base functions belonging to a higher degree polynomial space such that we find
dim[div(RNT)] = dim PP = (p + 2)(p + 1)/2 base functions and the curl spans the next polynomial
space in the sequence. In order to do so we introduce the polytopal template

T ={T1, T2, T2, Ti3, T23, Ti23} , (6.44)

where the polytopal sets are derived from the lowest order Nédélec base functions of the first type in
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Eq. (5.55)]
T = {95}, To = {93}, Tio = {94 — 91},
Tis = {9] + 9%}, Taz = {91 — 9%}, Tios = {91 — 95 + 9%} (6.45)

From the depiction in [Fig. 6.9| it is intuitively apparent, that the template vectors represent the
components needed to generate rotational flux. The remaining base functions are given by the tensor
product

2
{@ VP ®’ﬁ} ® @5;’ @T; ¢ ®{Clyy @ Tia3}, J =1{(1,2),(1,3),(2,3)}. (6.46)
1=1 €T

This generates exactly 2p + (p — 1)p/2 base functions. Adding the constants from dim[div(RN?)] = 1
satisfies the dimensionality of the polynomial space 2p+ (p —1)p/2+ 1= (p+2)(p+ 1)/2 = dim PP.
Further, since 9; belongs to [P%]? @ R]30£ the resulting base functions nt; clearly belongs to [PP]2 @
R]Bpﬁ . The complete Nédélec space reads

2
T=NMevert @vcf;;@{@vf@%}@ Py o T p & {Cly ® Tias},

JjET =1 JjeT

J ={(1,2),(1,3),(2,3)}. (6.47)

Theorem 6.4 (Linear independence)

The set of base functions given by the lowest order Nédélec elements, the gradients of an H'-conforming
polynomial subspace UPT excluding vertex base functions, and the tensor product of the UP base
functions with the polytopal template yield a linearly independent polynomial basis for Nf.

Proof. We start by showing the gradients of the UP base functions are linearly independent of each
other by using contradiction. Assume the set of gradients is linearly dependent, then there holds

7 7

for some combination of constants ¢; where not all ¢; values are zero. However, the vertex base
functions are not employed. Thus, if the basis satisfies the partition of unity property, then the kernel
of the gradient operator, namely constants R, is missing and the exact sequence property yields a
contradiction (see . The same holds true for a hierarchical polynomial basis, since the vertex
base functions are used to capture constants.

The base functions of the lowest order Nédélec elements of the first type are linearly independent
of the gradients since their tangential traces on the edges of the triangle are constant trta A Vil €R,
whereas the tangential traces of the edge gradients are at least linear and the tangential traces of the
cell gradients vanish on the entire boundary. Together, the three lowest order base functions span the
constant space [P°]? = R2. Further, their curls span the constant space R.

In order to complete the proof we must show that the remaining base functions are non-gradients
and linearly independent of the lowest order base functions. Observe that the template vectors have
the general form

191 — [i;n__cfg] 3 C1 S {17273}’ C2,C3 S {0, 1}, (649)
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----- » Vertex-cell template vectors

€12 e » Edge-cell template vectors

--------- > Cell template vectors
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Figure 6.9: Template vectors on the reference triangle for base functions orthogonal to the kernel of
the curl operator (a). Templates of the vertices (b)-(c), followed by the templates of the edges (d)-(f)

and lastly, the cell template (g).
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such that the curl of the base function reads
div§(Rm91) = (V¢n, R19]> —2cin = (3 —c1§)ng + (c2 — cin)ny — 2cin . (6.50)

Clearly, the polynomial order of the underlying scalar base function n is maintained under the curl
operator. Therefore, under the assumption of a hierarchical basis in the base functions n; (for example
Legendre) it is clear that the curl operator maps to linearly independent base functions, irrespective
of the choice of c1, co and c¢3. Consequently, the template yields non-gradient base functions due to

the exact sequence in and

dive(R[c; RE 4 ¢] PP(T)) = PP(T), c= [_CCQ] , (6.51)
3
such that
p
dive(R) ~em®) =0 <= =0 Vie{0,1,..,p}. (6.52)
i=0

Further, we can switch the base functions with any other basis that spans the same polynomial
space since it is in fact equivalent to an alternative expression of the hierarchical basis. Doing so
clearly maintains the linear independence of the vectorial base functions due to the inherited linear
independence from the underlying scalar basis. The latter can be easily observed when considering
the normal-traces of the vectorial base functions on the edges. If the complete span of n; is employed,
then the constant element is present and the curl maps also to the space of constants R. However,
this space is already obtained by employing the V] Io—basis in the construction and as such, leads to
linear dependence. By removing the last vertex base function the hierarchical basis no longer contains
the space of constants, thus asserting linear independence of the total construction. The same holds
true for any other basis that satisfies the partition of unity property since removing one base function
cancels this characteristic and removes the constant element from the space. The latter in conjunction
with the vanishing trace on the edges of the element asserts linear independence from the lowest order
base functions. O

Theorem 6.5 (H(divR, A)-conformity)
The resulting finite element is H(divR)-conforming under Piola mappings.

Proof. The lowest order Nédélec base functions are H (divR)-conforming by their degrees of freedom.
The gradient base functions are conforming due to the exact sequence property VH' C H(divR), see
Lastly, the remaining base functions are cell-type and do not affect the conformity of the
finite element.

The Piola transformations maintain the conformity of the base functions across the mapping from
the reference to the physical element. O

Applying the construction to the Bézier basis yields the following base functions.

Definition 6.8 (Bézier-Nédélec I triangle basis)
We define the base functions on the reference triangle.
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o On the edges we employ the lowest order Nédélec base functions and the edge gradients

e12 : (&, n) =91,
V() = Vebh i 0<j<p+1,
€13 : 9(&n) = 7957
V(& n) = Vbl 0<i<p+1,
€23 ! 9 n) = ﬁéa
D(Em) = Vel Ty, 0<i<p+1. (6.53)
o The cell functions read
€123 : 9(¢, )—58019[,
9(&, )_bpﬁ
(&, n) = bp; (95— 93) 0<j<p,
D(E, 1) = by (9] + ), 0<i<p,
D(E,m) = b, (9] —9%), 0<i<p,
I(Em) =0 —95+9%), 0<i<p, 0<j<p—i,
D(E,m) = Vbl 0<i<p+1l, 0<j<p+1-—i, (6.54)

where the last formula gives the cell gradients and the remaining base functions are non-gradients.

A depiction of the higher order base functions is given in [Fig. 6.10] Visualizations of the lowest
order base functions are available in

6.3 Higher order tetrahedral elements

6.3.1 Bézier elements

Analogously to triangle elements, the Bézier tetrahedra on the unit tetrahedron Q = {{,n,( €
[0,1] | € + 7+ ¢ < 1} are defined using the barycentric coordinates by expanding the coefficients
of

MAA+A+ )P =([1-E-—n—(+(+n+&" =1, (6.55)
into
P (M A, Ag, Ag) = (f) (pjfl) (p‘ . )A" IR, (6.56)
with the equivalent form
B (6,,C) = (f) <p S ) (” T j) (1—€—n—Cpi=i—kchyiet, (6.57)
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Figure 6.10: Non-gradient vertex-cell (a), edge-cell (b) and pure cell (c¢) base functions of the cubic
Bézier basis. Gradient edge (d) and cell (e) base functions.

We construct the Duffy transformation by mapping of the unit tetrahedron as a collapsed hexahedron

£:00,1° - Q, {o, B, = {&m, ¢, (6.58)
using the relations
52057 n:(l_a)ﬂﬂ (:(1—(1)(1—ﬁ)7,
_ __n _ ¢

as depicted in Applying the Duffy transformation to Bézier tetrahedra

(0,1,1)

> 1 1, 1
(0,0,1)

£ 0 (0,0,1)
a —

(0,0,0) » (11,0) (0,1,0)

1,0,0) (0.0.0
( (1,0,0) &

Figure 6.11: Duffy mapping of the unit hexahedron to the unit tetrahedron.
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(P77 amas 0 as-a-aa - gy
(1= )(1 - 91 - )’

(P - i <p —17;— j) (1= )P =i k(1 — gpi=i=k(1 — )p=i=i—k

= (B aapat (7w apw (P

= () (B (), (6.60)

~

leads to an intrinsic factorization via Bernstein base functions, which allow for fast evaluations using
sum factorization [2]. Further, since the pair b‘?_z(ﬁ)bi_l_] (7) spans a Bézier triangle, it is clear
that the multiplication with b?(«) interpolates between said triangle and a point in space, effectively
spanning a tetrahedron. In order to compute gradients the chain rule is employed with respect to the
Dufty transformation

1 0 0
VﬁbZk = (Dag)_Tvabijky Da£ - —/8 l—«o 0 ,
(=1 (@=1)y (1—-a)(1-p)
p . (1-a)1-8) 1L-B)B +
(Do)~ = m 8 1 6 5 z’ (6.61)

We use dual numbers to compute the derivative of each Bernstein base function and construct the
a-gradient

[p—ip—i—j 4 ,p]
I e
—i—7 d —1
id o
el

The Duffy transformation results in the optimal order of traversal of the base functions depicted in

Note that the traversal order agrees with the definitions introduced in [Section 5.5.2| and
each oriented face has the same order of traversal as the triangle We relate the base functions

to their respective polytopes using the index triplets.

Observation 6.2 (Tetrahedron base functions)
The polytope of each base function bfjk(f, n,C) is determined as follows.

e The indices (0,0,0),(0,0,p), (0,p,0) and (p,0,0) represent the respective vertex base functions.

e The first edge is associated with the triplet (0,0,k) where 0 < k < p, the second with (0, 7,0)
where 0 < j < p and the third with (i,0,0) where 0 < i < p. The slated edges are given by
(0,7,p—7) with0 < 5 <p, (1,0,p—1) with 0 < i < p and (i,p—1,0) with 0 < i < p, respectively.
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Figure 6.12: Order of traversal of tetrahedral Bézier base functions on the unit tetrahedron. The
traversal order on each face agrees with an orientation of the vertices f;jr, = {v;,vj,vi} such that
1 < j < k. The traversal order on each edge is from the lower index vertex to the higher index vertex.

e The base functions of the first face are given by (0,7,k) with0 < j <p and0 <k <p—j. The
second face is associated with the base functions given by the triplets (i,0,k) with 0 < i < p and
0 < k < p—i. The base functions of the third face are related to the indices (i,7,0) with0 <i < p
and 0 < j < p —1i. Lastly, the base functions of the slated face are given by (i,j,p — i — j) with
O<i<pandO<j<p-—i.

o The remaining indices correspond to the cell base functions.

The Bézier base functions are depicted in on their respective polytopes.

6.3.2 Nédélec elements of the second type

We proceed analogously to the definition of the Nédélec element of the second type for triangles by
constructing a polytopal template on the unit tetrahedron. The template is then used in conjunction
with an H!'-conforming polynomial basis to span the A7;-space on the unit tetrahedron.

We define the vertex-edge tangent vector es for vi-e15 such that its tangential projection is one on
e12 and zero on all other neighbouring edges. The same vector is the tangent vector associated with
edge e12. Next we define the edge-face vector —ey for the edge e and face fi23. On the face fio3 we
employ the base vectors eg and es which span the plane on the face. Lastly, we employ the full set of
the Cartesian base vectors for the cell, namely e3, es and e;. The template vectors of the remaining
polytopes are derived by covariant Piola transformations of the unit tetrahedron cig34 to equivalent
permutations c;j; and adjusting the sign of the vector to ensure a positive projection on the tangent
vector, compare with The resulting template is given by the sum of the following polytopal
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Figure 6.13: Quartic Bézier vertex (a), edge (b), face (c), and cell (c) base functions on the reference
tetrahedron.

—— Vertex-edge template vectors
------- » Edge template vectors
—————— +» Edge-face template vectors
------------ > Face template vectors
e > Face-cell template vectors

o Cell-Cartesian template vectors

Figure 6.14: Template vectors for the reference tetrahedron on their corresponding polytopes. Only
vectors on the visible sides of the tetrahedron are depicted.
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sets depicted in [Fig. 6.14

T1 = {es, ez, e1}, To ={e1 +e2+e3,e3,€1}, Ts = {e1 + e+ e3,—e3, e},
To={e1+exte3 —e3,—e}, Ti2={e3, ez, —ei}, Tis = {e2, e3,—e1},
Tia = {e1,e3,e2}, Tozs ={ez,e1 +ex+e3,—e1}, Tou={e,e1+ey+e3 e},
T34 ={e1,e1 +ex+e3,—e3}, Tz = {e3,er,—e1}, Ti2a = {e3,e1, e},
Ti34 = {ez2,e1, —e3}, Taza = {ez,e1,e1 +ex+es},  Tiaza = {es, ez,e1}, (6.63)
and reads
T ={T1, T2, T3, Ta, T2, T13, Tna, T23, Ta4, T34, T123, Ti24, T134, T234, T1234} - (6.64)

Theorem 6.6 (Linear independence)
Let UP be an H'-conforming basis on the unit tetrahedron, then its tensor product with the polytopal
template yields a unisolvent Nédélec element of the second type

4
N})I:{@Vf(@ﬁ}@ @EJP‘@E @{@f;f@E}@{C%M@TmM},
i—1

€T ke
J =1{(1,2),(1,3),(1,4),(2,3),(2,4),(3,4)},  K={(1,2,3),(1,2,4),(1,3,4),(2,3,4)}, (6.65)

where VY are the sets of vertex base functions, Sf are the sets of edge base functions, F} are the sets
of face base functions and Cf234 is the set of cell base functions.

Proof. Linear independence of the vectorial base functions is inherited from the linear independence
of the underlying H'-conforming basis since each base function is multiplied with three linearly inde-
pendent template vectors. Further, the dimension of the basis

dim[UP(Q))® = dim[PP(Q)]® = dim NF,(Q), (6.66)
agrees with the dimension of the Nédélec element of the second type. O

Theorem 6.7 (H (curl, V')-conformity)
Under the corresponding Piola transformations, the basis spans an H (curl)-conforming subspace.

Proof. The conformity of a grid composed solely of unit tetrahedrons is H (curl)-conforming due to the
methodology used to construct the polytopal template, namely by an initial definition of a minimal
set of template vectors and permutations of the unit tetrahedron. This is the case since the template
reduces the interface condition from [try, p] = 0 to [tray(t, p)] = 0 for the non-cell base functions,
which is upheld by the underlying UP-space. Conformity of a general grid is consequently achieved
by employing consistent Piola transformations. O

We can now use the polytopal template to define the Bézier-Nédélec element of the second type
for arbitrary powers while inheriting optimal complexity.

Definition 6.9 (Bézier-Nédélec II tetrahedral basis)
We define the base functions on the reference tetrahedron.
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e On the edges the base functions read

€12

€13 :

€14

€923

€924

€34 :

= b00€3 -
=bhee3, 0<k<p,
= bpooez
:bgjoeg, 0<j<p,
= bjooe! -
=byer, 0<i<p,
= bpgpe2 ,
=bp;p €2, 0<j<p,
0p€1
i0p—i€, 0<i<p,
zbé’poel,
5%20%7 0<i<p,

19(‘5? 7, C) = bgOp

19(‘57 7, C) = bgp[)

9(E,n,¢) =

9,1, ¢) =

19(§a 7, C) ==

I(E,n,¢) =

(e1 + e +e3),

(e1 + e +63),

(61 +e9 + eg)

UpoeS s

p00€3 5

p()()e2 >

(6.67)

where the first two base functions on each edge are the vertex-edge base functions.

o The face base functions are given by
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0<k<p,
0<j<p,
0<y<p,
0<y<p,
0<j<p,
0<k<p,
0<17<p,
0<i<p,
0<i<p,
0<i<p,
0<j<p,
0<i<p,
0<i<p,

0<t<p,

O<k<p-—1j,

O<k<p-—1j,

O<k<p—i,

O<k<p-—i,

0<j<p-—rt,



I(En,C) = Ve, O<i<p, 0<j<p—i,
fosa: I(En,C) = —bp; €1, 0<j<p,
9(&m,C) = i0,p—i€2> 0<et<p,
(&, ¢) = —bﬁp_iyoe:s, 0<i<p,
9 n, ) = bijpij€2, 0<i<p, 0<j<p-—i,
V() =b, s, 0<i<p, 0<j<p-—i, (6.68)

where the first three formulas for each face are the edge-face base functions.

e Finally, the cell base functions read

C1234 I(En,¢) = —by;er, 0<j<p, 0<k<p-—yj,
9(€,n,C) = bez, 0<i<p, 0<k<p-—i,
I(En, Q) = —bpes 0<i<p, 0<j<p-—i,
IEn Q) =, ;(e1 +ex+es), 0<i<p, 0<j<p-—i,

0<i<p,
0(§7U7C):b§}ke37 O<j<p_i7 )

O<k<p—i—j

0<i<p,

ﬂ(&?”?ﬁ): Z‘jk927 O<j<p_i7 )
O<k<p—i—j
0<i<p,

19(57777 C) = ijkel > 0<ji<p-—i1, ) (669)

O<k<p—i—y
where the first four formulas are the face-cell base functions.

A depiction of quartic base functions on their respective polytopes is given in

6.3.3 Nédélec elements of the first type

In order to improve the convergence rates and recover lost precision over curl terms we consider
the Nédélec space of the first type, where the polynomial space is augmented with a minimal set of
curl-type base functions, such that the kernel of the next polynomial space in the exact sequence
is complete and of degree p instead of degree p — 1. The construction is achieved by an explicit
split of the higher order base functions between the kernel and the part orthogonal to the kernel
NPAN? = ([ker(curl) N NP @ [ker™(curl) N NF]) \ NP . We start by taking the gradients of the base
functions of an H'-conforming polynomial space UP*! while excluding vertex base functions

0i(&,n,¢) = Venl*'. (6.70)

The latter results in (p+ 3)(p + 2)(p + 1)/6 — 4 base functions. We complete the space of constants
with the six lowest order Nédélec base functions of the first type (N?) from [Eq. (5.61)l Next we need
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Figure 6.15: Quartic vertex-edge (a), edge (b), edge-face (c), face (d), face-cell (e) and pure cell (f)
base functions of the Nédélec element of the second type on the reference tetrahedron.
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to augment the space, such that the curl of the space has the same polynomial degree as its kernel.
We complete the face base functions using the polytopal template (see |[Fig. 6.16)) of the triangle with
the lowest tetrahedral Nédélec base functions (see ,

Ti = {91, 95,9}, T2 = {03, ~ 95,9}, Ts = {05, ~ 95},
Tiz = {04 — 03,95 — 9%}, Tz ={91 + 95,9~ 93},  Tia={9]+9;595+ 9},
Tos = {01 = 93,96~ 05}, T ={91 - 95,90+ 9%},  Taa={9;— 959193},
Tios = {91 — 95 + 94}, Tios = {91 — 9% + 9%}, Tiza = {95 — 9% + 9§},
Tosa = {94 — 9% + 95}, (6.71)

such that the full polytopal template is given by
T ={T1, T2, T3, T12, Ti3, T1a, T23, Ta4, T34, Ti23, Ti24, T134, T234} - (6.72)
For the non-gradient cell functions we use the construction introduced in [5]

Y gt et
vrtiet,, (6.73)

RP = {(p + b VA —

where 7, is the set of multi-indices of cell functions, e; is the unit multi-index with the value one at
position j and i; is the value of the i-multi-index at position j. Note that only the first term in the
cell functions is required to span the next space in the sequence due to

ij
p+1

curl ([p + 16, Ve — ngf“) = curl([p + 1]b]_, VeA;) . (6.74)
The term is defined using the surface normals and as such, can be viewed as a combination of surface
and cell templates. However, without the added gradient the function would not belong to [PF]? &
£ x [15]3 and consequently, would not be part of the Nédélec space. Therefore, a general methodology
would be to use the template and modify it to fit in [P?]> @ £ x [P]3. By limiting R? to R% such that
RY contains only the surface permutations with VA; = e; and the cell permutations with j € {1,2},
one retrieves the necessary base functions. The sum of the lowest order Nédélec base functions, the
template base functions, the gradient base functions, and the non-gradient cell base functions yields
exactly (p+4)(p+3)(p+ 1)/2, thus satisfying the required dimensionality of the Nédélec space. The
complete space reads

3
NP =AN?@® {@ vef“} o { P VAT oVl ® {@v}: ® n} ® {@5;’ @m}
k=1

€L JjeT 1€l

) T ={(1,2),(1,3),(1,4),(2,3),(2,4), (3, 4)} ,
® @]:JP QT p @ RETL, : (6.75)
jeq J ={(1,2,3),(1,2,4),(1,3,4),(2,3,4)}

Theorem 6.8 (Linear independence)
The set of base functions given by the lowest order Nédélec element of the first type, the gradients of the
H'-conforming base functions in UPT (without vertex base functions), the tensor product between UP

and the polytopal template vectors and the non-gradient cell basis RET! yields a linearly independent
basis for N¥.
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------ > Vertex-face template vectors
—————— » Edge-face template vectors

e > Face template vectors

v1

Figure 6.16: Template vectors on the reference tetrahedron for base functions orthogonal to the kernel
of the curl operator (a). Only part of the template is depicted. Visualization of the vertex (b), edge
(c) and face (d) template vectors for the first face.
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Proof. The partition of unity property of both Bézier and Lagrange base functions guarantees the
linear independence of the gradients between themselves since

Z Civ§’ni = Vg Z C; Ny 75 0 5 (6.76)

if not all constants ¢; are equal to zero. The gradients are linearly independent of the lowest order
Nédélec base functions since their tangential traces on edges are at least linear, whereas the tangential
traces of the lowest order base functions are constant on each edge. The template base functions are
linearly independent of the edge base functions since they have zero tangential traces on edges. The
linear independence of the face functions follows analogously to the proof for triangles, since their
traces are non-vanishing only on their respective faces and vanish for all other faces. The construction
and proof of linear independence of the non-gradient cell base functions is found in [5]. O

Theorem 6.9 (H (curl, V')-conformity)
The constructed element on the reference domain is conforming under covariant Piola mappings to
the physical domain of the base functions and contravariant Piola mappings of their respective curls.

Proof. The lowest order Nédélec base functions are H (curl)-conforming by their respective degrees of
freedom. The gradients of UPT! are conforming by the exact sequence property, see The
polytopal template of the face functions is built using the lowest order Nédélec base functions, thus
ensuring its conformity under covariant Piola mappings onto the physical domain when a consistent
H'-conforming subspace UP*! basis is used to construct the underlying tensor products. The non-
gradient cells are composed of cell gradients and the scaling of a surface vector on its respective surface
and as such, are traceless. ]

Here, the Bézier basis is used to construct the higher order Nédélec base functions of the first type.

Definition 6.10 (Bézier-Nédélec I tetrahedral basis)
The base functions are defined on the reference tetrahedron.

e For the edges we use the lowest order base functions from|Eq. (5.61)| The remaining edge base

functions are given by the gradients

€1 : D&, n,¢) =91,

D&, 1,¢) = Vebloy » 0<k<p+1,
€13 : D&, n,¢) =93,

D&, ¢) = Vebhiy 0<j<p+1,
€14 : (&, n, ) = 9%,

D&, n,¢) = Veblgy' 0<i<p+1,
€23 : B(&,n,¢) =91,

V(& Q) =Vebh 1, 0<j<p+1,
€24 : D&, n,¢) = 94,

B(En,C) = Veblypia i 0<i<p+l,
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€34 :

I(E,n,¢) = 9%

19(5» m, C) = Vfbggkl 9

O<i<p+1.

o On faces we employ both template base functions and gradients
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0<k<p,
0<j<p,
0<j<p,
0<j<p, O0<k<p—j,

O<j<p+1l, O0<k<p+1-—j,

0<k<p,
0<i<p,
0<i<p,
O<i<p, O0<k<p-—i,

O<i<p+1l, O0<k<p+1l-—1,

0<j<p,
0<i<p,
0<i<p,
O<i<p, O0<j<p-—1,

O<i<p+1l, 0<j<p+1-—i,

0<g<p,

0<e<p,

(6.77)



9E 1, Q) =1 o(0% — 9). 0<i<p,
O, Q) =0, (=95 +95), 0<i<p, 0<j<p-—i,

9(&,n, Q) = ngu, 0<i<p+1l, 0<j<p+1—i. (6.78)

o The cell base functions read

O<i<p+2,
C1234 : ’0(5777)() (p+2)bp 1jkel Vﬁbgk ) 0<.7 <p+2_i7 )
O<k<p+2—i—j

j O<i<p+2,
2 . .
9(&,n,¢) = (P+2)bpj 1562 — +2ng§?,; , 0<j<p+2-i, ,
O<k<p+2—-i—yj

1 O<i<p+2
U = NP Hles — —— v P2 ;
(5777,0 (p+ )z]0e3 p_|_2 £Y51 > 0<j<p+2_2"
O<i<p+1,
B, m, ) = Vbl O<j<p+l—i, . (6.79)

O<k<p+l—i—j

A depiction of the higher order base functions on the reference tetrahedron is given in [Fig. 6.17]
The lowest order base functions are visualized in

Remark 6.5

Unlike in all previous constructions, the non-gradient cells functions employed here do not allow for
a straight-forward algorithm with optimal complexity as they combine two independent Bernstein base
functions.

6.4 Embedding of boundary conditions

The degrees of freedom in [30] commute between the continuous and discrete spaces. As such, they
allow to exactly satisfy the consistent coupling condition [27]. We note that the functionals can be
viewed as a hierarchical system of Dirichlet boundary problems. In the case of hierarchical base
functions [110], they can be solved independently. However, here the boundary value of each polytope
is required in advance. In other words, one must first solve the problem for vertices, then for edges,
afterwards for faces, and finally for the cell. In our case the degrees of freedom for the cell are irrelevant
since a cell is never part of the boundary.

Remark 6.6

In the hp-FEA software Rayse, vertices, edges and faces represent finite elements on their own. Their
respective Dirichlet boundary problems are solved hierarchically and independently of the actual finite
elements (being triangles in two dimensions and tetrahedra in three dimensions).

86


https://pypi.org/project/rayse/

\‘\
“:n

pad®

AR
\
.

i

T

Figure 6.17: Gradients of quartic Bézier edge (a), face (b) and cell (c) base functions on the reference
tetrahedron. Cubic non-gradient vertex-face (d), edge-face (e) and face (f) base functions. The first
three cell base functions (g-i) for the quadratic element.
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6.4.1 Boundary vertices

We start with the vertices. The finite element mesh identifies each vertex with a tuple of coordinates.
It suffices to evaluate the displacement field at the vertex

ul=1w| . (6.80)

If the field is vectorial, each component is evaluated at the designated vertex. The boundary conditions
of the microdistortion field are associated with tangential projections and as such do not have vertex-
type degrees of freedom. This is the case since a vertex does not define a unique tangential plane.

6.4.2 Boundary edges

The edge functional for the H'-conforming subspace [Eq. (6.21)| can be reformulated for a reference
edge on a unit domain « € [0, 1]. We parametrize the edge via

x(a) = (1 — a)x; + axa. (6.81)

As such, the following relation exists between the unit parameter and the arc-length parameter

d
t = @x =Xy — X1, ds = ||dx]|| = ||x2 — x1]|da = ||t||dex. (6.82)

By the chain rule we find

du  duda t’_1d7u

G o dods — [t] (6.83)

for some function u. On edges, the test and trial functions are Bernstein polynomials parametrized by
the unit domain. The function representing the boundary condition u(x) however, is parametrized by
the Cartesian coordinates of the physical space. We find its derivative with respect to the arc-length
parameter by observing

d . d
—U = V) . 6.84
dsu <dsx’ 1) (6:84)
The derivative of the coordinates with respect to the arc-length is simply the normed tangent vector

d dx da 1

Consequently, the edge boundary condition is given by

3%8“ _ [ ~1dg; 1du
- /0 (1617252 ) (52 ) e
1 ‘JJ 1 aq] ‘9“
0752 ) e Valieda = [ SETas va e ), (656)

and can be solved by assembling the stiffness matrix of the edge and the load vector induced by the
prescribed displacement field %, representing volume forces

1 dn.; dn. 1 dn
ki = 1| et =2 ) ||t]|d i:/ el 7, Vo) ([t == ) (1t d 6.87
s= [ () (e S et de = [0 9. (1752 felaa. (687
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Next we consider the Dirichlet boundary conditions for the microdistortion with the Nédélec space
of the second type N7;. The problem reads

/ 45t p) ds = / Gt Vi) ds Vg € PP(s,). (6.88)
S; Si

Observe that on the edge the test functions g; are chosen to be the Bernstein polynomials. Further,
by the polytopal template construction of the Njj-space there holds (t, 8;)|s = n;(«). As such, the
components of the corresponding stiffness matrix and load vectors read

1 1
hij = / i 6]] dov, fi = / nat, Vo) ] dar. (6.89)
0 0

Note that in order to maintain the exactness property, the degree of the Nédélec spaces NP N7, is
always one less than the degree of the subspace UPT!.
Lastly, we consider the Nédélec element of the first type. The problem is given by

/ q;(t, p)ds :/ g;(t, Vau)ds Vq; € PP(s;). (6.90)
We define
d p+1
;= AR 6.91
G = .M (6.91)

and observe that on the edges the Nédélec base functions yield

d
N prly p+1
(t, 0;) = (t, Vony ) = W (6.92)

Therefore, the components of the stiffness matrix and the load vector result in

Ldnttt dnt ! Lqnptt
ki = L |It||der, ;= L (¢, Vo) |t] de. 6.93
i= | St fi= [ S Vaalda. (009

6.4.3 Boundary faces
We start with the face boundary condition for the H'-conforming subspace. The problem reads

/ <quj, Vfu> dA = / <quj, Vfﬂ) dA Vg € PP(A;). (6.94)
A A

7 1

The surface is parametrized by the barycentric mapping from the unit triangle T' = {(&,7) € [0,1]% | £+
n < 1}. The surface gradient is given by

- - 1 -

where n is the surface normal. The surface gradient can also be expressed via

Viu=edfu= gﬁagu, g e{l,2}, (6.96)
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where 85 are partial derivates with respect to the physical coordinates, 82 are partial derivatives with

respect to the reference domain and g are the contravariant base vectors. Further, the Einstein
summation convention over corresponding indices is implied. The covariant base vectors are given by

gs = 88;5 : (6.97)
One can find the contravariant vector orthogonal to the surface by
g’ =n=g xg. (6.98)
We define the mixed transformation matrix
T=[g g g°. (6.99)
Due to the orthogonality relation (g;, g7) = 0; J the transposed inverse of T is clearly
T7=[g! g% g. (6.100)
Thus, we can compute the surface gradient of functions parametrized by the reference triangle via
Viu=[g! g°]Veu=T;"Veu, T, " =[g! g% . (6.101)

Further, there holds the following relation between the physical surface and the reference surface

dA = ||n||dT = ||g?||dT" = /(g1 x g2, g3)dl' = Vdet T dI". (6.102)

Consequently, we can write the components of the stiffness matrix and load vector as

kij = /(T*_Tvgni, T, TVen;)Vdet T dT,
T

fi= / (T, 'Veng, Vit — (det T)(V,a, n)n)Vdet T dT' = / (T, "Ven;, Vou)Vdet T dT,
r r
(6.103)

with the orthogonality (g, n) = 0 for 8 € {1,2}.
In order to embed the consistent coupling boundary condition to the microdistortion we deviate
from the degrees of freedom defined in [Section 6.1.4] and apply the simpler H (divR)-projection

(qis P ) r(ave) = (Ui, Vil paivey Vi € NJ(A) or Va; € Nj(A). (6.104)
Due to ker(curl) = VH! the problem reduces to
[ {as. )+ iv(Ra). div(Rp) dA = [ (a, Va4 Ya e NP(A) o Va; e N (A).
L l (6.105)

We express the co- and contravariant Piola transformation from the two-dimensional reference domain
to the three-dimensional physical domain using

0, =T;19,;, div, RO; = dive R9; . (6.106)

1
VdetT

Thus, the stiffness matrix components and load vector components read

kij = / (T7T9;, T;T9;) 4 ((det T)~Y2 dive R9;, (det T)~V/2 dive R9;)Vdet T dT,
T

fi= / (T.19;, Vit — (det T) YV, n)n)Vdet T dI' = / (T;79;, V,a)Vdet TdAT,  (6.107)
r

r
where we again make use of the orthogonality between the surface tangent vectors and its normal
vector.
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6.5 Assembly of element matrices

6.5.1 Numerical quadrature

Although the base functions are expressed using (o, 3,) the domain is either the reference triangle or
the reference tetrahedron, which require fewer quadrature points than their counterparts given by the
Duffy transformation (quad or hexahedron). As such, we employ a mixture of the efficient quadrature
points introduced in [34, /51,84, /108,|109] for triangles and tetrahedra, where we avoid quadrature
schemes with points on the edges or faces of the reference domain due to the recursion formula of the
Bernstein polynomials The quadrature points are mapped to their equivalent expression
in (o, 8,7). Consequently, the integration over the reference triangle or tetrahedron reads

f(.y)dA = / (f o (&, m)) (e B)| det J|dT,
Ae T

f(y,2)dV = /Q (F o (61, 0)) (v, B,7)] det J] dD2. (6.108)

Ve

6.5.2 Schur complement

Unlike in standard finite elements, higher order finite elements often entail cell base functions, also
known as bubble functions. The latter are not directly connected to neighbouring elements and as
such, can be statically condensed using the Schur complement method. We proceed by partitioning
the field into boundary values u; and cell values u., thus resulting in the discrete vectors and stiffness
matrix

d_ | a_ |t | K Ky
[, oo o

Consequently, we can express the discrete values of the cell base functions via
u = K_(f. — Kguy). (6.110)
Inserting the latter in the upper row of the system of equations yields
Kyuw, + K, K ' (f. - Kgw) =1, <<= (K- Ky K ' Kg)u,=f,— K, K. 'f.. (6.111)
Thus, the condensed stiffness matrix and load vector read
K' =Ky - K, KK, £ =f, — K, K_'f.. (6.112)

Two main advantages of the procedure are discussed in [110]. Firstly, the global matrix has a much
smaller dimension. Secondly, the condensed matrix is usually better conditioned. Both combined lead
to faster and more accurate solutions. The discrete values of the cell base functions can be recovered
after the global solution step via and used for internal interpolation.

Remark 6.7

In case of both linear elasticity and the relaxed micromorphic continuum the bilinear forms are sym-
metric positive definite. Consequently, the computation of K;} in the hp-FEA software |Rayse is
achieved using the in-place Cholesky decomposition (LLT).
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7 Numerical examples

A common method for testing the efficiency of finite elements is by constructing artificial analytical
solutions. We define the analytical displacement field u and analytical microdistortion field P and
compute the resulting residuum by inserting them into the corresponding strong forms. Thus, the
corresponding volume forces f and micro-moments M are retrieved. Prescribing the entire boundary
with the appropriate Dirichlet boundary conditions 0V = Ap and applying the extracted volume
forces and micro-moments guarantees the defined fields to be the analytical solutions. This is clearly
the case since they equilibrate the problem and by the Lax-Milgram theorem, the solution is unique.

In the following we test the finite element formulations with both artificial analytical solutions
and analytical solutions derived for infinite domains. Specifically the behaviour of the approximations
in comparison to the analytical solutions for infinite domains is an indicator for appropriate choices
of finite elements, as these solutions represent the intrinsic behaviour of the model. In addition, we
test the ability of the finite element formulations to correctly iterate between micro Cyyicro and macro
Crnacro stiffnesses as described by the characteristic length parameter L.. A fitting of the L. parameter
for an homogenized body with an underlying discrete microstructure is presented in the plane strain
model.

The majority of convergence results are presented by measuring the error in the Lebesgue norm
over the domain

o — "] = \//v [a—u"|2dV, 1P — P"| 2 = \//V 1P —P"2dv,  (7.1)

in which context {u, 13} and {u”, P"} are the analytical and approximate subspace solutions, respec-
tively.

7.1 Antiplane shear

7.1.1 Exponential convergence for trigonometric solutions

We start testing the convergence rates by constructing an artificial analytical solution for antiplane
shear. The domain is defined to be the axis-symmetric square A = [—10, 10]? with a complete Dirichlet
boundary sp = 0A. The displacement and microdistortion fields are chosen to be

% = sin(x) + cos(y) B — Vil = [_C‘:I(f(”;)] , (7.2)

and are embedded into the Dirichlet boundary. By inserting the latter into the strong forms in
we extract the corresponding force and micro-moment fields

f = O, m = Umicro |:_C2fr(lg(2):| 5 (73)
where for simplicity, we set all material constants to one pte = fimicro = Mmacro = Le = 1. The behaviour
of the displacement u and the microdistortion p is depicted in We note that a reasonable
visual approximation is first achieved with 940 linear elements or 66 cubic elements. The convergence
results of the respective fields are given in We note that both Nédélec element formulations
yield the same convergence rates. This is to be expected as N7 is enriched in its solenoidal part (in
comparison to Njy) and the solution is completely irrotational. As such, the added base functions do
not improve the solution and yield zero. The main advantage of higher order finite elements becomes
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Figure 7.1: Convergence of the lower order elements under h-refinement and of the higher order
elements under p-refinement over p € {3,4,5,6,7} with 66 elements. The error in the displacement is
given in (a) and the error in the microdistortion in (b).

apparent when considering the exponential convergence of BP x N7 ! and BP x [ ! In terms of
amount of degrees of freedom, the refinement of the order of an element, known as p-refinement or
p-adaption, allows to more efficiently approximate the exact solution. In comparison, decreasing the
element size (h-refinement) is bound to an algebraic rate.

In order to observe the difference in convergence between the Nédélec element of the first type and

Nédélec element of the second type we require a solenoidal field in the microdistortion. We define the

domain A = [-2,2]?. The prescribed displacement and microdistortion fields read
(2P (-4 -
u= ( )4(y ) , p= s1n([x2 — 4] [y2 —4]) [—yx} , (7.4)

and are embedded on the Dirichlet boundary sp = 0A. Clearly, p cannot be given by some gradient
of a scalar potential. The corresponding force and micro-moment are derived for the same material
constants as in the previous example (all set to one)

f =§<4xy<y2 — ) cos([o? — 4][y? — 4)) — day(a? — 4) cos((a® — A)fy? — 4)) —a% — 2 +8),
8x y(xQ 4) (y; —4) sin((w2—4) ( 2 4)) —8x2ycos(( 2 4) (y —4)) —x(y2 —4)
=827 (y? — 4) sin ((¢% = 4) (v —4)) = 8xy” (27 = 4) (y° — 4) sin ((2* — 4) (y* — 4))

+8y3 (22 — 4)?sin ((22 — 4) (y2 — 4)) — 16y (22 — 4) cos (a2 — 4) (y2 —4))
+8zy? cos ((:U2 — 4) (y2 — 4)) + 16x (y2 — 4) cos ((:132 - 4) ( 2 4))
+4y sin ((.CEQ — 4) (y2 - 4))
—4a sin ((1:2 — 4) (y2 — 4)) -y (x2 - 4)

The displacement and microdistortion fields are depicted in Considering the left edge of the
domain, it is apparent that only the quadratic B? x N }—formulation deals with boundary conditions

(7.5)
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Figure 7.3: Depiction of the displacement field (a)-(c) and the microdistortion field (d)-(f) using 246
elements of the £! x NP-, £2 x N};- and B? x N}-formulations.

correctly. This is the case due to B2 x N} being the lowest order formulation that introduces cell base
functions for the microdistortion, thus allowing to better separate the behaviour of its tangential and
normal components on the boundary. Despite introducing a non-gradient solution for the microdis-
tortion p the convergence rates given in do not improve when moving from the Np7- to the
Ni-formulation. Recalling [Lemma 5.8 and [Remark 5.5] it is clear that the s-regularity of the current
problem is s = 1.

7.1.2 Normal-discontinuous microdistortion

Nédélec elements are tangentially continuous and as such, allow for a discontinuous normal component
at an interface between elements. This feature is a characteristic of the larger space H(curl) D H!
and must be captured correctly by the approximating discrete subspace. Consequently, we test the
validity of the proposed finite elements by constructing an artificial analytical solution with a jump
in the normal component of the microdistortion and measure the resulting convergence rates. The
analytical solution is defined as

(1 B y2) et for z<0
(1—y?)(e*tt —1) for <0 2y (1 — e*t1) <
U= b , p=Vu= ' (7.6)
1= r—1) f >0 2 _ 1—2
( Yy )(6 ) or T (y 1) T_ o o0
2y (1 —e 95)
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Figure 7.4: Convergence of the displacement (a) and the microdistortion (b) under h-refinement.

The fields are embedded on the Dirichlet boundary 5p = A of the axis-symmetric domain A =
-1, 1]2. The jump of the normal component is clearly at the interface x = 0. The corresponding
micro-moment vector induced by the strong form reads

2 x+1
[(1—y)e+} for z<0

2y (1 _ e:):+1)
m = , (7.7)
(y2—1)el®
[2y (e —e) e for >0

where all the material constants are set to one. Due to p = Vu no body forces occur, compare
with The jump in the normal component is depicted in The linear formulation
captures the solution well for a fine enough discretization. On the coarsest mesh, first the cubic
formulation yields a satisfactory approximation of the displacement yield. This can be observed when
comparing the top of the displacement fields at (z,y) = (0,0) where quadratic formulation yields
a faulty sharp edge. The convergence rates are given in Clearly, the optimal convergence
rate is maintained across the various polynomial formulations and even exponential convergence is
observed for pure p-refinement. In comparison, a formulation with p € [H'(A)]?> would impose the
higher regularity C° on the microdistortion. This can be done using H'-conforming finite elements
for the formulation of the microdistortion p and leads to suboptimal convergence rates, see [101].

7.1.3 Motz’s problem

The application of p-refinement leads to exponential convergence when the analytical solution is
smooth enough. However, in practice, many geometries and load cases induce singularities in the
behaviour of the solution, such that exponential convergence is lost. The hp-finite element method
can regain exponential convergence by applying simultaneous h- and p-refinements. The h-refinement
is applied to the area of the domain where the singularity arises, thus localizing it further. At the
same time, p-refinement is applied to areas of the domain where highly smooth solutions are expected.
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Figure 7.5: Displacement field using 1090 linear elements (a), 32 quadratic elements (b) and 32
cubic elements (c), corresponding to 1090, 258 and 530 degrees of freedom, respectively. The related
microdistortion fields are depicted in (d)-(f).
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Figure 7.6: Displacement (a) and microdistortion (b) fields of the discontinuous-normal problem and
convergence rates under h-, p-, and hp-refinements (b).
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Figure 7.7: Domain and boundary conditions of Motz’s problem.

In the following we consider Motz’s problem, which is a common benchmark for hp-refinement
techniques. The domain is defined to be A = [—1,1] x [0, 1] and the boundary is split as follows

Sp; = [*1’0] X {O}’ Spy = {1} X [Oa 1] ) SN = 8A\ (§D1 @ng) ) (78)
such that on the Dirichlet boundary the displacement reads

| =0, u|  =500. (7.9)

sD; 5Dy

A depiction of the problem is given in The displacement field provokes a singularity at
(z,y) = (0,0) where the gradient of u approaches infinity [63]. The analytical solution of Motz’s
problem is given by the infinite series

o
u(r,p) = Z dirI T2 cos([5 4 1/2)¢) r=+/z%+y?, ¢ = arctan(y/x), (7.10)
§=0
where d; are the true expansion coefficients. Here we make use of the numerically accurate expansion
coefficients derived in [63] to validate our results.

Note that Motz’s problem is defined for the Laplace equation Au = 0 and not the relaxed micro-
morphic model. However, as shown in it suffices to set the characteristic length to zero
L. = 0 in order to obtain similar behaviour.

The employed meshes are depicted im The comparison follows by using both global h-
refinement on structured meshes and local h-refinement at the point of the singularity on unstructured
meshes. Due to the complex nature of the analytical solution we deviate from the Lebesgue norm and
measure convergence by sampling approximatively 1500 points throughout the domain

~1500
e=.| Y (@—-u?| . (7.11)

i=1 Xi
The solutions of the displacement and microdistortion fields are depicted in [Fig. 7.9| (a)-(b). The
singularity is clearly illustrated by the intensity of the microdistortion. The convergence rates are
given in m (¢). Due to the singularity, using either linear or quadratics elements under h-
refinement leads only to linear convergence. Interestingly, quadratic convergence is shown for p-
refinement. Optimal exponential convergence is recovered by applying the localized h-refinement at
the singularity and simultaneously increasing the polynomial order of the elements.
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Figure 7.8: Global h-refinement of the structured mesh (16, 400 and 10000 elements) (a)-(c) and local

h-refinement of the unstructured mesh (32, 52 and 80 elements) at the singularity point (d)-(f).
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Figure 7.9: Displacement (a) and microdistortion (b) fields of the Motz problem and convergence rates

under h-, p-, and hp-refinements (b).
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7.1.4 Gradient microdistortion

In we explored the conditions for which the microdistortion reduces to a gradient field.
By defining the micro-moment with a scalar potential

100 — 22 — 42 1 [x
— A 7.12
m=v 0oL ! [y] , (7.12)
and constructing an analytical solution for the displacement field
2,2
o = sin (‘T "5”/ > (7.13)

we can recover the analytical solution of the microdistortion

=t tm v = 3 (1 2] ¢ 2o )

1 [z cos([z* + y?]/5) 1

x
5 [ycos([x2+y2]/5)} 10 M ’
where for simplicity we set all material constants to one. We note that the microdistortion is not
equal to the gradient of the displacement field and as such, their tangential projections on an arbitrary
boundary are not automatically the same. However, for both the gradient of the displacement field

and the micro-moment is the tangential projection on the boundary of the circular domain A = {x €
R? | ||x|| < 10} equal to zero

(7.14)

(Vt,u)y| = (t, m)

0A

~0, (7.15)
0A

and as such the microdistortion belongs to p € Hy(curl, A). Consequently, we can set sp = 0A and
the consistent coupling condition remains compatible. With the displacement and the microdistortion
fields at hand we derive the corresponding forces

1 2 2 2 2 2 2
f=5 [2x2sin (w ;y >+2y2sin<$ ‘5”/ > —10cos<x ng ) —5] . (7.16)

The approximation of the displacement and microdistortion fields using linear and higher order ele-
ments is depicted in We note that even with almost 3000 finite elements and 6000 degrees
of freedom the linear formulation is incapable of finding an adequate approximation. On the other
side of the spectrum, the higher order approximation (degree 7) with 57 elements and 4097 degrees
of freedom yields very accurate results in the interior of the domain. However, the exterior of the
domain is captured rather poorly. This is the case since the geometry of the circular domain is being
approximated by linear triangles. Thus, in this setting, a finer mesh captures the geometry in a more
precise manner. The effects of the geometry on the approximation of the solution are also clearly
visible in the convergence graphs in [Fig. 7.11} only after a certain accuracy in the domain description
is achieved do the finite elements retrieve their predicted convergence rates. This is clearly observable
when comparing the convergence curves of the linear and seventh order elements. The linear element
generates quadratic convergence p+ 1 = 1 4+ 1 = 2, whereas the seventh-order element yields the
convergence slope 7 (where 8 is expected). Although the seventh-order formulation encompasses more
degrees of freedom, it employs a coarser mesh and as such, generates higher errors at the boundary.
The errors themselves can be traced back to the consistent coupling condition since, for a non-perfect
circle the gradient of the displacement field induces tangential projections on the imperfect boundary.
The influence of the latter effect is even more apparent in the convergence of the microdistortion,
where the higher order formulations are unable to perform optimally on coarse meshes.
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Figure 7.10: Depiction of the displacement field (a)-(c) and the microdistortion field (d)-(f) for the
linear element under h-refinement with 225, 763 and 2966 elements, corresponding to 485, 1591 and
6060 degrees of freedom. The p-refinement of the displacement field on the coarsest mesh of 57
elements is visualized in (g)-(1) with p € {3,5,7}, corresponding to 731, 2072 and 4097 degrees of
freedom.
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Figure 7.11: Convergence of displacement (a) and the microdistortion (b) under h-refinement for
multiple polynomial degrees.

7.2 Plane strain

7.2.1 Shear stiffness

The relaxed micromorphic model is able to interpolate between stiffnesses defined by the macro and
micro material parameters [90]. This is achieved by varying the characteristic length parameter L.
and reflects the influence of the microstructure on the stiffness of the system consequently on the
resulting deformations.

In the following we test the behaviour of the plane strain model under shear deformation and vary
the characteristic length scale parameter L.. The domain is given by A = [0, 10]? with the Dirichlet
boundaries sp, = [0,10] x {0} and Sp, = [0,10] x {10} such that the Neumann boundary reads
sp = 0A\ {Sp, ®3p,}. On the Dirichlet boundary we embed the constant displacement fields

o |4
~ o]’ o T ol
SDy SDy

The material constants of the micro- and macro-structure are chosen to represent the expected result
of higher micro stiffness

u (7.17)

Amacro = 10, Amicro = 50, Mmicro = 29, fe = 9. (7.18)

Hmacro = 57

The meso-parameters are retrieved by reformulating [Eq. (3.20)]

lte = HmicroMmacro , )\e _ 1 ( (2Mmicro + 3)\micro)(2,umacro + 3)\macr0) B 2“e> ’ (719)
Hmicro — Hmacro 3 (2Mmicro + 3Amicro) - (Q,Umacro + 3>\macro)
and read
Ae = 12.5, e = 6.25. (7.20)

The displacement field and the corresponding microdistortion are depicted in |Fig. 7.12| for L. €
{10,4/10,1}. The behaviour of the displacement follows the pattern of the analytical solution for
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simple shear derived in [90]. Namely, for high L.-values it is flat, for mid-values curved and for low
values it flattens again. The intensity of the microdistortion increases with a decreasing L.-value.

We measure the energy of the model with varying L.-values. The lower bound is given according
to by an equivalent Cauchy model. We compute the energy with tenth order finite elements
for high accuracy and find Inacro = 15.6. The upper bound is derived using yielding
I'micro &~ 78.03. The progression of the energy in illustrated in Clearly, the exactness of the
subspace greatly influences the resulting energy and as such may distort the expected relation to an
underlying micro-structure. Using linear elements requires very fine meshes to find valid results, as the
stiffness is otherwise overestimated. Although quadratic elements already offer a major improvement,
it is first with cubic elements that satisfactory results are achieved even on coarse meshes. This may
be due to the intrinsic behaviour of the relaxed micromorphic model, seeing as the analytical solution
predicts an hyperbolic function (incorporating sinh and tanh), for which power series expansions first
become relevant when third order terms are included. On a very coarse mesh of 2 elements, accurate
descriptions can be achieved by using higher order elements. We note that the change in the energy
only occurs for pu. # 0, which is also consistent with the results of [90]. If the coupling modulus
is set to zero p. = 0, the relaxed micromorphic model always finds the energy of a Cauchy model
with macro material parameters. The highest energy produced by the relaxed micromorphic model
is imy,. 00 IRelaxed =~ 35.1. An equivalent Cauchy model produces the latter energy for the material
constants A = 22.5 and pu =~ 11.25, where the assumption of a constant ratio between the Lamé
parameters is used (implying a constant Poisson ratio).

7.2.2 Correspondence with micro-structured materials

The relaxed micromorphic model aspires to correctly capture the behaviour of materials with a pro-
nounced microstructure. To that end, the characteristic length parameter L. is applied to govern the
influence of the microstructure. Essentially, the characteristic length parameter allows the relaxed
micromorphic model to iterate between materials representing a discrete structure and those that are
highly homogeneous and behave like standard continua. In [7] and [73] the authors derive the micro
and macro stiffnesses of a metamaterial using homogenization

Amacro = 1.74, Mmacro = 9.89, Horacro = 0.62, Amicro = 9.27,
Hmicro = 12.8, Lricro = 8:33, e = 2.28 - 10_3, (7.21)
and the matrices of the material constants take the form
20+ A A 0 €11
C= A 2u+A 0 |, €= |ega] , (7.22)
0 0 QM* €12

in Voigt notation. The underlying geometry of the micro structure is depicted in The
material employed is aluminium with the following Lamé constants

A =51.08, [ =26.32. (7.23)

An open question of the above works is the relation of the characteristic length to materials derived
by a periodic embedding of the microstructure. In order to derive a relation, we compute a large
set of Cauchy continua with fully resolved micro-structures, where the size of the underlying unit cell
decreases. A depiction of the cells and their discretization is given in[Fig. 7.15] We compute the energy
of structures containing between 1 x 1 and up to 20 x 20 unit cells, for which the materials constants
are those of aluminium. The fitting of the characteristic length L. is then achieved by comparing
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Figure 7.12: Displacement field with L. € {10,1/10,1} (a)-(c), respectively. Depiction of the corre-

sponding first row (d)-(f) and last row (h)-(g) of the microdistortion fields.
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Figure 7.13: Energy progression of the relaxed micromorphic model with respect to L. using the linear
(a), quadratic (b) and cubic (c) finite element formulations. The energy computed with the coarsest
mesh of 2 elements is depicted in (d) for various polynomial powers.
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to the energy of the relaxed micromorphic model. The upper and lower bounds on the energy are
computed using homogenized material parameters with a standard Cauchy model. The domain of the
relaxed micromorphic model is defined as A = [0,10]? with the total Dirichlet boundary 3p = 0A.
We impose the periodic conditions on the Dirichlet boundary

). 2z

u

SD

The resolved geometry computed with the Cauchy model is of the same dimensions as the domain of
the relaxed micromorphic model and the same boundary conditions apply. The resulting deformation
maps are depicted in Clearly, the displacement homogenizes with an increasing number of
cells towards the continuous solutions depicted in (c), given by the Cauchy model for the
macro parameters. In we give the resulting displacement and microdistortion fields for the
fitted characteristic length such that the energy for the 4 x 4, 7 x 7 and 20 x 20 periodic grids matches.
The limits of the relaxed micromorphic model are shown in with L, — oo and L, — 0. We
observe that the intensity of the displacement field increases in the interior of the domain for L. — 0
while at the same time the microdistortion field shifts to the edges of the domain without changing
its general intensity.

The changes in energy for an increasing number of cells as well as the fitting in L. are illustrated in

1g. 7.190 For the range of n x n unit cells such that n > 3 we can find a corresponding characteristic
length in the relaxed micromorphic model, such that the same energy is produced. If the amount of
cells is under three (n < 3) the micro-structure is so pronounced that the structure cannot be computed
with an analogous continuum. This is because the upper bound of the relaxed micromorphic model
is given by an equivalent Cauchy model with micro stiffness parameters, which do not allow to reach
the energy of the discrete structure. This is clearly illustrated in (b) where the energy points
outside the bound were extrapolated.

We can interpolate the relation between the amount of unit cells and the characteristic length
parameter using cubic splines. For the first point we use n = 3 and the corresponding L.-value. For
the last point we choose a limit with a high amount of cells, for example n = 1000, implying a million
cells, and set L. = 0 thus emulating lim, .o, L = 0. The fitting of L. with a varying amount of
data points is depicted in Using eight points and higher where the first five are taken at
the beginning, one point in the middle, and the remainder at the end (including the limit) we are
able to find highly accurate approximations in the range. However, the accuracy of the extrapolation
diminishes at around n > 20 for the eight-point approximation. The ten-point fitting remains viable
up to n < 26 and the full approximation up to n < 27. The criterium for viability is the continuous
stagnation of the L.-value with an increasing number of cells. However, due to the minimal change
in L. with respect to larger values of n we can approximate the remainder of the curve (n > 20) by
fitting the plateau function

Li(n) = LieU™™, (7.25)

where j is the starting n-value such that n € [j, 00) and LI is the value of L fitted for j (not L. to
the power of j). In our case we find L!* ~ L15(1 — ¢0:0235(14-n))

We note that the same procure cannot be trivially applied to other deformation modes without
first finding the associated homogenized material parameters. For example, in an equivalent bending
test the n x n structures with n > 4 produced energies of I < 8.437. Since the relaxed micromorphic
model is bound from below by the equivalent Cauchy model with macro stiffness we are not able to fit
the characteristic length as limy_ _,o I ~ 8.874 being larger than the energy produced by the discrete
structure. The same problematic arises for shear tests.
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Figure 7.14: The underlying microstructure of the investigated metamaterial and its material param-

eters.

7.3

Three-dimensional model

7.3.1 Convergence test

We start our confirmation of the three-dimensional formulation by constructing artificial solutions
with high regularity and measuring convergence rates. Let the domain be given by a beam structure
such that V' = [0,10] x [~1,1]?> where Dirichlet boundary reads Ap = 9V, we define the analytical
solution

0 B 0 0 0
u= 0 , P =Du+10(1 —4*)(1 — 2%)sin(rz) [0 0 0], (7.26)
sin(mx) 0 —z y

and imposed it on the Dirichlet boundary. The corresponding forces and micro-moments for the
material parameters

Aes Me, Amicros Pmicros Mmacros Le = 1, te =0, (727)

result in

f:

[107y(y? — 1)(2% — 1) cos(7x)
20(—y? + 2?) sin(mx) )
| y2(60y* — 2022 — 40) sin(7z)

[ 20y (y* — 1) (2 — 1) sin (72) 0
0 20y (y* — 1) (22 — 1) sin (7z)
| (20y°2 — 20y2® + 1) cos (wz) 2 (120y? — 1072 (y* — 1) (22 — 1) — 20 (y* — 1) (2% — 1) — 80) sin (7z)
7 cos (mx)
—20z (y* — 1) (2% — 1) sin (7z) : (7.28)

y (—12022 + 60 (y*> — 1) (2* — 1) + 1072 (y* — 1) (2* — 1) + 80) sin (7z)

The behaviour of the displacement and microdistortion fields under h- and p-refinement is depicted
in [Fig. 7.21] The necessity of a large amount of lower order elements in order to capture the high
frequency solution is apparent. Even with 141900 elements and 597820 degrees of the freedom the
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Figure 7.15: Depiction of n x n unit cells and their discretization in the domain with n €
{1,2,3,4,7,11,14,17,20} presented over (a)-(i), respectively.
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Figure 7.16: Intensity of the displacement for the fully resolved model with the number of cells n x n
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Figure 7.17: Displacement fields (a)-(c) and corresponding microdistortion fields in z (d)-(f) and y
(g)-(i) for the solutions L. € {1.704384479,0.8179682,0.42446779} yielding the equivalent energy for

the fully resolved models with 4 x 4, 7 x 7 and 20 x 20 unit cells, respectively.
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microdistortion fields in x (d)-(e) and y (g)-(h), respectively. The equivalent lower bound given by
the Cauchy model (c). In (f) we depict the mesh used in computation of the continua models, where
the finite element order is set to ten for accuracy.
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Figure 7.19: Energy progression of the fully resolved geometry for an increasing number of cells (a)
and corresponding L.-values for in the relaxed micromorphic model (b) with the bounds of Cpjcro

and Cpacro. The points above the upper bound in (b) are estimated via extrapolation an cannot be
captured by the relaxed micromorphic model.
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Figure 7.20: Fitting of L. with respect to the number of unit cells n x n for various collections of
discrete energy points.
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solution still generates plateaus at the peaks. Although the solution of the quadratic element seems
well enough, it is simply due to the fortunate placing of element interfaces at the peaks and cannot
be expected in general discretizations. A truly stable solution scheme is achieved by using cubic finite
elements, as these can account for internal oscillations. We observe that the cubic formulation with
1260 elements and 96538 degrees of freedom offers a far better approximation of the displacement and
microdistortion fields.

The respective convergence rates under h- and p-refinement are given in The elements
yield the predicted optimal convergence rate. We note that no better convergence rates are observed
for the Nédélec elements of the first type over the elements of the second type. Clearly, the prob-
lem exhibits full s-regularity. The influence of the placement of element interfaces is evident as the
quadratic formulations generate lower errors at first and later stabilize at a steady convergence rate.

7.3.2 Cylindrical bending

In order to test the ability of the finite element formulations to capture the intrinsic behaviour of the
relaxed micromorphic model we compare with analytical solutions of boundary-value problems. The
first example considers the displacement and microdistortion fields under cylindrical bending [89] for
infinite planes. Let the infinite plane be defined as V = (—00, 00)? x [~1/2, 1/2] the analytical solution
for cylindrical bending reads

—xz [41z 4+ 20v/82sech(1/41/2) sinh(Vv/822)]/1681 0 x
u=«x| 0 |, P=—x 0 0 of, (7.29)
x2/2 -z 0 0
where the material constants are set to
Ae = Amicro = 0, He = Hmacro = 1/27 He = 07 L.=1 5 Hmicro = 20. (730)

The intensity parameter x is chosen to be k = 14/200.

Obviously, we cannot compute on infinite plains. However, it suffices to compare the solutions
at a sufficient distance from the boundary, as per the principle of Saint-Venant the embedded fields
homogenize the further they are from their source and the intrinsic solution resurfaces. As such, we
define the finite domain V = [~10, 10]? x [-1/2,1/2] and the boundaries

Ap, = {-10} x [-10,10] x [-1/2,1/2], Ap, = {10} x [-10,10] x [-1/2,1/2],

Ay =0V \ {ZDl @ZDQ} . (7.31)

On the Dirichlet boundary we impose the translated analytical solution u = u — [0 0 3.5] T

The displacement field and the last row of the microdistortion are depicted in The
displacement field is dominated by its quadratic term and captured very correctly. The last row of the
microdistortion is a linear function and easily approximated even with linear elements. In contrary,
the P;; component of the microdistortion is a hyperbolic function of the z-axis. The results of its
approximation at z = y = 0 (the centre of the plane) are given in . We observe that even
increasing the number of linear finite elements to the extreme only results in better oscillations around
the analytical solution. In comparison, higher order formulations converge towards the hyperbolic
behaviour. Unlike in many of the previous examples we notice a measurable difference between the
quadratic Nédélec elements of the first and second type. In fact, the approximation of the quadratic
Nédélec element of the first type is nearly perfect, whereas its second type counterpart clearly deviates
from the analytical solution at z ~ —0.25. Taking the cubic second type element yields the desired
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Figure 7.21: Depiction of the displacement field (a)-(c) and the last row of the microdistortion field
(d)-(f) for the linear element under h-refinement with 2376, 18450 and 141900 elements, corresponding

to 11476, 81550 and 597820 degrees of freedom. The p-refinement of the displacement field on a coarse
mesh of 1260 elements is visualized in (g)-(1) with p € {1, 2, 3}, corresponding to 6364, 33442 and 96358

degrees of freedom.
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Figure 7.22: Convergence under h-adaption for various polynomial orders.

Figure 7.23: Displacement (a) and last row of the microdistortion (b) for the quadratic formulation
using the Nédélec element of the first type.

result. This phenomenon is an evident indicator of the prominent role of the Curl of the microdistortion
in this type of problems. Firstly, the microdistortion is a non-gradient field. Secondly, the Curl of
the analytical solution induces an hyperbolic sine term. Such functions are often approximated using

cubic terms in power series, thus explaining the necessity of such high order elements for correct
computations.

7.3.3 Torsion test

In the following we consider the intrinsic behaviour of the relaxed micromorphic model under torsion.
In the authors introduce the analytical solution for the infinite domain V' = (—o0,00) x {r €
R? | ||r|| < r}. For choice of material parameters

He = 1/147 Mmicro = 1, He = Hmacro = 1/27 L.=1, Ae = Amicro = 0, (7~32)
we find the analytical solution on the mantel surfaces of the cylinder
0
u =30z | —sin(¢)| ,
r=3 cos(¢)
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Figure 7.24: Convergence of the lowest order formulation under h-refinement with 732, 5640 and 44592
elements (a) and of the higher order formulations under p-refinement using 732 elements(b) towards
the analytical solution (dashed curve) of the Pji(z) component at x =y = 0.

0 0.952374sin(¢) —0.952374 cos(¢)
P| =0/|-1.80116sin(¢) 0 —x : (7.33)
r=3 1.80116 cos(¢) x 0

where r = 3 and the rotational intensity is # = 1/30. Due to the complexity (long expression) of the
general analytical solution and its dependency on Bessel functions (being solutions to the Bessel partial
differential equation) we only give the formula for our specific case. In order to compare with subspace
solutions we define the finite domain V = {r € R? | ||r| < 3} x [0,30] with Dirichlet boundaries at
x =0 and x = 1. While the analytical solution assumes a constant rotation of the cross-section of the
beam, we use the simplified linear rotation field

u =0, u = |-z, (7.34)

and embed it in the Dirichlet boundary. Due to the principal of Saint-Venant, the analytical solution
is retrieved at a sufficient distance from the Dirichlet boundary.

The discretized geometry as well as the solutions for the displacement field and the first row of
the microdistortion are depicted in Clearly, the linear progression of the torque of the
displacement is captured correctly. Further, with the expectation of the vicinity of the Dirichlet
boundary, the satisfactory approximation of the first row of the microdistortion field is apparent.
The progression of the Po; and Pao3 components at z = 3 over the x-axis for h- and p-refinement is
given in We note that the analytical solution (dashed lines) is retrieved for fine enough
meshes. Although the employment of higher order elements does improve the approximation notably.
Without the accompanying h-refinement the analytical solution is not retrieved. This is due to the high
dependency on the geometry of the mesh. As illustrated in[Fig. 7.25] only very fine meshes approximate

116



() (h) (i)

Figure 7.25: Depiction of the meshes with 630, 5760 and 38160 elements (a)-(c) and the corresponding
solutions for the displacement (d)-(f) and the first row of the microdistortion (g)-(1) using the lowest
order elements.

the circular shape of the beam well enough to allow for accurate solutions. This is apparent when
considering the progression of the cubic formulation, where only the finest discretization is able to
retrieve the predicted result.

7.3.4 Bounded stiffness property

In a previous example in two dimensions we explored the stiffness of the relaxed micromorphic model
with respect to varying L.-values. The fitting procedure showcased the ability to find a corresponding
characteristic length value to describe an equivalent discrete structure using a relaxed micromorphic
continuum model. The same can be done in three dimensions. The principal requirement for such
fitting procedures is the pre-computation of lower and upper bounds on the elasticity parameters for
an homogenized continuum model of an underlying unit cell structure. Since the parameters of such
geometries are an active topic of research and not currently available we consider an artificial example.

Let the domain be given by the axis-symmetric cube V = [~1,1]® with a total Dirichlet boundary

Ap, =y € FL1P |2 =41}, Ap = {(z,p.2) € -1, 17 |y = £1},
Ap, = {(z,y,2) € [-1,1® | 2 = +1}, (7.35)

we embed the periodic boundary conditions

(1 — y?)sin(x[1 — 22])/10 0
u = 0 , U = | (1 —2?)sin(r[1 — 2%])/10] ,
Ap, 0 Ap, 0
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Figure 7.26: Convergence of the lowest order formulation under h-refinement with 630, 5760 and 38160
elements (a) and of the cubic order formulations under h-refinement using 630 and 5760 elements (b)
towards the analytical solution (dashed curve) of the Py3(z) component at y =3, z = 0.
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Figure 7.27: Displacement field of the Cauchy model on the coarsest mesh of 48 finite elements of the
tenth order (a) and depictions of the meshes with 384 (b) and 3072 (c) elements, respectively.

0
u = 0 : (7.36)
Apg (1 — y?)sin(r[1 — 22])/10

The material parameters are chosen as
Amacro = 2, fimacro = 1, Amicro = 10, fimicro = 5, pre =1, (7.37)
thus giving rise to the following meso-parameters
Ae = 2.5, e = 1.25. (7.38)

The displacement field as well as some examples of the employed meshes are depicted in
In order to compute the upper and lower bound on the energy we utilize the equivalent Cauchy model
formulation with the micro- and macro elasticity parameters. In order to assert the high accuracy
of the solution of the bounds we employ tenth order finite elements. The progression of the energy
in dependence of the characteristic length parameter L. is given in [Fig. 7.28 We observe the high
mesh dependency of the lower order formulations, where the energy is clearly overestimated. The
higher order formulations all capture the upper bound correctly but diverge with respect to the result
of the lower bound. Notably, the approximation using the Nédélec element of the first type is more
accurate than the equivalent formulation with the Nédélec element of the second type, thus indicating
the non-negligible involvement of the micro-dislocation in the energy. Using standard mesh coarseness
the cubic element formulation with Nédélec elements of the first type yields satisfactory results. In
order to achieve the same on highly coarse meshes, one needs to employ seventh order elements.
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Figure 7.28: Energy progression of the relaxed micromorphic model with respect to L. using the linear
(a), quadratic (b) and cubic (c) finite element formulations. The energy computed with the coarsest
mesh of 48 elements is depicted in (d) for various polynomial powers.
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8 Conclusions and outlook

The relaxed micromorphic model is shown to be well-posed in the space X = [H']? x H(Curl) by
the Lax-Milgram theorem, where the case of a positive semi-definite rotational coupling tensor C.,
well-posedness of the model is maintained by the consistent coupling condition due to the generalized
Korn’s inequality. As such, Cea’s lemma can be applied and subsequently utilized for the derivation
of a priori error estimates based on commuting interpolations on the de Rham complex. In this work,
error estimates are introduced for the Nédélec elements of first and second types, and later improved
for s-regularity. The convergence rates are confirmed in numerical examples.

In the construction of low order conforming finite elements for the relaxed micromorphic
model is demonstrated. This encompasses solutions to the orientation problem by vertex-sequencing
and methods of applying the discrete consistent coupling condition, where Lagrangian elements are
employed in the approximation of the displacement field.

The intrinsic behaviour of the relaxed micromorphic model is revealed by the analytical solutions
to boundary value problems. Clearly, the continuum exhibits hyperbolic and trigonometric solutions,
which are not easily approximated by low order finite elements. The examples provided in
demonstrate that cubic and higher order finite elements yield excellent results in approximate solutions
of the model.

The polytopal template methodology introduced in allows to easily and flexibly construct
H (curl)-conforming vectorial finite elements that inherit many of the characteristics of an underlying
H'-conforming basis, which can be chosen independently. This is achieved by equipping each polytope
of the reference element with a template of vector fields. The multiplication of an H' base function
with a template vector on the corresponding polytope yields an H(curl)-conforming base function.
The template allows to readily distinguish between cell and non-cell base functions based on the trace
operators trh, and trfy,. Further, the definition of a template for non-gradient base functions allows
to split the space between gradients and non-gradients, with the exclusion of the lowest order base
functions. Consequently, it allows to formulate the enriched Nédélec element of the first type, which
enables an improved order of convergence. The split is also useful for applications not discussed in this
work. For example, it allows to employ base functions according to the nature of the approximated
field, i.e., irrotational or solenoidal, thus reducing unnecessary degrees of freedom. Further, the curl
of the non-gradient base functions can be used to span the solenoidal polynomial basis of H(div)-
conforming elements. The correctness of the polytopal template method and its production of a
unisolvent H (curl)-conforming basis is shown via linear independence and conformity theorems. The
method can be used to produce arbitrary order Nédélec elements of the first and second type.

In this work, we made use of Bernstein polynomials. The latter boast optimal complexity properties
manifesting in the form of sum factorization. The natural decomposition of their multi-variate versions
into multiplications of univariate Bernstein base functions via the Duffy transformation allows to
construct optimal iterators for their evaluation using recursion formulas. Further, this characteristic
makes the use of dual numbers in the computation of their derivatives idle. Finally, the intrinsic order
of traversal induced by the factorization is exploited optimally by the choice of clock-wise orientation
of the reference element. The consequence of these combined features is demonstrated in the resulting
high-performance hp-finite element program Rayse.

The ability of the relaxed micromorphic model to iterate between the energies of homogeneous
materials and materials with an underlying micro-structure using the characteristic length scale pa-
rameter L. is demonstrated in several examples. Primarily, it is shown that the relaxed micromorphic
model can be used to compute the energies of an equivalent periodic metamaterial with a hollowed
plus-shaped unit cell by fitting the L.-parameter. However, it is also shown that correct iterations with
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respect to L. require either fine-discretizations or higher order elements. The excellent performance
of the proposed higher order finite elements in the linear static case is proven by both examples with
varying L¢-values and comparisons with analytical solutions. This is a precursor for their application
in the dynamic setting, which is important since the relaxed micromorphic model is often employed
in the computation of elastic waves (e.g., for acoustic metamaterials), where high frequency solutions
are common.

The proposed computational schemes are lacking in their description of curved geometries. Due
to the consistent coupling condition, this can easily lead to errors emanating from the boundary.
Consequently, a topic for future works would be the investigation of curved finite elements [54}55]
and their behaviour with respect to the model. Another major issue is the conditioning of the global
matrix with respect to the material parameters and specifically the characteristic length scale L,
where large values lead to rapidly increasing computation times. The problem could be alleviated if
proper pre-conditioners are designed.
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A  Symmetry and anti-symmetry tensors

The symmetry and anti-symmetry operators can be represented using fourth order tensors. Let J be
the fourth order identity tensor

JP =P, J=e®e;®e @ej, (A1)
and let T be the fourth order transposition tensor

TP = PT, T=e®ejRe; ®e;, (A.2)
then there follows

sym P = %(P+PT) = %(JJHI‘)P =SP, skewP = %(P— pPT) = %(J ~T)P=AP. (A3)

We can derive an equivalent matrix notation by redefining P as a nine-dimensional vector

= T
P=[P1 P2 Pi3 Pn Pn P3 Py Py Pl (A.4)
Consequently, we find
1 0 0 0 0 0 0 0 0] [0 0 0 0 0 0 0 0
0 05 0 050 0O 0 0 O 0 0.5 0 —-05 0 0 0 0
0 0 05 0 0O O 05 0 O 0 0 0.5 0o 0 0 =05 0
R 0 05 0 05 0 0O 0 0 O R 0 -05 0 05 0 0 0 0
S=(f0 0 0 o0 1 0 O 0 0|, A=]0 o0 0 0 0 O 0 0
0 0 0 0 005 0 050 0 0 0 0 0 05 0 -05
0 0 05 0 O O 05 0 O 0o 0 —-05 0 0 O 0.5 0
0 0 0 0 005 0 050 0 O 0 0 0 —-05 0 0.5
o o 0 O 0o O 0 0 1] 0 0 0 0 0 O 0 0
(A.5)
Similarly, by redefining P as a four-dimensional vector for the plane strain problem
= T
P=[P1 P32 Pn Pxn] , (A.6)
we find the corresponding symmetry and anti-symmetry matrices
1 0 0 O 0 O 0 O
a 0 05 05 0 ~ 0 05 —-05 0
5= 0 05 05 0f° A= 0 —05 05 0 (A7)
0 0 0 1 0 0 0 O
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